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Abstract
Intra-molecular and inter-molecular cross-linking of protonated polypeptide ions in the gas phase
via ion/ion reactions have been demonstrated using N-hydroxysulfosuccinimide (sulfo-NHS)-
based reagent anions. The initial step in the ion/ion reaction involves the formation of a long-
lived complex between the peptide and reagent, which is a prerequisite for the covalent
bioconjugation chemistry. The sulfonate groups on the NHS rings of the homo-bifunctional
cross-linking reagents have high affinity for the protonated sites in the peptide and, therefore,
facilitate the long-lived complex formation. In addition to the formation of a long-lived chemical
complex, intra-molecular cross-linking also requires two unprotonated primary amine sites within
a molecule where the covalent modification takes place. Alternatively, inter-molecular cross-
linking demands the availability of one neutral primary amine site in each of the two peptides that
are being cross-linked. Nucleophilic displacement of two sulfo-NHS groups by the amine
functionalities in the peptide is a signature of the covalent cross-linking chemistry in the gas
phase. Upon removal of the two sulfo-NHS groups, two amide bonds are formed between an
unprotonated, primary amine group of a lysine side chain in the peptide and the carboxyl group
in the reagent.

Key words: Gas phase ion/ion reactions, N-hydroxysulfosuccinimide esters, Gas-phase
bioconjugation, Intra-molecular and inter-molecular cross-linking

Introduction

Gas phase ion chemistry plays significant roles in
biological mass spectrometry in both ionization and

structural characterization. The structural characterization
and identification of biomolecules using tandem mass
spectrometry is highly dependent on the nature of the ion
(i.e., the ion-type) that is examined, such as a molecular ion
(M+•), protonated molecule (M + H)+, deprotonated mole-
cule (M – H)–, etc. [1]. The ion-type subjected to structural

interrogation is usually determined by the ionization method.
However, means for altering the ion type after the ionization
step have been explored. Ion/ion reactions have been shown
to be a particularly flexible overall approach for altering ion
types in the gas phase [2, 3]. For a given analyte ion type, a
wide range of reactions can be accessed via the proper
selection of the oppositely charged reagent [4]. Examples of
ion type manipulation via ion/ion chemistry include, inter
alia, charge reduction via proton transfer [5, 6], charge
inversion via multiple ion transfers in a single collision [7,
8], the increase of charge via sequential charge inversion
reactions [9, 10], metal ion incorporation into peptides either
via metal transfer reaction [11, 12], or metal cation attach-
ment [13], and the conversion of multiply charged ions to
radical species via electron transfer[14, 15]. Ion/ion reactions
involving these types of ion manipulations have been used in
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the structural analysis of peptides, proteins [16, 17], and
oligonucleotides [18, 19].

Covalent bond formation between a reagent ion and an
oppositely charged bio-ion via a long-lived reaction complex
opens up new possibilities for ion transformation relative to
the cation, anion, or electron transfer reaction. Recently,
Schiff base chemistry in the gas phase has been reported
resulting in covalent bond formation between primary amine
groups in multiply protonated peptide ions and an aldehyde-
containing reagent anion (i.e., singly deprotonated
4-formyl-1,3-benzenedisulfonic acid) [20]. Schiff base for-
mation was noted in conjunction with charge inversion of
singly protonated peptide ions reacted with doubly deproto-
nated 4-formyl-1,3-benzenedisulfonic acid [21]. Subsequent
collision-induced dissociation (CID) of the modified peptide
anions gave rise to richer informative structural information
than did CID of either the singly protonated or singly
deprotonated peptide.

Functional groups of various amino acid side chains in
proteins and peptides can be selectively modified in solution
to facilitate ionization [22], quantification [23, 24], or
structural characterization [25, 26] in mass spectrometry.
N-hydroxysuccinimide (NHS) derivatives are popular
reagents used for modification of primary amine groups in
peptides or proteins in solution. Recently, we demonstrated
the utility of NHS or sulfo-N-hydroxysuccinimide (sulfo-
NHS) ester derivative ions in the modification of primary
amine sites in gaseous polypeptide ions via ion/ion reactions
[27]. Loss of the NHS or sulfo-NHS functionalities
represents a signature for the covalent modification of the
peptide. It was also demonstrated that collisional activation
of the covalently modified peptide ions gave rise to sequence
informative ions containing the modification.

The ability to introduce covalent modifications to peptide
ions in the gas phase in a selective fashion by ion/ion
reactions provides new means for altering ion-types in a
mass spectrometer. In this report, we demonstrate that it is
possible to introduce a cross-linker into a gaseous peptide
ion or between gaseous peptide ions. In recent years, mass
spectrometry has been used to elucidate intra-molecular and
inter-molecular cross-linking interactions of peptides and
proteins [28]. A cross-link between two amino acid side
chains imposes a distance constraint on their relative
locations, thereby providing information regarding the
three-dimensional structure of the protein. The NHS and
sulfo-NHS functionalities are common building blocks of
various amine reactive cross-linkers [29]. For example,
chemical cross-linking with bis[sulfosuccinimidyl] suberate
(BS3) and bis[sulfosuccinimidyl] glutarate (BS2G) in
solution, and Fourier transform ion cyclotron resonance
mass spectrometric analysis have been applied in mapping
the protein interfaces of the calmodulin/adenylyl cyclase 8
peptide complex [30]. Additionally, solution phase cross-
linking methodologies using dithiobis(succinimidylpropio-
nate) (DSP) and an LC MS/MS approach have been used to
isolate signal transduction complexes thereby furthering the

understanding of signal transduction [31]. More recent
reports have detailed the use of amine reactive cross-linkers
in solution along with mass spectrometry analysis to
elucidate a three-dimensional structure of various proteins
[32, 33]. The cross-linking techniques are not limited to the
study of proteins. For example, the architecture of RNA
polymerase II–TFIIF complex has also been revealed by
solution phase cross-linking methods and mass spectrometry
[34].

A wide variety of amine reactive cross-linking reagents
are commercially available. In this study, we demonstrate
intra-molecular and inter-molecular cross-linking of gaseous
peptide ions with sulfo-NHS based amine-reactive cross-
linking reagent anions. Loss of two sulfo-NHS function-
alities represents a signature for the covalent modification
and cross-linking process. We also demonstrate that colli-
sional activation of the intra-molecularly cross-linked pep-
tides results in fragment ions containing the cross-link
between two lysine residues, while collisional activation of
inter-molecularly cross-linked peptides results in one peptide
cross-linked to fragment ions of the second peptide. While it
might be premature to speculate about applications of gas-
phase cross-linking given its novelty, intra-molecular pep-
tide cross-linking may provide a new tool for gaseous ion
structure characterization while inter-molecular cross-linking
may provide a novel means for screening mixtures. The
exploration of such applications is the subject of an ongoing
study. This paper emphasizes methodologies and criteria for
successful cross-linking.

Experimental
Materials

Methanol and glacial acetic acid were purchased from
Mall inckrodt (Phi l l ipsburg, NJ, USA). Pept ide
KKKKKKKKKK was custom synthesized by Pepnome
Ltd. (China), peptides KAGK and YGGFLK were synthe-
sized by CPC Scientific (San Jose, CA, USA), peptide
KGAILKGAILR was synthesized by SynPep (Dublin, CA),
and peptide RKRARKE was purchased from Sigma Aldrich
(St. Louis, MO). Reagents BS3 (BS3 = bis[sulfosuccini-
midyl] suberate), and DTSSP (DTSSP = 3,3'-dithiobis
[sulfosuccinimidylpropionate]) were obtained from Thermo
Fisher Scientific Inc. (Rockford, IL, USA). All 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.

Mass Spectrometry

All ion/ion reactions were performed on a prototype version
of a triple quadrupole/linear ion trap, QTRAP mass
spectrometer [35] (Applied Biosystems/MDS Sciex, Con-
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cord, ON, Canada), equipped with a home-built nano-
electrospray ionization source [36]. All intra-molecularly
cross-linked peptides were generated during a single mutual
storage ion/ion reaction [37]. Briefly, mass resolved peptide
and reagent ions of opposite polarity are allowed to react in
the Q2 collision cell for various times on the order of
hundreds of milliseconds, depending primarily upon the
number of reagent anions admitted into Q2. The reaction
products are accelerated as they are transferred from Q2 to
Q3 in order to remove any residual sulfo-NHS groups. Once
in Q3, the intra-molecularly cross-linked peptide is subjected
to collisional activation and the fragment ions are analyzed
using mass selective axial ejection (MSAE) [38]. The inter-
molecularly cross-linked peptides were generated in a
process involving two ion/ion reactions. Independently
resolved peptide and reagent ions are reacted using a
transmission mode ion/ion reaction in Q2 [39]. The formed
peptide–reagent complex is accelerated from Q2 to Q3 in
order to remove one sulfo-NHS group. The remaining
complex in Q3 is allowed to react with a second peptide in
a mutual storage mode ion/ion reaction. The newly formed
complex in the second ion/ion reaction is subjected to
collisional activation to remove the second sulfo-NHS
group. MS3 is then performed on the inter-molecularly
cross-linked peptides, and the fragment ions are analyzed by
MSAE.

Results and Discussion
Various homo-bifunctional NHS and sulfo-NHS based
cross-linking reagents are commercially available for cross-
linking two primary amine sites within a molecule or
between two molecules. Generally, these reagents consist
of a spacer arm with two identical reactive groups on each
end. The sulfo groups on each of the NHS rings are acidic
sites that facilitate negative ion formation of the reagent in
ESI and they also serve as “sticky” groups in forming a
long-lived chemical complex with the protonated polypep-
tide ions [40]. The reagents used in this work were supplied
as sodium salts. The anions derived from the reagents are
therefore indicated as [reagent – Na]– for singly charged
anions and [reagent – 2Na]2– for doubly charged anions,
where the reagent is either BS3 or DTSSP. The structures of
both reagents are shown in Scheme 1.

The ion/ion reactions described in this report lead to the
formation of either intra-molecularly cross-linked or inter-
molecularly cross-linked peptide ions. The overall processes
taking place during the cross-linking of two primary amine
sites with sulfo-NHS-based reagents are depicted in
Scheme 2. The initial step in intra-molecular cross-linking
involves the formation of a long-lived complex between the
reagent and the peptide ions as shown in Scheme 2a.
Collisional activation of the complex induces the loss of two
sulfo-NHS groups from the reagent. The cross-linking
occurs via nucleophilic attack by two neutral primary amine
sites at the carbonyl carbons of the ester functionalities

within the reagent. The sulfo-NHS groups of the cross-linker
serve as leaving groups in this process. The loss of two
sulfo-NHS groups, therefore, represents a signature for the
cross-linking, which is supported by subsequent activation
of the cross-linked complex (see below). Loss of the intact
cross-linking reagent occurs when no covalent attachment
occurs (see below).

The sequence of events for inter-molecular cross-linking
of peptides is demonstrated in Scheme 2b. Singly protonated
peptide ions and doubly charged reagent anions form a
chemical complex with a negative overall charge. As the
complex is accelerated between the collision cell (Q2) and
the mass analyzer (Q3), a sulfo-NHS group is lost, resulting
in a covalently modified peptide at a single primary amine
site. Note that the second sulfo-NHS group is still attached
to the cross-linking reagent and has not undergone the
covalent modification chemistry. This covalently modified
peptide–reagent complex is further reacted with a multiply
protonated second peptide. Collisional activation of the
peptide–reagent–peptide complex results in loss of the
second sulfo-NHS group, giving rise to inter-molecularly
cross-linked peptides. An MS3 experiment that subjects the
cross-linked peptides to collisional activation results in one
peptide cross-linked to fragment ions from the second
peptide. Inter-molecular cross-linking of two peptides is
also possible by eliminating the beam type CID step in
Scheme 2b, where the [Peptide I + (BS3 – 2Na)]– complex is
directly reacted with [Peptide II + nH]n+ ion (see Scheme S1
in Supplementary Information). However, with this proce-
dure we have noted that in addition to the formation of a
[Peptide I + Peptide II + BS3 – 2Na + (n – 1)H](n – 1)+

complex, there also appears a reaction channel that leads to
the transfer of the entire reagent from Peptide I to Peptide II.
As a result, the formation of the peptide I–reagent–peptide II
complex following this scheme is not as efficient as
following Scheme 2b.

An illustration of the overall ion/ion reaction phenomen-
ology from Scheme 2a observed when intra-molecular cross-
linking occurs is shown by the spectra in Figure 1, which
relate to the reaction between triply protonated
KKKKKKKKKK cations and singly charged BS3 anions.
This reagent, with its hydrocarbon chain spacer arm, is
resistant to cleavage and the formed cross-links are
irreversible. Mutual storage of [KKKKKKKKKK + 3H]3+

and deprotonated BS3 reagent ions results in the
[KKKKKKKKKK + (BS3 – Na) + 3H]2+ complex, as
shown in Figure 1a. Evidence for a minor contribution from
proton transfer is also observed, as reflected by the signal for
the [M + 2H]2+ ion in Figure 1a, likely resulting from a
“proton hopping” channel [41]. (A relatively small popula-
tion of [KKKKKKKKKK + 4H]4+ was also present and
gave rise to the [KKKKKKKKKK + (BS3 – Na) + 4H]3+

complex in Figure 1a). As demonstrated previously [31], ion
trap collisional activation of a complex formed between a
multiply protonated peptide and a sulfo-NHS-based reagent
anion results in a sulfo-NHS neutral molecule loss when
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covalent modification takes place, whereas loss of the intact
neutral reagent is noted when covalent modification does not
take place. Given that the BS3 reagent contains a sulfo-
NHS group on each end of the hydrocarbon spacer arm,
two sulfo-NHS neutral molecule losses would signify
cross-linking taking place. Indeed, collisional activation
of [KKKKKKKKKK + (BS3 – Na) + 3H]2+, as shown in
Figure 1b, results in loss of two sulfo-NHS groups. Note

that the counter-ion for the sulfate of one of the sulfo-NHS
groups can be either a proton or a sodium ion. Hence, two
peaks associated with loss of both sulfo-NHS groups
appear in Figure 1b that correspond to both counter-ions
being protons or to one counter-ion being a proton and
one being a sodium ion. Subsequent activation of the latter
double sulfo-NHS loss peak generates sequence informa-
tive fragment ions containing the BS3 hydrocarbon spacer

Scheme 1. Structures of anionic reagents examined: (a) BS3 (bis[sulfosuccinimidyl] suberate) and (b) DTSSP (3,3'-dithiobis
[sulfosuccinimidylpropionate])

[PeptideI +H]+ [BS3 2Na]2+

[PeptideI +(BS3 2Na)]

+ [PeptideII +nH]n+

[PeptideI +PeptideII +BS3 2Na (sulfo NHS)+(n 1)H](n 1)+

MS2 (sulfo NHS)

[PeptideI +PeptideII +BS3 2Na 2(sulfo NHS)+(n 1)H](n 1)+

MS3

Inter molecularly cross linked peptide ions

BTCID
Q2 Q3 (sulfo NHS)

[PeptideI +BS3 2Na (sulfo NHS)]

[Peptide + nH]n+ [BS3 Na]+

[Peptide+(BS3 Na)+nH](n 1)+

2(sulfo NHS) Na

[Peptide+ BS3 Na 2(sulfo NHS) Na+(n 1)H](n 1)+

)b()a(

MS3

Intra molecularly cross linked peptide ions

MS2

Scheme 2. Sequence of events in the ion/ion reaction between polypeptide cation(s) and a sulfo-NHS-based reagent anion
leading to: (a) intra-molecularly cross-linked peptide and (b) inter-molecularly cross-linked peptides in the gas phase
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arm (see Figure 1c). Given the large number of lysine side
chains in excess of the total charge of the peptide, which gives
rise to the possibility for many reactive neutral amine sites, a
variety of intra-molecularly cross-linked structures are possi-
ble. As demonstrated in Figure 1c, a series of cross-linked b-
and y-type ions exist, starting with b2 and y2 as the smallest
fragment ions containing the hydrocarbon spacer arm. In the
case of b2 ion, the side chain of Lys-2 is cross-linked either to
the side chain of Lys-1 or the N-terminus of the peptide.
Alternatively, the modified y2 ion containing the C-terminus of
the peptide results from the cross-linking of Lys-9 and Lys-10
residues. A similar fragmentation pattern was observed in the
ion trap CID spectrum of the [KKKKKKKKKK + DTSSP –
Na- 2(sulfo-NHS – Na + 2H]2+ complex formed after an ion/
ion reaction between [KKKKKKKKKK + 3H]3+ and the
singly charged DTSSP reagent anion (see Figure S1 in
Supplementary Information).

The peptide KKKKKKKKKK was chosen for initial
study to maximize the possibility for cross-linking. How-
ever, the presence of multiple primary amine sites is
expected to give rise to a mixture of products, thereby
precluding the use of CID for demonstrating specificity in
cross-linking. When the number of possible protonation sites
in a peptide is limited, fewer cross-linked structures are
possible. For example, in the peptide RKRARKE, two
excess protons are expected to be sequestered largely at the
arginine residues, leaving the two lysine residues unproto-
nated and available for cross-linking. The ion/ion reaction

between triply protonated RKRARKE and [BS3 – Na]–

reagent anions results in the formation of a peptide–reagent
complex. Ion trap CID of the complex resulted in two sulfo-
NHS neutral molecule losses (Figure S2 in Supplementary
Information). Isolation and activation of the species formed
from the losses of two sulfo-NHS groups (one with a proton
counter-ion and one with a sodium counter-ion), as shown in
Figure 2a, gives rise to essentially exclusive loss of the C-
terminal glutamic acid residue, indicated as a loss of 129 Da,
with the cross-linker present in the product ion. A smaller
signal that can arise from formation of the b6-ion containing
the cross-linker and, perhaps, from water loss from the
species formed via glutamic acid loss is also noted. Ion trap
CID of the doubly protonated unmodified RKRARKE
peptide (Figure 2b) also shows major loss of the elements
of C-terminal glutamic acid, as supported by experiments
involving methyl esterification of the peptide, but also shows
various b- and y-type ions from cleavages along the peptide
backbone. The formation of the latter ions is suppressed in
the intra-molecularly cross-linked peptide. The loss of the
elements of C-terminal glutamic acid has been noted both
for protonated [42] and deprotonated peptides [43]. The
presence of arginine [44] or fixed charge sites [45] in peptide
cations, in particular, enhances the probability of this loss
when E is at the C-terminus. The process is believed to
involve a rearrangement that gives rise to loss of a
pyroglutamic acid molecule [48]. Similar fragmentation
behavior is observed in the ion trap CID spectrum of
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[RKRARKE + DTSSP – Na-2(sulfo-NHS) – Na + 2H]2+

derived from the ion/ion reaction between [RKRARKE +
3H]3+ and [DTSSP – Na]– (Figure S3 in Supplementary
Information).

The initial studies of gas-phase modification of peptide
ions via ion/ion reactions using sulfo-NHS-based reagents
indicated that the presence of an unprotonated primary
amine site is a necessary condition. For intra-molecular
cross-linking to occur, it follows that two unprotonated
primary amines must be available, and they must come

within sufficient proximity for the cross-linker to reach them
both. The previous examples were expected to meet these
criteria. Studies with the peptide KGAILKGAILR were
performed to further examine intra-molecular cross-linking
and specifically to examine the issue of available unproto-
nated primary amine sites. When doubly and triply proto-
nated KGAILKGAILR cations were reacted with [BS3 –
Na]– reagent anions, a peptide–reagent complex was formed
(Figure S4 in Supplementary Information). Collisional
activation of the [KGAILKGAILR + (BS3 – Na) + 3H]2+
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complex resulted in loss of one sulfo-NHS group and a loss
of the intact reagent giving rise to the [KGAILKGAILR +
2H]2+ ion (see Figure 3a). Since three out of the four
possible basic sites in the peptide (i.e., the arginine, two
lysines, and N-terminus) are protonated, nominally only one
site remains available for modification. Loss of one sulfo-
NHS group is observed but no evidence for loss of two
sulfo-NHS groups is noted. Loss of the intact neutral reagent
from the complex suggests that no covalent reactions took
place in at least some of the complexes. The appearance of a
number of unmodified y-type and b-type ions and the
relative absence of any modified fragments may also reflect
fragmentation from unmodified forms of the peptide. The
fact that some of the peptide ions were unmodified may
reflect a degree of proton sharing between basic sites, which
is likely for the N-terminus and Lys-1, as any lone-pair
electron association with an excess proton renders an amine
site less nucleophilic. When doubly protonated KGAILK-
GAILR was reacted, the ion trap CID spectrum in Figure 3b
was observed, which shows major signals for loss of two
sulfo-NHS groups, loss of one sulfo-NHS group, and the
loss of the neutral reagent. While the signal due to loss of a
single sulfo-NHS group may arise from some ions that
would undergo another sulfo-NHS group loss upon further
activation, the appearance of the product arising from loss of
the intact reagent suggests that at least some of the signal
due to single sulfo-NHS loss arises from species that
underwent only one covalent reaction. Hence, the data of
Figure 3b probably reflects a mixture of outcomes com-
prised of cross-linking, which appears to be the dominant

process in this case, single covalent modification, and purely
noncovalent interaction.

The MS3 spectrum of the [KGAILKGAILR + BS3 – Na-2
(sulfo-NHS) – Na + 2H]2+ species that resulted from the loss
of two sulfo-NHS groups gave a complete series of cross-
linked b-type ions (Figure 4). The appearance of the b1–b5
ions suggests that, at least for some of the peptide ions, the
side chain of Lys-1 residue was cross-linked to the N-
terminus of the peptide.

In contrast to the previous examples where complex
formation resulted in covalent cross-linking modification,
the ion/ion reaction between doubly protonated YGGFLK
and [BS3 – Na]– reagent anions resulted primarily in proton
transfer with minimal complex formation, as shown in
Figure 5. With the excess protons nominally associated with
the N-terminus and the lysine side chain, neither of the
primary amine sites is expected to be particularly nucleo-
philic, which renders the ion relatively unreactive to
covalent modification. (Note that the y-type ions are likely
to have been generated by CID upon transfer from Q2 to
Q3.)

The evidence for intra-molecular cross-linking suggested
an attempt at intermolecular cross-linking of peptide ions
using the BS3 reagent and the process shown in Scheme 2b.
This process involves two consecutive ion/ion reactions,
each followed by a CID step in order to facilitate loss of two
sulfo-NHS groups. The first peptide is covalently modified
at a single Lys primary amine site following collisional
activation of the peptide–reagent complex from an ion/ion
reaction with a BS3-related anion. The resulting peptide ion,
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modified at a single site, is further reacted with the second
peptide, which also has an available neutral primary amine
site. The resulting [peptide I-BS3–(sulfo-NHS)–peptide II]
complex is exposed to collisional activation to eliminate the
second sulfo-NHS group, thereby cross-linking the two
peptides. Figure 6a shows the results of the collisional
activation of the [YGGFLK + KKKKKKKKKK + BS3 –
2Na-(sulfo-NHS) + 2H]2+ complex, which primarily leads to
loss of a second sulfo-NHS group. This complex was initially
formed from the ion/ion reaction between [YGGFLK + BS3–

2Na-(sulfo-NHS)]– and [KKKKKKKKKK + 3H]3+. In the
inter-molecular cross-linking scenario, singly-protonated
YGGFLK is charge inverted to [YGGFLK + (BS3 – 2Na)]–

in the reaction with [BS3 – 2Na]2–. The [YGGFLK + (BS3 –
2Na)]– complex is collisionally activated upon acceleration
from the collision cell and into the Q3 analyzer quadrupole,
which results in loss of a sulfo-NHS group and modification
of YGGFLK at an available primary amine site giving rise to
[YGGFLK + BS3 – 2Na-(sulfo-NHS)]–. MS3 of the second
sulfo-NHS loss peak as shown in Figure 6b results in a series
of b- and y-type ions from KKKKKKKKKK cross-linked
with the entire YGGFLK peptide. A similar fragmentation
pattern was observed in the ion trap CID of [YGGFLK +
RKRARKE + BS3 – 2Na-2(sulfo-NHS) + 3H]2+ formed from
the ion/ion reaction between [YGGFLK + BS3 – 2Na-(sulfo-
NHS)]– and [RKRARKE + 3H]3+ (Figure S5 in Supplemen-
tary Information). When more than one primary amine site
is available for modification in the first peptide, as for
example in KAGK, collisional activation of the [KAGK +
KKKKKKKKKK + BS3 – 2Na-2(sulfo-NHS) + 3H]2+

complex results in intra- and inter-molecular cross-linking,
the former evident by the appearance of [KAGK + BS3 –

2Na-2(sulfo-NHS)]+ and the latter by the loss of two
sulfo-NHS groups from the complex (see Figure S6 in
Supplementary Information).

Conclusion
Intra-molecular and inter-molecular cross-linking of multiply
protonated polypeptide ions can be achieved in the gas phase
using homobifunctional N-hydroxysulfosuccinimide based
cross-linking reagents. These reagents are readily available
commercially due to their frequent use in condensed phase
chemistry. One of the main criteria for affecting this
covalent modification chemistry in the gas phase involves
the formation of a long-lived complex between the reagent
and the peptide. Sulfo-NHS esters are suitable reagents for
this purpose because of the strong interaction of the
sulfonate group in the reagent and the protonated sites in
the peptide. The “sticky” nature of the sulfo groups attached
to each of the NHS rings in the reagent enables the
formation of a long-lived complex with the peptide,
satisfying the criterion just mentioned. In addition to long-
lived complex formation, two unprotonated primary amine
sites within a peptide are required in order for intra-
molecular cross-linking to take place. Alternatively, inter-
molecular cross-linking demands the presence of only one
neutral primary amine site in each of the two peptides that
are being cross-linked. The neutral primary amine sites serve
as nucleophiles and are involved in the removal of the sulfo-
NHS groups. The elimination of two sulfo-NHS groups from
a peptide–reagent complex (i.e., intra-molecular cross-link-
ing) or from a peptide–reagent–peptide complex (i.e., inter-
molecular cross-linking) represent a signature of the covalent
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cross-linking chemistry in the gas phase. Further extension
of this type of gas-phase modification to peptide and protein
complexes (i.e., formation of a noncovalently-bound com-
plex ion followed by reaction with the cross-linking reagent
in the gas phase) promises to provide new insights into
structural differences/similarities between condensed-phase
and gas-phase complexes via comparisons with complexes
subjected to cross-linking in the condensed-phase and
followed by ionization.
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