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Abstract
A comparison between solution and gas phase modification of primary amine sites in model peptide
cations with N-hydroxysuccinimide (NHS) ester reagents is presented. In all peptides, the site of
modification in solution was directed to theN-terminus by conducting reactions at pH=5,whereas for
the same peptides, a lysine residue was preferentially modified in the gas phase. The difference in
pKa values of the N-terminus and ε-amino group of the lysine allows for a degree of control over sites
of protonation of the peptides in aqueous solution. With removal of the dielectric and multiple
charging of the peptide ions in the gas phase, the accommodation of excess charge can affect the
preferred sites of reaction. Interaction of the lone pair of the primary nitrogenwith a proton reduces its
nucleophilicity and, as a result, its reactivity towards NHS-esters. While no evidence for reaction of
the N-terminus with sulfo-NHS-acetate was noted in the model peptide cations, a charge inversion
experiment using bis[sulfosuccinimidyl] suberate, a cross-linking reagent with two sulfo-NHS-ester
functionalities, showed modification of the N-terminus. Hence, an unprotonated N-terminus can
serve as a nucleophile to displace NHS, which suggests that its lack of reactivity with the peptide
cations is likely due to the participation of the N-terminus in solvating excess charge.

Key words: Gas phase ion/ion reactions, N-hydroxysulfosuccinimide esters,
Gas-phase bioconjugation, Gas phase versus solution phase reactions

Introduction

The nature of the ion subjected to structural interrogation
via tandem mass spectrometry is usually determined by

the ionization method. Ion/ion reactions [1–4], which were
enabled by the advent of ionization methods that can
generate multiply-charged ions, have proven to be effective
in altering ion types from one form to another in the gas
phase. This capability allows for the decoupling of the
ionization conditions from the ion type available for
structural characterization. Many ion types readily gen-
erated by common ionization sources (i.e., molecular ion

[M+•], protonated molecule [M+H]+, deprotonated molecule
[M – H]–, multiply-charged ions, etc.) can be manipulated in
the gas phase by selecting an appropriate oppositely charged
reagent [5]. Common examples of ion type manipulation via
ion/ion chemistry include, inter alia, the reduction of charge via
proton transfer [6, 7], the inversion of charge via multiple ion
transfers in a single collision [8, 9], the increase of charge via
sequential charge inversion reactions [10, 11], the incorpora-
tion of metal ions into peptides either via metal transfer
reactions [12, 13], or metal cation attachment [14], and
the conversion of multiply-charged bio-ions to radical
species via electron transfer [15–17]. These types of ion
transformations coupled with tandem mass spectrometry
have been applied in the identification and structural
characterization of peptides, proteins [18, 19], and
oligonucleotides [20, 21].

In addition to the charged particle transfer processes
shown to take place in the gas phase, covalent bond
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formation between oppositely charged reactants has also
been noted. Recently, Schiff base chemistry resulting in
covalent bond formation has been demonstrated during an
ion/ion reaction between an aldehyde-containing reagent
anion [e.g., singly deprotonated 4-formyl-1,3-benzenedisul-
fonic acid (FBDSA)] and a primary amine group in multiply
protonated peptide ions [22]. Schiff base formation has also
been implemented in conjunction with charge inversion
involving an ion/ion reaction between singly protonated
peptide ions and doubly deprotonated FBDSA [23]. Collision-
induced dissociation (CID) of the resulting modified peptide
anions gave rise to richer informative structural information
than did CID of either the singly protonated or singly
deprotonated peptide. Schiff base formation in conjunction
with charge inversion has also been applied to tryptic and
intramolecularly disulfide-linked peptides [24]. Collision-
induced dissociation of these modified peptide ions led to
fragmentation that is complementary to that noted for
unmodified versions of the same peptides, whichwas attributed
to the charge sequestration at the highly acidic sulfonate groups
of FBDSA. This selective covalent bond formation has inspired
the exploration of other selective modification chemistries in
the gas phase.

The ability to covalently modify various functional
groups via ion/ion reactions presents new means for ion-
type transformations in the gas phase. Covalent modification
of primary amines in multiply charged peptide cations and
anions using N-hydroxysulfosuccinimide (sulfo-NHS) and
N-hydroxysuccinimide (NHS) based derivatives, respective-
ly, has been demonstrated [25]. The two prerequisites for a
successful covalent modification in the gas phase include the
presence of an unprotonated primary amine site in the
analyte and the presence of a “sticky” group on the reagent
ion, which facilitates formation of a long-lived complex
between the reactants. In this process, the carbonyl carbon of
the NHS ester undergoes a nucleophilic attack by the
primary amine, resulting in loss of NHS (or sulfo-NHS)
and formation of an amide bond. Loss of the NHS or sulfo-
NHS groups represents a signature of the covalent modifi-
cation chemistry. In addition to covalent bond formation at a
single primary amine site, sulfo-NHS derivatives have also
been implemented in covalent cross-linking of two primary
amine sites [26]. Intra- and inter-molecular cross-linking of
gaseous peptide cations have been achieved using homo-
bifunctional, sulfo-NHS-based cross-linker anions. Loss of
two sulfo-NHS functionalities represents a signature of the
covalent modification and cross-linking process. Subsequent
collisional activation of the intra-molecularly cross-linked
peptides results in fragment ions containing the cross-link
between two primary amine sites, while collisional activa-
tion of the inter-molecularly cross-linked peptides results in
one peptide cross-linked to fragment ions of the second
peptide.

Covalent modification of primary amines in solution with
NHS and sulfo-NHS based reagents is a commonly applied
bioconjugation technique. Coupled with mass spectrometry,

bioconjugation of proteins and peptides is used to facilitate
ionization [27], quantification [28, 29], and structural
characterization [30, 31]. The reactivity of primary amine
groups in biomolecules, (i.e., N-terminus and the ε-NH2

group of a lysine residue) towards NHS derivatives in
solution has been explored. One of the early reports on using
covalent modifications in solution with mass spectrometry
examined the relative reactivities of primary amine groups in
Aplysia egg-laying hormone with the N-hydroxysuccinimide
ester of biotin [32]. In a similar study, Novak et al. have
probed the reactivity of the N-terminal and ε -lysine amino
groups of ubiquitin in a reaction with N-hydroxysuccini-
midyl acetate, under native and denaturing conditions [33].
Their findings suggest higher reactivity of N-terminus
primary amine in solution compared to Lys side chain
amine groups. The Lys side chains are possibly involved in
hydrogen bonding interactions with other portions of the
protein, hence reducing their reactivity towards the NHS-
acetate reagent. Since the NHS/sulfo-NHS ester modification
chemistry involves a nucleophilic attack on a carbonyl
carbon by the primary amine, it is the nucleophilicities of the
various primary amines that govern where modifications
occur. It is well established that the ionization state of the
polypeptide in solution plays a role in determining the site of
modification. The N-terminus has a pKa value of 7.6–8.0,
while the ε-amino of Lys has a pKa of 9.3–9.5 [34]. Since
the pKa value of the N-terminus is lower than that of Lys, it
can be selectively modified by adjusting the solution pH so
that the Lys is protonated and the N-terminus is not [35]. If
modification of both sites is desired, the pH of the reaction
can be increased to a neutral or more basic pH so that neither
site is protonated. In contrast, Laskin and coworkers have
shown that the N-terminus does not make a significant
contribution to binding in the covalent immobilization on
NHS-terminated surfaces by soft landing of gaseous peptide
ions [36]. The latter work raises the question as to whether
there is a significant difference in the solution and gas phase
reactivities of peptide ions toward NHS-ester reagents. In
this report, we compare the reactivity of primary amines in
gaseous peptide cations towards sulfo-NHS-based reagent
anions in the gas phase to that in solution.

Experimental
Materials

Methanol and glacial acetic acid were purchased from
Mallinckrodt (Phillipsburg, NJ, USA). Peptides RKRARAA,
RARARKA, RARARAA, ARAKRAR, and ARAKARAwere
custom synthesized by CPC Scientific (San Jose, C, USA).
Reagents sulfo-NHS-acetate (sulfosuccinimidyl acetate), sulfo-
NHS-AMCA (sulfosuccinimidyl-7-amino-4-methylcoumarin-
3-acetate), and bis[sulfosuccinimidyl] suberate (BS3) were
obtained from Thermo Fisher Scientific Inc. (Rockford, IL,
USA), while biotin-NHS (Biotin N-hydroxysuccinimide ester)
was purchased from Alfa Aesar (Ward Hill, MA, USA). All
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peptide solutions for positive electrospray were prepared in
49.5:49.5:1 (vol/vol/vol) water/methanol/acetic acid mixture at
a concentration of ~50 μM. The reagent solutions were
prepared at a concentration of approximately 2 mM in equal
parts of methanol and water. The solution phase modification
of the peptides was achieved following a well established
procedure [37]. Briefly, the peptide and ten molar excess of the
reagent were mixed in sodium carbonate buffer (0.1 M) at pH
~5 and allowed to react for 2 h at room temperature. The
modified peptides were separated from the excess reagent
using reversed phase HPLC and the obtained fractions were
lyophilized. The modified dry peptide was then dissolved in
solution for positive ESI.

Mass Spectrometry

All ion/ion reactions were performed on a prototype version of
a triple quadrupole/linear ion trap, QTRAP mass spectrometer
[38] (Applied Biosystems/MDS Sciex, Concord, ON, Canada),
equipped with a home-built dual nano-electrospray ionization
source [39]. The procedure for the covalent modification of
peptide cations with sulfo-NHS-based reagents has already
been published [25]. Briefly, the peptide and reagent ions were
independently mass selected in Q1 and subsequently trans-
ferred to Q2, the collision cell. The ions of opposite polarity
were allowed to react under mutual storage mode for various
times [40]. The ion/ion reaction products were then transferred
to Q3. In this transfer step, the product ions were accelerated
between Q2 and Q3 to collisionally dissociate any residual
sulfo-NHS molecules via beam type CID. The covalently
modified peptide ions were mass selected in Q3 where they
were collisionally activated using ion-trap CID. Following the
ion trap collisional activation, the modified product ions were
mass analyzed using mass-selective axial ejection (MSAE)
[41]. Additionally, doubly protonated forms of the solution
phase modified ions were mass selected and subjected to
collisional activation in Q3. These spectra were compared to
the CID spectra of the gas phase modified peptides.

Results and Discussion
A variety of sulfo-NHS based reagents are commercially
available for the covalent modification of primary amines in
solution. Gaseous sulfo-NHS-based anions have also been
shown to be capable of covalently modifying poly-protonated
peptides via ion/ion reactions as well. The sulfonate group on
the NHS ring facilitates the solubility of the reagents in
aqueous solution and the ionization of the reagents in negative
polarity. Additionally, the sulfonate group engages in relatively
strong acid–base interactions with protonated sites in the
peptides, resulting in the long lived complex formation
necessary for the covalent modification process in the gas
phase. The presence of an unprotonated primary amine site in
the polypeptide is the other criterion for successful gas phase
bioconjugation. In this study, we make comparisons between
solution and gas phase modified peptides to evaluate the effects

that play a role in the covalent modification process of primary
amines with NHS-based reagents.

The ion/ion reaction between a triply protonated
RKRARAA and singly charged sulfo-NHS-acetate anions
resulted in the formation of [RKRARAA+(sulfo-NHS-
acetate)+2H]2+. Beam type CID of this complex resulted
in the loss of a neutral sulfo-NHS molecule, leaving an
acetate-modified peptide. Subsequent collisional activation
of the [RKRARAA+acetate+2H]2+ ion population results in
the product ion spectrum shown in Figure 1a. This spectrum
shows a series of acetate-modified b2-b6 ions but unfortu-
nately does not provide definitive information on the precise
location of the acetate modification. In these ions, the
modification can reside either at the N-terminus or the side
chain primary amine of Lys and the modified b-ions are
consistent with modification at either site. A modified b1
ion, however, is not observed in the spectrum, which would
be the only ion to suggest modification is at the N-terminus
primary amine site. As expected, none of the y-type ions
appearing in the spectrum are modified except for the y6 ion.
This ion contains the Lys residue suggesting that at least
some of the modification resides at that ε-primary amine site.
The complementary unmodified b1 ion also appears in the
spectrum. The absence of complementary modified b1-ion
and unmodified y6-ions is suggestive that little or no
modification of the N-terminus took place. For comparison,
the same peptide was covalently modified in solution with
sulfo-NHS-acetate at pH=5. As mentioned above, the N-
terminus primary amine site can be selectively modified at
slightly acidic pH values due to its lower pKa value relative
to that of the ε-primary amine in Lys. The goal of the
solution phase modification is to compare the dissociation
pattern of the peptide modified only at the N-terminus to the
dissociation of the peptide modified in the gas phase with
the same reagent. The ion trap CID spectrum of
[RKRARAA+acetate+2H]2+ generated in solution is shown
in Figure 1b. A complete series of modified b1-b6 ions is
observed. An unmodified b1 ion and its complementary
modified y6 ions are also seen in very low abundances
suggesting that a small portion of the peptide population has
the modification at the Lys side chain. Since multiple Arg
residues are present in the peptide, portions of the Arg side
chain can easily be cleaved under low energy CID.
Therefore, the m/z value for the unmodified b1 ion can also
correspond to a modified b1 ion that has lost 42 Da from the
Arg side chain (see below as this is addressed further in the
discussion of Figure 2 and Figure S-2). The rest of the y-type
ions in the spectrum are not modified. The major difference
between the two CID spectra in Figure 1 is the appearance of
the modified b1 and fairly abundant unmodified y6 ions in the
solution modified peptide spectrum, while unmodified b1 and
modified y6 ions are present in the gas phase modified peptide
spectrum. The absence or presence of these diagnostic product
ions in each of the CID spectra in Figure 1 strongly suggests
distinct preferences for the site of modification in solution
versus the gas phase.
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The Lys residue near the N-terminus was positioned
closer to the C-terminus in RARARKA. Similar to the
previous peptide, this peptide was covalently modified in the
gas and aqueous phases for comparison. The ion trap CID
spectrum of the gas phase modified RARARKA is shown in
Figure 2a. All of the b-ions in the spectrum are unmodified
except for the b6 species. The modified b6 ion, however,
does not distinguish between the two candidate modification
sites. The absence of any other modified b-ions, on the other
hand, strongly suggests that little or no modification takes
place at the N-terminus. A complete series of modified y2–y6

ions are observed, which is consistent with modification of
the Lys side chain. The ion trap CID spectrum of the
[RARARKA+acetate+2H]2+ complex generated in solution
is given in Figure 2b. Since the modification reaction took
place at pH=5, modification is expected to be predominantly
at the N-terminus. Indeed, the fragmentation behavior of the
peptide is consistent with this expectation. An entire series
of acetate modified b1–b6 ions is observed, while none of the
y-type ions contains the modification. The dramatic difference
in the y-ion series between the peptide-acetate complexes
generated in the gas phase versus solution provides strong
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Figure 1. Product ion spectra derived from ion trap CID of [RKRARAA+acetate+2H]2+ generated (a) via ion/ion reaction in the
gas phase and (b) in solution at pH=5
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evidence that the modification in the gas phase preferentially
occurred at the Lys side chain primary amine. For comparison,
the peptide was modified in solution at pH=7. As expected, at
higher pH both primary amine sites are expected to be
unprotonated. The mass spectrum showed exclusive attach-
ment of two acetates (i.e., essentially no evidence for ions with
only one acetate attachment was noted). The CID spectrum of
the doubly modified ion is provided as Figure S-1 and is fully
consistent with modification at both the N-terminus and the
lysine residue.

A common characteristic of the CID spectra of the
modified peptides discussed so far is the appearance of
small neutral molecule losses resulting from cleavages at
various positions along the Arg side chain from fragment
ions or the precursor ion. One of the common losses from
Arg is 42 Da (CH2N2), which coincidentally corresponds to
the acetate modification mass. The peaks in the spectra
labeled as being modified with a loss of part of the side
chain, such as the b1

*–42 and b2
*–42 product ions in

Figure 2b, were confirmed as such by modifying the
peptides with other sulfo-NHS ester reagents, such as
sulfo-NHS-AMCA or NHS-biotin. An example is illustrated
for data collected for the model peptide ARAKRAR using
NHS-biotin (see Figure S-2).

A related model peptide, ARAKARA, was also modified
in solution and in the gas phase and the resulting products
were compared for sites of modification. The complex
formed between singly deprotonated sulfo-NHS-acetate and
the triply protonated peptide did not result in sulfo-NHS loss
(data not shown), which indicates that no modification
occurred. In contrast, when the doubly protonated peptide
was reacted with the reagent, modification occurred, as
reflected in the loss of sulfo-NHS upon activation of the
peptide–reagent complex. The CID spectra of the singly

charged gas phase and solution phase modified peptides are
shown in Figure S-3. The main difference between this
peptide and those discussed above is the replacement of an
arginine residue with an alanine residue in the peptide
sequence. This change is expected to lead to a significant
change in how the peptide stabilizes the excess charge. The
lack of reactivity of triply-protonated ARAKARA suggests
that all primary amines are involved in solvating the charge
to an extent that they are no longer nucleophilic enough to
displace sulfo-NHS.

The model peptide RARARAA was used to explore the
reactivity of a peptide with only the N-terminus available for
reaction. The ion/ion reaction between [RARARAA+3H]3+

and [sulfo – acetate – Na]– resulted in complex formation,
[RARARAA+sulfo-acetate+2H]2+. Subsequent collisional
activation of this complex resulted in the formation of the
intact deprotonated reagent and the singly deprotonated
peptide a complete loss of the entire reagent (Figure 3a). The
absence of any signal arising from sulfo-NHS loss indicates
that no covalent modification of the peptide ion took place in
the gas phase. This behavior is similar to that of triply
protonated ARAKARA. The excess protons in the peptide
ion are likely associated with the three Arg residues, since
they are the most basic sites in the sequence [42]. The result
of Figure 3a could be interpreted as indicating that an
unprotonated N-terminus is not reactive with the NHS ester
or that the charge residing at the N-terminal Arg residue is
shared or solvated by the Arg side chain and the N-terminus,
thereby diminishing the nucleophilicity of the N-terminus and
accounting for its lack of reactivity. A similar observation has
been made with doubly protonated KGAGGHGAGGHL in
reactions with [FBDSA – H]– [23]. No Schiff base
formation was noted with KGAGGHGAGGHL, while
reactions with doubly protonated HGAGGKGAGGHL
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and HGAGGHGAGGKL resulted in Schiff base forma-
tion. When singly protonated KGAGGHGAGGHL was
reacted with [FBDSA – 2H]2–, a negatively charged
complex was formed that, upon subsequent CID, showed
Schiff base formation in the negatively charged peptide.
That set of observations clearly indicated that participa-
tion of a primary amine in the intramolecular “solvation”
of an excess proton can significantly reduce its reactivity as a
nucleophile towards a carbonyl carbon in the gas phase. When
RARARAA is exposed to sulfosuccinimidyl acetate in
solution, the N-terminus is acetylated, as demonstrated in the
ion trap CID product ion spectrum of the doubly protonated
modified species (Figure 3b). For example, the modified
peptide shows a complete series of b1–b6 ions containing the
modification at the N-terminus, while all of the y-type ions are
unmodified. This result indicates that the N-terminus is
sufficiently nucleophilic in aqueous solution to react with the
sulfo-NHS reagent whereas in the gaseous doubly protonated
peptide, it is not.

The data related above show no clear evidence for
reaction of the N-terminus with the NHS-ester in the gas
phase for any of the model peptides, in clear contrast to the
results from reactions in the solution phase. One possibility
is that the N-terminus is participating in stabilizing the
charge in the gaseous ions, thereby making it unreactive
towards the sulfo-NHS-ester. Another possibility is that the
unprotonated N-terminus is simply unreactive in the gas
phase. There have been several reports demonstrating higher
gas phase basicity for Lys relative to N-terminus primary
amine [43–48]. If gas-phase proton affinity correlates with
nucleophilicity in the gas phase, perhaps the N-terminus is
not sufficiently basic to serve as the nucleophile for
displacement of the NHS-ester. To address this possibility,
a charge inversion reaction was employed so that no excess

protons are present on the peptide. In this case, protonated
YGGFLK was reacted with the doubly charged anion of bis
[sulfosuccinimidyl] suberate (BS3), a cross-linking reagent
with two sulfo-NHS groups separated by a linker. The
doubly charged reagent formed a complex with singly
protonated YGGFLK yielding a negatively charged complex,
indicated as [M+(BS3 – 2Na)+H]–. The ion trap CID results
for this complex are shown in Figure 4a along with the
structure of the disodium salt of BS3. The main products are
singly deprotonated BS3, which indicates that no covalent
chemistry took place with some of the peptide ions, and
deprotonated sulfo-NHS and a product from the loss of neutral
sulfo-NHS, which both indicate the formation of an amide
bond between one of the sulfo-NHS groups of BS3 and either
the lysine amine group or the N-terminus (or a mixture of the
two). Subsequent activation of the ions giving rise to the
neutral sulfo-NHS loss peak, labeled as [M+BS3 – 2Na –
(sulfo-NHS)]– in Figure 4b, showed losses of either neutral
sulfo-NHS or generation of deprotonated sulfo-NHS. Both of
these products indicate the formation of a second amide bond
with YGGFLK, thereby generating an intramolecularly cross-
linked peptide. This result confirms that an unprotonated N-
terminus can displace NHS from the NHS-ester to form an
amide bond in the gas phase. The appearance of y1

* and y4
*

ions, which correspond to [yn+BS
3 – 2Na – (sulfo-NHS)]-

species, indicate that at least some of the initial covalent bond
formation took place at the lysine residue. No b*–ions, which
would indicate initial attachment to the N-terminus, are
apparent in Figure 4b. However, no firm conclusions regarding
the relative proportions of the two possible initial attachment
sites can be drawn from these observations based on possible
differences in the fragmentation behaviors of the two isomeric
species that can comprise the [M+BS3 – 2Na – (sulfo-NHS)]–

population.
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Conclusions
Primary amines can act as nucleophiles in the displacement
of N-hydroxysuccinimide from NHS-esters in both aqueous
solution and the gas phase. The interaction of the nitrogen
lone pair with a positive charge can significantly reduce the
nucleophilicity of the amine and, as a result, its reactivity
with NHS esters both in aqueous solution and in the gas
phase. However, ionization states and charge solvation can
differ dramatically between the two phases, which can lead
to differences in the reactivities of primary amines within a
given peptide for solution phase and gas phase species. In all
cases studied here, the sites of modification by sulfo-NHS-
acetate differed in solution and in the gas phase. In the case
of aqueous solution, the adjustment of pH can be used either
to modify the N-terminus selectively or to modify both the
N-terminus as well as exposed lysine residues. The ability to
alter the sites of protonation in solution via pH results from
the difference in the pKa values of the N-terminus and the ε-
amino group of lysine. The sites of protonation in gaseous
peptide ions, on the other hand, can differ from those in
aqueous solution and, in the absence of the dielectric of
water, multiple sites can act to ‘solvate’ the excess charge on
the ion. For example, the reactivities of some of the gaseous
peptide cations in this work suggest that the N-terminus
engages to some degree in solvating excess charge (see, for
example, the results for triply-protonated RARARAA). It is
demonstrated in this work that both the unprotonated N-
terminus and the ε-amino group of lysine are reactive
towards sulfo-NHS-esters. It is not clear from these studies,
however, if there is a significant difference in the inherent
reactivities of these sites due to the overriding importance of
charge solvation and the variability with which this can
occur in gas phase peptides as functions of sequence and
composition. This variability makes prediction of the site of
modification less certain when conducted in the gas phase
than in aqueous solution at known pH.
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