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Abstract

Gas-phase conjugation to unprotonated arginine side-chains via A-hydroxysuccinimide (NHS)
esters is demonstrated through both charge reduction and charge inversion ion/ion reactions. The
unprotonated guanidino group of arginine can serve as a strong nucleophile, resulting in the facile
displacement of NHS from NHS esters with concomitant covalent modification of the arginine
residue. This reactivity is analogous to that observed with unprotonated primary amines such as
the N-terminus or e-amino group of lysine. In solution, however, the arginine residues tend to be
protonated at pH values low enough to prevent hydrolysis of NHS esters, which would render
them relatively unreactive with NHS esters. This work demonstrates novel means for gas-phase
conjugation to arginine side-chains in polypeptide ions.
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Bioconjugation reactions are widely used in modern biology research.! Many common
approaches involve targeted conjugation, such as the use of NHS esters to react with primary
amines to form amide bonds or the use of maleimide derivatives to react with sulfhydryl
groups to form thioether linkages.! Some uses of these conjugation approaches include
labeling with chromophores,? elucidating structural information via cross-linking,3-2
providing more complete sequence information for peptides® and proteins,’ and preparing
reactive surfaces for gas-phase reactions.8 The ability to target native functional groups of
biomolecules, such as those associated with the nucleobases of RNA or DNA or the amino
acid residues of proteins, allows the development of site-specific methods to extract
information.

For example, primary amines such as the N-terminus or e-amino group of lysine are used to
react with NHS esters to produce a covalent linkage. These reactions proceed rapidly under
physiological conditions, resulting in the formation of amide bonds through the acylation of
the nucleophilic amines. With a pKa > 12,1 the guanidino group of arginine is protonated,
and is therefore not nucleophilic, in the pH range within which NHS esters are stable to
hydrolysis in aqueous solution. Arginine is therefore not regarded as a reactive site for NHS
esters in solution. The gas-phase provides an environment in which both unprotonated
arginine residues and NHS esters can coexist. A schematic for the general reaction involving
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the formation of an amide bond between arginine and the sulfo-NHS ester is illustrated in
Scheme 1. The reactivity of arginine with NHS esters can be explored in straightforward
fashion via gas-phase ion/ion reactions.®-11 NHS esters have previously been shown to be
reactive with the N-terminus!2 and lysine side chains213 in the gas-phase via ion/ion
reactions. Here, we focus on the reactivity of unprotonated arginine toward sulfo-NHS esters
in the gas-phase. Sulfo-NHS esters have been shown to have essentially the same specificity
and reactivity as NHS esters in solution and are more water soluble. They are particularly
useful gas-phase anionic reagents due to the strong interaction of the sulfonate group with
protonated sites on polypeptide cations, which leads to the formation of long-lived
complexes that facilitate covalent reactions.1>16 The general process by which ions are
reacted and subsequently fragmented in the gas-phase is illustrated in Figure 1. The di-
cationic precursor peptide ion, N-terminally acetylated RARARAA is mass selected (Figure
1a) in the first quadrupole of a hybrid linear ion trap based on a triple quadrupole design’
and stored in the reaction cell. Two of the arginine residues are expected to sequester the
two protons, leaving the third arginine unprotonated and therefore free to react. The
maleimidobenzoyl- N-hydroxysulfosuccinimide ester (sulfo-MBS) anion is then mass
selected (Figure 1a, inset) and transferred to the reaction cell. Following a defined “mutual
storage” reaction period, the dominant reaction channel observed in Figure 1b is the
formation of a long-lived electrostatic complex [Ac-RARARAA+(sulfo-MBS-Na)+2H]*. In
this case, competition from ion/ion proton transfer to yield the singly protonated peptide is
minimal.1® The strong interaction between the sulfonate and guanidinium groups likely
underlies the stability of this complex.1? Collision-induced dissociation (CID) of the
complex, indicated by the lightning bolt above the peak in Figure 1c, results in essentially
exclusive loss of neutral sulfo-NHS. This loss is highly suggestive of a nucleophilic
displacement of the sulfo-NHS leaving group and concomitant covalent modification of the
polypeptide. This modification was confirmed by subsequent fragmentation (Figure S1).

The reaction presented in Figure 1 results in the neutralization of a charge from a doubly-
charged cation, thereby maintaining an overall positive charge. The reactivity of arginine
with NHS esters was also investigated under charge inversion conditions. This was effected
by reacting the singly-protonated, N-terminally acetylated peptide Ac-ARAAARA with the
doubly-charged anionic homaobifunctional crosslinker bis(sulfosuccinimidyl) suberate (BS3).
Figure 2a shows the isolation of the electrostatic complex formed between the two ions to
produce [Ac-ARAAARA+(BS3-2Na)+H] . Figure 2b shows the CID of the complex to
produce mainly a single sulfo-NHS neutral loss, corresponding to a single covalent
modification. The presence of a second sulfo-NHS neutral loss represents a “do-si-do” type
mechanism, involving multiple steps, which ultimately result in a second covalent
modification on a different arginine, leaving the peptide intra-molecularly cross-linked.
Briefly, once the first covalent bond is formed and the initial neutral sulfo-NHS is lost, a
proton is transferred from the protonated arginine to the remaining sulfonate, neutralizing
the charge and creating an unprotonated arginine, which then reacts with the sulfo-NHS
ester to produce a second covalent bond and loss of the second neutral sulfo-NHS. (Note
that the singly charged ion generated from the solution modification of YGGFLR to yield a
fixed charge site at the N-terminus showed only loss of one sulfo-NHS group upon charge
inversion with [BS3-2Na]2" in the gas-phase (see Figure S2). This result suggests that the
arginine side-chain does not readily react twice with NHS-esters.) Two small peaks in the
spectrum of Figure 2b are related to the cross-linker, with the first peak at m/z 350
corresponding to cleavage of one of the ester bonds (Figure S3a). The peak at m/z 374
corresponds to one end of the cross-linker being covalently attached to arginine followed by
cleavage of the 8N-eC bond of the arginine side chain, resulting in a loss of HN=C=N-
from the arginine side-chain and its addition to the cross-linker (Figure S3b). The m/z 374
fragment is a signature for arginine reacting with this particular cross-linker based on the
characteristic loss of HN=C=N-, which cannot occur with lysine or the N-terminal amine.
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Loss of 42 Da from arginine side-chains upon CID is well-known2® and a similar process in
which the covalent modification was lost in conjunction with an additional 41 Da piece from
the polypeptide was noted in the CID data for the [Ac-RARARAA+(sulfo-MBS-Na)+2H]+
system (see Figure S1). Studies with other NHS ester reagents have shown a variety of
dissociation behaviors associated with covalently modified arginine side-chains, with
transfer of the CN2H moiety to the reagent being one of the prominent processes. The net
result of the process is the transformation of an arginine residue to an ornithine residue.

The reaction of arginine with NHS esters in aqueous solution is, at most, a minor process?!
probably because the arginine is typically protonated in solution. To simulate these
conditions in the gas-phase, peptides that have all of the arginines protonated were reacted
with reagent anions. If the protonated arginines are reactive toward the sulfo-NHS esters,
activation of this complex will result in neutral losses of sulfo-NHS, producing covalently
modified ions, as has been shown in Figures 1 and 2. In the absence of a covalent reaction,
the most facile CID process associated with the peptide/sulfo-NHS ester complex is simply
the loss of the intact sulfo-NHS ester as a neutral species (i.e., a net proton transfer reaction).
Figure 3a shows the CID spectrum of the charge-reduced complex of [Ac-RARARAA+
(sulfo-MBS-Na)+3H]2*, which produces the proton transfer product [Ac-RARARAA
+2H]?*. Likewise, Figure 3b shows the CID spectrum of the charge-inversion complex [Ac-
YGGFLR+(BS3-2Na)+H]~, which produces the proton transfer product [BS3-H]™. Thus, as
has also been noted for primary amines in the gas-phase,13 protonation of the arginine side-
chain renders it non-nucleophilic and unreactive towards NHS esters. Note that in these
cases, the sulfonate group is expected to undergo a strong electrostatic interaction with one
of the protonated arginine residues. Hence, all of the arginine residues are nominally
protonated with one undergoing a strong electrostatic interaction with the sulfonate group.

The present results show that NHS ester chemistry can be used to modify arginine side-
chains in polypeptides in the gas-phase, provided they are unprotonated. The latter condition
is difficult to achieve in solution under pH conditions that avoid hydrolysis of NHS esters.
This constitutes an example of distinct behaviors in the gas-phase and aqueous solution. In
the gas-phase, this condition is generally met with negative ions and polypeptide cations in
which the total charge is exceeded by the number of arginine side-chains. NHS ester
chemistry is expected to be specific for primary amines (i.e., N-termini and lysine e-amino
groups) when the total charge of the cation exceeds the number of arginine residues but does
not exceed the sum of the arginine residues, lysine residues, and N-termini. When a mixture
of unprotonated primary amines and arginine residues are present, both sites are expected to
be reactive with NHS esters. (Control experiments have shown that NHS esters are
unreactive towards unprotonated histidine residues. We have also found that unprotonated
arginine side-chains are unreactive with aldehyde groups, unlike primary amines, which
have been shown to form Schiff bases.16) These results add to the growing array of specific
covalent chemistries that can be used to modify polypeptide ions in the gas-phase in a
selective fashion.6:12.13.16
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ABBREVIATIONS
CID collision-induced dissociation
NHS N-hydroxysuccinimide
Sulfo-MBS m-maleimidobenzoyl- A-hydroxysulfosuccinimide ester
BS3 (bis[sulfosuccinimidyl] suberate
R arginine
A alanine
Y tyrosine
G glycine
F phenylalanine
L leucine
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Figure 1.

Process of reacting arginine with a sulfo-NHS ester: (a) Precursor ions individually mass-
selected. (b) Post-ion/ion reaction spectrum. (c) Collisional activation and fragmentation of
the electrostatic complex, rendering a covalent modification. (Lightning bolt indicates ion
subjected to activation).
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FIGURE 2.

Charge inversion reaction showing reactivity of arginine with a crosslinker, BS3, using an
RF-DC isolation, resulting in (a) the mass-selected electrostatic complex. (b) CID of this
complex renders one and two covalent bond formations. (Lightning bolt indicates ion
subjected to activation.)
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FIGURE 3.

Activation of electrostatic complexes containing only protonated arginine residues; (a) CID
of [Ac-RARARAA+(sulfo-MBS-Na)+3H]2*; (b) CID of [Ac-YGGFLR+(BS3-2Na)+H]".
(Lightning bolt indicates ion subjected to activation.)
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Scheme 1.

General reaction schematic for arginine reacting with sulfo-NHS esters.
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