
B American Society for Mass Spectrometry, 2018 J. Am. Soc. Mass Spectrom. (2019) 30:329Y338
DOI: 10.1007/s13361-018-2079-7

RESEARCH ARTICLE

Gas-Phase Ion/Ion Chemistry as a Probe for the Presence
of Carboxylate Groups in Polypeptide Cations
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Abstract. The reactivity of 1-hydroxybenzoyl tri-
azole (HOBt) esters with the carboxylate function-
ality present in peptides is demonstrated in the
gas phase with a doubly deprotonated dianion.
The reaction forms an anhydride linkage at the
carboxylate site. Upon ion trap collisional-
induced dissociation (CID) of the modified pep-
tide, the resulting spectrum shows a nominal loss
of the mass of the reagent and a water molecule.
Analogous phenomenology was also noted for

model peptide cations that likely contain zwitterionic/salt-bridged motifs in reactions with a negatively charged
HOBt ester. Control experiments indicate that a carboxylate group is the likely reactive site, rather than other
possible nucleophilic sites present in the peptide. These observations suggest that HOBt ester chemistry may be
used as a chemical probe for the presence and location of carboxylate groups in net positively charged
polypeptide ions. As an illustration, deprotonated sulfobenzoyl HOBt was reacted with the [M+7H]7+ ion of
ubiquitin. The ion was shown to react with the reagent and CID of the covalent reaction product yielded an
abundant [M+6H-H2O]6+ ion. Comparison of the CID product ion spectrum of this ion with that of the water loss
product generated fromCID of the unmodified [M+6H]6+ ion revealed the glutamic acid at residue 64 as a reactive
site, suggesting that it is present in the deprotonated form.
Keywords: Ion/ion reactions, Zwitterion, Protonated peptide, Carboxylates, Triazole ester

Received: 13 August 2018/Accepted: 4 October 2018/Published Online: 19 October 2018

Introduction

Strong electrostatic interactions such as zwitterionic pairing
between oppositely charged functional groups offer stabi-

lizing effects to the secondary and tertiary structures of peptides
and proteins. Such pairings can be classified as salt bridges (+
− +) or zwitterions (+ −). Determining the existence and loca-
tion(s) of such interactions in a polypeptide is relevant to its
three-dimensional structural characterization. While amino
acids in a zwitterionic state are known to exist in solution at
neutral pH, their existence in the gas phase has previously been
questioned [1]. However, there is growing experimental evi-
dence that indicates that such charge separation is possible in

the gas phase for systems as small as two amino acids [2–4].
Techniques used to elucidate the location and arrangement of
salt bridges in the gas phase include computational studies [5],
ion mobility [6], ion spectroscopy [2], and interpretation of
fragmentation via mass spectrometry [4, 7, 8]. Many of the
experimental techniques rely upon some form of calculation to
provide a precise prediction of zwitterionic structure.

Calculations have been used to characterize the tendency of
salt bridge formation involving particular amino acid residues.
For instance, it is predicted that zwitterionic states for non-basic
residues such as glycine are not favorable in the gas phase [1];
however, both experimental and theoretical research has shown
that zwitterionic structures can be favorable for more basic resi-
dues such as arginine [3, 9–11]. Of the residues capable of
comprising salt bridges in the gas-phase (arginine, lysine, aspartic
acid, and glutamic acid), the arginine side chain is established as
the primary positively charged component of zwitterionic con-
formations [12]. The aspartic acid and glutamic acid side chains
and the C-terminus act as negatively charged components [12].
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The influence that these residues have on the conformational
landscape has been the subject of examination [13]. In the case
of small polypeptides, comparisons between theoretical and ex-
perimental data can be made. Unfortunately, due to conforma-
tional complexity of larger systems, ab initio methods are too
computationally expensive to be extended to proteins.

Ion mobility mass spectrometry (IM-MS) provides a direct
probe of an ion’s conformation via its drift time through a gas,
which can be translated to a collision cross section (CCS).
Research using this technique has demonstrated that the cross
section of a protein is highly dependent on its charge state [14].
The dependence of CCS on protein charge state between has
been attributed in part to conformational differences that arise
from the loss of stabilizing electrostatic forces such as salt
bridges and hydrogen bonds under the influence of the Cou-
lombic field associated with multiple charging [15, 16].
Electrospray ionization (ESI), which tends to lead to multiple
charging of polypeptides, is of particular utility for structural
studies due to the possibility for the preservation of a least some
elements of the native condensed-phase structure when ions are
transferred to the gas-phase, provided the solution is not dena-
turing [17–20]. IM-MS in conjunction with ESI has been
particularly useful in the study of protein and peptide ion higher
order structure. However, measurement of the CCS alone can
neither provide detailed structural information nor information
regarding chemical interactions within an ion.

The fragmentation patterns of proteins and peptides
resulting from various activation techniques in tandem mass
spectrometry have been reported to be sensitive to the presence
of zwitterionic pairing [21–23]. For example, unique neutral
losses have been attributed to zwitterionic interactions in di-
peptides [3, 8]. However, such losses have not proved to be
conclusive for larger polypeptide ions as other mechanisms
might also account for them. Recently, Bonner et al. have
shown that photoexcitation of net positively charged ions that
can contain anionic sites, specifically carboxylates, lead to
fragmentation analogous to that observed with electron-based
dissociation techniques [7]. This technique directly probes for
the presence of zwitterionic sites, by photoactivation of the ion.
Other light-based activation techniques such as infrared multi-
ple photodissociation spectroscopy also show the ability to
directly identify the presence of zwitterionic interactions by
revealing unique vibrational signatures of the carboxylate func-
tional group. These approaches that directly activate the car-
boxylate functionality appear to be useful for determining the
presence of zwitterionic interactions.

In this work, we evaluated the possibility that functional-group
selective ion/ion reactions might serve as chemical probes for the
presence of carboxylate groups in polypeptide cations. Prior work
has shown that N-hydroxysuccinimide (NHS) esters can serve as
reagents for gas-phase covalent modification of nucleophilic func-
tional groups such as primary amines [24], guanidine [25], and
carboxylates [26]. In the reaction between NHS esters and car-
boxylates, a labile anhydride bond is formed at the carboxylate.
Subsequent collisional activation results in the loss of the modifi-
cation and, nominally, a molecule of water. This reaction does not

occur with carboxylic acids (i.e., the protonated form of a carbox-
ylate) as the nucleophilicity of the acidic form is much less than
that of its conjugate base. Similar to NHS esters, 1-
hydroxybenzotriazole (HOBt) esters undergo gas-phase reactions
with amine groups but with increased reactivity, as HOBt is a
better leaving group relative to NHS [27]. While HOBt esters
have not yet been demonstrated to react with carboxylates in the
gas phase, their increased reactivity with primary amines relative
to NHS esters suggested to us that they would also be more
reactive with carboxylates. We therefore sought to determine if
HOBt esters might be reagents that could indicate the presence of
carboxylate groups in polypeptide cations. If acidic side chains or
the C-terminus were engaged in a zwitterionic interaction, the
nucleophilicity of the site might be sufficient to displace HOBt
and form an anhydride. Further interrogation of the modified
polypeptide could then provide information regarding sites in-
volved in the zwitterionic interaction.

Experimental
Materials

Hydroxybenzotr iazole hydrate (3-carboxypropyl)
trimethylammonium chloride, acetyl chloride, and sodium 3-
sulfobenzoate were purchased from Sigma Aldrich (St. Louis,
MO, USA) 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) and N, N′-dicyclohexyl carbodiimide (DCC) were pur-
chased from Thermo Fisher Scientific (Rockford, IL, USA).
The peptide AADAADAA was custom synthesized by
NeoBioLab (Cambridge, MA, USA). The custom peptides
YGRAR and YRARG were purchased from GenScript
(Piscataway, NJ, USA). Methanol and dimethylformamide
(DMF) were purchased from Mallinckrodt (St. Louis, MO,
USA). Water (HPLC grade), ammonium hydroxide (ACS
grade) and acetonitrile (Optima grade) were purchased from
Fisher Scientific (Fair Lawn, NJ, USA). Glacial acetic acid
(ACS grade) was purchased fromMacron fine chemicals (Cen-
ter Valley, PA) All peptide solutions were prepared with con-
centrations of approximately 1 mg/mL and diluted to ~ 100 μg/
mL. YRARG and YGRARwere prepared in 50:50 (v/v) water/
methanol. Ac-AADAADAA-Ome solution was prepared in
49.5/49.5/1 (v/v/v) methanol/water/ammonium hydroxide.

Reagent Synthesis

The hydroxybenzotriazole ester of 4-trimethylammonium bu-
tyrate (TMAB-HOBt) was prepared from a modified method
based on synthesis of [3-(2,5)-dioxopyrrolidin-1-
yloxycarbonyl)-propyl] trimethyllammonium [28]. 1.3 mg of
(3-carboxypropyl) trimethylammonium chloride, 0.9 mg of
HOBt, and 1.7 mg of DCC were dissolved in 1 mL acetonitrile
each. Ten microliters of aliquot of each were combined and
diluted 100× in acetonitrile. Sulfobenzoyl HOBt was prepared
as previously shown [27]. The group conjugated to HOBt for a
particular reagent ion was chosen to attach to the analyte ion
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polarity of interest. Sulfonate is appropriate for reactions with
cations whereas TMAB is appropriate for attachment to anions.

Peptide Methyl Esterification

Peptide methyl esterification was performed as described pre-
viously [29]. Two molars of hydrochloric acid in dry methanol
was prepared by combining 40 μL of acetyl chloride and
250 μL of dry methanol. One milligram of YGRAR was
dissolved in 100 μL of this solution and allowed to react for
2 h. The solution was lyophilized and reconstituted to make a
peptide solution as described above.

Carboxyl O18 Labeling

O18 labeling was performed according to a previously pub-
lished procedure [30]. Briefly, 1 mg of peptide was dissolved in
200 μL H2

18O with 1% (v/v) trifluoroacetic acid. The solution
was allowed to react at room temperature for approximately
3 days and lyophilized to dryness. The peptide was
reconstituted in 50:50 (v/v) water/methanol and diluted to a
final concentration of 100 μg/mL.

Mass Spectrometry

Experiments were performed using a QTRAP 4000 hybrid
triple quadrupole/linear ion trap or a TripleTOF 5600 System
(SCIEX, Concord, ON, Canada). Both instruments were pre-
viously modified to perform ion/ion reactions [31, 32]. Anions
and cations were sequentially injected via alternatively pulsed
nano-electrospray ionization (nESI). First, cations are injected,
isolated in Q1, and transferred and stored in q2. Next, reagent
ions are injected, isolated in Q1, and transferred to q2 [33]. The
ions were mutually stored in the q2 reaction cell for 100–
1000 ms [31, 34]. In the case of experiments performed on
the QTRAP, reaction products formed in q2 were transferred to
Q3 where they were subjected to MSn using resonance excita-
tion ion trap CID and analyzed by mass selective axial ejection
(MSAE) [35, 36]. For experiments performed on the
TripleTOF 5600, products were subjected to CID in q2. Frag-
ment ions were back transferred to q1 for isolation, sequentially
transferred to q2, and mass analyzed via orthogonal time-of-
flight (TOF).

Results and Discussion
We begin by demonstrating the reactivity of HOBt esters with
carboxylate groups using the same model peptide anion that
was used to establish carboxylate reactivity with NHS esters.
We then describe results based on the model peptide YGRAR
to examine the reactivity of HOBt esters with carboxylate
groups that might be engaged in zwitterionic structures in a
polypeptide cation. We finish by describing results obtained
with a small model protein (i.e., bovine ubiquitin) to provide
evidence for the presence and location of a carboxylate in a
multiply protonated polypeptide system.

HOBt-TMAB and Ac-AADAADAA-Ome

The doubly deprotonated peptide Ac-AADAADAA-Ome was
reacted with the synthesized TMAB-HOBt reagent cation to
demonstrate HOBt reactivity towards carboxylates in the gas
phase. The peptide and reagent formed a long-lived electrostat-
ic complex [M-2H+TMABHOBt]− shown in Figure 1a. When
the complex was subjected to CID, neutral HOBt (135 Da) was
lost (Figure 1b), analogous to the loss of NHS from reactions
with the TMAB-NHS ester cation described previously [27].
The newly formed species [M-2H+TMAB]− species was sub-
jected to collisional activation, which resulted in production of
[M-H-H2O]

− shown in Fig. 1c. The loss of HOBt indicates that
a covalent reaction between the HOBt ester and the polypeptide
anion takes place. (Note that quaternary ammonium cations
react with carboxylates via alkyl cation transfer [37]. The

Figure 1. Product ion spectra derived from (a) ion/ion reaction
between [Ac-AADAADAA-Ome-2H]− and [TMAB-HOBt]+. (b)
CID of complex [M-2H+(TMAB-HOBt)]− . (c ) CID of
[M-2H+TMAB]− formation of the [M-H-H2O]−
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absence of evidence for either proton or alkyl cation transfer
indicates that the covalent reaction leading to loss of HOBt is,
by far, the dominant process.) Fragmentation of the
[M-2H+TMAB]− anion generated from loss of HOBt to yield
the [M-H2O]

− product is fully consistent with the generation of
an anhydride upon reaction with a carboxylate and the TMAB-
HOBt ester, as illustrated in Scheme 1.

Sulfobenzoyl HOBt and Ions Derived from YGRAR

The pentapeptide YGRAR was chosen as a model system
because it has two arginine residues and a single carboxylic
acid group (i.e., the C-terminus) that can engage in the forma-
tion of a salt bridge or zwitterion. In a cold-ion UV-IR spec-
troscopy study that will be described in detail elsewhere, the
dominant conformer of singly protonated YGRAR has been
shown to lack a carboxylic acid group by virtue of the absence
of the signature O–H stretch (free/hydrogen bonded) in the
hydride stretch region, the absence of a carboxylic acid C=O
stretch in the amide I region, and the presence of the anti-
symmetric COO− stretch in the amide II region [38]. This
suggests that the C-terminus in this ion is deprotonated. The
major conformer of doubly protonated YGRAR, on the other
hand, showed the signature absorbances of carboxylic acid. We
therefore focused our attention on the reaction of deprotonated
sulfobenzoyl HOBt with doubly protonated YGRAR. Attach-
ment of an anion to doubly protonated YGRAR results in a net
singly charged ion population that can be comprised of a
combination of structures with different charge partitioning,
some of which can contain zwitterionic structures.

The potential nucleophilic sites within a complex comprised
of deprotonated sulfobenzoyl HOBt (SB-HOBt) and doubly
protonated YGRAR that can react with the HOBt ester include
unprotonated basic sites (i.e., the N-terminus or either of the
guanidine groups) and a carboxylate group, if present. The ion/
ion product ion spectra for the reaction of deprotonated SB-

HOBt and all doubly protonated versions of YGRAR (i.e.,
unmodified, C-terminally 18O-labeled, methyl esterified, and
N-terminally acetylated) showed abundant complex formation
(e.g., [YGRAR+2H+SB-HOBt]+) as well as single proton
transfer to yield the [M+H]+ ion (see Figure S-1 for the post-
ion/ion reaction spectra for the four forms of YGRAR men-
tioned above). Figure 2 compares the CID spectra of the SB-
HOBt complexes generated with doubly protonated versions of
YGRAR (Figure 2a), methyl-esterified YGRAR (YGRAR-
OMe, Figure 2b), C-terminal 18O-labeled YGRAR (indicated
as 18O-YGRAR with both C-terminal oxygen atoms ex-
changed for 18O with isolation of this ion prior to ion/ion
reaction shown in Figure S-2, Figure 2c), and N-terminally
acetylated YGRAR (ac-YGRAR, Figure 2d). All four com-
plexes show loss of intact neutral SB-HOBt, which reflects
complexes in the activated population that underwent proton
transfer, as opposed to covalent reaction. In the cases of
YGRAR, 18O-YGRAR, and YGRAR-OMe, however, there
is also an abundant product generated by loss of HOBt, which
reflects covalent bond formation in the complex. In the case of
ac-YGRAR, on the other hand, no evidence for loss of HOBt is
apparent. In ac-YGRAR, there are two nominal basic sites (i.e.,
the two arginine side-chains). In the doubly protonated species,
both arginines are expected to be ionized. The sulfonate group
of SB-HOBt is expected to form a strong electrostatic interac-
tion with one of these sites. In order for the complex to have a
net positive charge, an excess proton must be present on the
other arginine and the C-terminus must also be protonated.
Hence, there are no available nucleophilic sites to react with
the HOBt ester (i.e., the C-terminus and one arginine are
protonated and the other arginine is involved with the electro-
static interaction with the sulfonate group). Hence, no nucleo-
philic displacement of HOBt can occur to give rise to a cova-
lent reaction.

Unmodified YGRAR has three nominal basic sites (i.e., the
N-terminus and the two guanidine side chains of the arginine

Scheme1. Reaction between the carboxylate group in a doubly deprotonated Ac-AADAADAA-Omewith deprotonation at both the
aspartic acid side chains with a positively charged TMAB-HOBt

332 A. M. Pitts-McCoy et al.: Ion/Ion Reaction as Zwitterionic Structure Probe



residues) and one acidic site (i.e., the C-terminus). Upon at-
tachment of a negatively charged sulfobenzoyl reagent to a
doubly charged YGRAR, there are nine ways to partition
charge among the acidic and basic sites to result in a singly
charged ion. Three conformers involve the protonation of all of
the basic sites, with one being associated with the sulfonate
group of the reagent and the C-terminus being deprotonated.
The six remaining conformers do not involve zwitterion for-
mation (i.e., the C-terminus is neutral, see Scheme S-1). (The
same situation prevails for the O18-labeled peptide.) In the case
of the methyl-esterified peptide, only the six non-zwitterionic
combinations are possible. In all of the non-zwitterionic sys-
tems, one unprotonated basic site (i.e., unprotonated N-
terminus or an unprotonated arginine residue) is available to
react with the ester. In the case of the zwitterionic systems, the
only nominal nucleophile available to react is the deprotonated
C-terminus. Figure 3 compares the ion trap CID spectra of the
covalently modified ions derived from YGRAR (Figure 3a)
and YGRAR-OMe (Figure 3b). The two spectra are similar in

that the major product ions are consistent with covalently
modified b3� and b4� ions (the � indicates an increase in mass
of 183 Da) which suggests covalent modification at either the
N-terminus or the central arginine in the peptide. Given the
lower proton affinity of the N-terminus relative to the guani-
dine side chain of arginine, it is likely that the main reactive site
is the N-terminus. Furthermore, acylation of arginine leads to a
dominant loss of 35 Da via a concerted loss of ammonia and
water [39] when the covalent adduct lacks an alpha-hydrogen,
as is the case here. There is a relatively small signal indicating
the loss of 35 Da in the spectra of Figure 3. There is also a
mechanism for the loss of adduct plus 42 Da from peptides
with acylated arginines [37], which is not observed in these
peptides. Hence, relatively little reactivity associated with the
arginine residues is apparent in either spectrum of Figure 3. A
significant difference between the two spectra is the appearance
of a product associated with the loss of 202 Da, corresponding
to [M+H-H2O]

+, for YGRAR but not for YGRAR-OMe. The
analogous experiment performed with modified O18-YGRAR

Figure 2. Ion trap CID of the complexes [M+2H+SB-HOBt]+ generated via ion/ion reactions between deprotonated SB-HOBt and
doubly protonated (a) YGRAR, (b) YGRAR-OMe, (c) O18-YGRAR, and (d) ac-YGRAR. The lightning bolts indicate the precursor ion
subjected to collisional activation and the blue shaded bar in (d) indicates the region of themass scale that the loss of HOBtwould be
observed if it occurred

Figure 3. Ion trap CID of the covalent adducts of (a) YGRAR and (b) YGRAR-OMe. The area shaded in blue indicates where a [M-
H2O]+ ion should appear
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(Figure S3) showed a loss of 204 Da, which indicates that one
of the oxygen atoms associated with the neutral loss arises from
the C-terminus. The reaction between SB-HOBt and the car-
boxylate group of the C-terminus is shown schematically in
Scheme 2.

The data of Figure 3 are consistent with unique reactivity for
YGRAR relative to YGRAR-OMe with SB-HOBt. However,
water loss from a peptide ion is hardly unusual and is generally
less likely from a methyl-esterified peptide in any case. For this
reason, we compared the CID spectrum of the nominal [M+H-
H2O]

+ ion generated via the ion/ion reaction process associated
with Figure 3a (designated [M+H-H2O]

+
i/i rxn) with that of the

[M+H-H2O]
+ ion generated from water loss upon CID of

singly protonated unmodified YGRAR (see Figure 4b) (desig-
nated [M+H-H2O]

+
CID).

Interestingly, the [M+H-H2O]
+
i/i rxn species fragments

almost exclusively via the loss of 43 Da under ion trap CID
conditions, whereas the [M+H-H2O]

+
CID ion shows some-

what more diverse fragmentation with the dominant process
leading to loss of 42 Da. The latter neutral loss species

corresponds to carbodiimide (i.e., HN=C=NH). The loss of
this species has previously been proposed to arise following
water loss from peptide ions with a C-terminal arginine [40].
Scheme 3 reproduces the mechanism proposed for loss of
carbodiimide following water loss from a peptide ion with
arginine at the C-terminus.

The loss of 43 Da from the [M-H2O]
+ ion derived from the

ion/ion reaction process corresponds to the loss of isocyanic
acid (HN=C=O). A prominent loss of isocyanic acid has been
reported to occur from peptide ions that have undergone
citrullation [41]. In this case, we propose that this loss results
from a rearrangement process involving a C-terminal arginine
and the anhydride linkage at the C-terminus arising from the
ion/ion reaction, as summarized in Scheme 4.

Sulfobenzoyl HOBt and YRARG

The processes of Schemes 3 and 4 are expected to be most
likely when an arginine residue is present at the C-terminus and
the oxygen of the water loss comes from the C-terminus.
Experiments analogous to those described above for YGRAR
were carried out for YRARG to reduce the likelihood for either
NH=C=NH or HN=C=O loss. Doubly protonated YRARG
was subjected to ion/ion reaction with deprotonated SB-
HOBt resulting in proton transfer and in the formation of an
electrostatic complex, [YRARG+2H+sulfobenzoyl HOBt]+,
(see Figure S-4(a)). This complex was subjected to CID
forming the modified peptide [YRARG+2H+sulfobenzoyl]+

(see Figure S-4(b)). CID of [YRARG+2H+sulfobenzoyl]+

complex generated a nominal [M+H-H2O]
+ product along with

many others, most of which are consistent with a reaction at the
N-terminus. The formation of the [M+H-H2O]

+ product sug-
gests that at least some of the precursor ion population was
composed of a zwitterion and that the carboxylate group
reacted with SB-HOBt to generate an anhydride linkage at
the C-terminus. Figure 5 compares the CID spectrum of the
[M+H-H2O]

+ ion derived from the ion/ion reaction process
(designated [M+H-H2O]

+
i/i rxn) (Figure 5a) with that of the

water loss product derived from CID of the [M+H]+ ion (des-
ignated [M+H-H2O]

+
CID) (Figure 5b). In this case, essentially

no loss of 43 Da is observed from the ion/ion reaction product,
in contrast with the analogous ion derived from YGRAR
described above. The spectrum includes an abundant b3 ion
and an abundant b4-42 ion, the latter of which is likely to arise
from deguanidination of the residue 4 arginine to generate an

Scheme 2. Reaction between the carboxylate group in a
doubly-charged YGRAR with protonation at the N-terminus
and both arginine residues with deprotonated SB-HOBt

Figure 4. Ion trap product ion spectra obtained from the nominal [M+H-H2O]+i/i rxn (a) and [M +H-H2O]+CID (b)
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ornithine side chain followed by cleavage C-terminal to the
ornithine residue [42]. This spectrum is quite distinct from that
of the [M+H-H2O]

+
CID ion.While many of the product ions are

held in common, the relative abundances are dramatically
different, which indicates that these isomeric ions are of differ-
ent structure or are comprised of mixtures of structures with
different composition. We note that different mechanisms for
the generation of [M+H-H2O]

+ ions could, in principle, lead to
a common structure or mixture of structures. However, at least
in the cases of YGRAR and YRARG, the different mecha-
nisms for nominal water loss from the precursor peptide do not
lead to the same structure of set of structures.

Sulfobenzoyl HOBt and Ubiquitin [M+7H]7+

The preceding results indicate that an ion/ion reaction can
be sensitive to the presence of a carboxylate group in a net
positively charged polypeptide ion. For the small model
systems, however, the attachment of a sulfonate group to
the cation could play a major role in determining the charge
distribution within the ion/ion electrostatic complex. As the
polypeptide ion increases in size and charge, the perturba-
tion associated with attachment of the reagent anion is
expected to decrease in relative importance. We therefore
examined SB-HOBt chemistry with multiply protonated
ubiquitin ions and summarize here the results derived from

Scheme 3. Process leading to loss of carbodiimide following water loss from a protonated peptide with a C-terminal arginine

Scheme 4. Process leading to the formation of the [M-H2O]+ ion from the ion/ion covalent reaction followed by loss of isocyanic
acid
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examination of the [M+7H]7+ ion. The reaction of singly
deprotonated SB-HOBt with the ubiquitin [M+7H]7+ ion
resulted in the attachment of the reagent anion to the protein
ion as the dominant process (Figure S-6(a)) and CID of the
electrostatic complex predominantly gave rise to HOBt loss
to give [M+7H+sulfobenzoyl]6+ with a minor degree of
proton transfer to give [M+6H]6+ (Figure S-6(b)). Ion trap
CID of the covalently modified protein (i.e. , the
[M+7H+sulfobenzoyl]6+ ion) yielded a variety of b- and
y-type ions with and without the covalent adduct, as expect-
ed for modifications at neutral basic sites (Figure S-7).
However, the base product ion peak corresponded to
[M+6H-H2O]

6+ with very little formation of [M+6H]6+.
Figure S-8 provides a full Bbutterfly^ plot of the ion trap
CID product ion spectra of the [M+6H-H2O]

6+ ion derived
from the ion/ion reaction process (positive abundance axis
designated [M+6H-H2O]

6+
i/i rxn) and the [M+6H-H2O]

6+

ion derived from ion trap CID (negative abundance axis
designated [M+6H-H2O]

6+
CID). While both ion populations

are comprised of a mixture of structures, there are many
similarities in the spectra and a few notable differences. The
identities and relative abundances of most of the product

ions in the two spectra are very similar. The differences
between the two spectra are highlighted in Figure 6, which
displays a subset of the data displayed in Figure S-8. By
examining complementary ion pairs, it is possible to narrow
down the origins of the sites of water loss. For example, in
the case of the [M+6H-H2O]

6+
CID the complementary ion

pair from cleavage of the D39-Q40 amide linkage is in the
form of y37-H2O/b39, as opposed to y37/b39-H2O. For the
complementary pair from D58-Y59 amide bond cleavage, on
the other hand, the dominant combination is y18/b58-H2O
rather than y18-H2O/b58. This places the origin of the water
loss to be largely arising from the region spanned by resi-
dues Q40-D58 (see Scheme 5). Comparable abundances of
b52 and b52-H2O ions are observed, which is consistent with
water loss taking place from more than one site but largely
within the residue Q40-D58 span. The results for the [M +
6H-H2O]

6+
i/i rxn is fully consistent with little water loss up

to residue 40. However, comparable contributions from y18/
b58-H2O and y18-H2O/b58 indicate that there is a water loss
site beyond residue D58 in many of the ions derived from
ion/ion reaction. Of particular note is the presence of y12
ions (with very little y12-H2O) in both plots and a y13-H2O
ion in the ion/ion reaction product data that is absent in the

Figure 5. Comparison of ion trap CID product ion spectra of the (a) [M+H-H2O]+i/i rxn and (b) [M+H-H2O]+CID

Figure 6. Comparison of ion trap CID of [M+6H-H2O]
6+

i/i rxn

(top) and ion trap CID of the [M+6H-H2O]6+CID (bottom). (M=
ubiquitin) water loss ions with major differences in relative
abundances in the two plots are labeled in blue font. All other
water loss ions are labeled in red font
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b39 ,b39
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Scheme 5. Ubiquitin sequence showing key products from
CID of the [M+6H-H2O]6+ ion generated via the ion/ion reaction
(blue font) and [M+6H-H2O]6+ ions formed from CID of the
[M+6H]6+ precursor ion (red font)
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data from CID of the water loss peak derived directly from
the [M+6H]6+ precursor. These results suggest that some of
the ions lost a water molecule from residue 64, a glutamic
acid. The findings described above for the model systems
taken collectively with the comparison of Figure 6 lead us to
hypothesize that the glutamic acid of residue 64 is reactive
with SB-HOBt, at least for some of the structures in the
precursor ion population. For the reactive structure(s), the
glutamic acid at position 64 is thus likely to exist with a
negative charge possessing sufficient nucleophilicity to lead
to covalent reaction. We note that there may be other car-
boxylates within the ion that are not accessible to the reac-
tive site of the reagent due to the restricted number and
locations of reagent attachment sites.

Conclusions
The carboxylate group has been shown to react with triazole
esters in the gas phase, in analogy with N-hydroxysuccinimide
esters, via the reaction of the TMAB-HOBt cation with
dianions of Ac-AADAADAA-Ome. A labile anhydride link-
age is formed between the carboxylate and the triazole ester.
When a triazole ester is linked to a readily ionized group, it can
be used as a reagent to covalently modify a carboxylate-
containing ion of opposite charge. In this work, we explored
the possibility that a triazole ester ion might react with a cation
that contains a carboxylate group. Such a scenario nominally
prevails in zwitterionic/salt-bridged polypeptide cations. The
nucleophilicity of a carboxylate group engaged in an interac-
tion with one or more cations, however, may be significantly
lower than that of a carboxylate in a net negative ion. Never-
theless, we demonstrate here that there is some reactivity using
the dications of a series of modified and unmodified ions
derived from the peptide YGRAR and deprotonated SB-HOBt.
Upon CID of a peptide cation that is covalently modified at a
carboxylate group, the anhydride linkage cleaves to generate a
nominal [M+nH-H2O]

n+ ion. The structure or mixture of struc-
tures that comprise this ion population may very well differ
from the structure or mixture of water loss structures generated
via CID of the corresponding [M+nH]n+ ion because the mech-
anisms of formation differ. The CID spectrum of [M+nH-
H2O]

n+ peak can be used to localize the site(s) of modification.
The reaction of deprotonated SB-HOBt with the [M+7H]7+ ion
of ubiquitin and subsequent CID of the [M+6H-H2O]

6+
i/i rxn

ion led to the conclusion of carboxylate location at the glutamic
acid at residue 64. The results indicate the potential for triazole
esters as chemical probes that can be used to complement other
approaches for the study of gas-phase zwitterion/salt bridge
structures.
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