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Protonated tryptic peptides, somatostatin-14, and oxytocin have been subjected to reactions with doubly
deprotonated 4-formyl-1,3-benzenedisulfonic acid (FBDSA) in the gas phase. The major product is a
negatively charged complex comprised of the peptide and the reagent. Upon dehydration of the complex,
all peptides show evidence for Schiff base formation involving a primary amine of the peptide. Some
peptides also show evidence for the formation of a relatively strong electrostatic interaction without
Schiff base formation (i.e., a mixture of isomeric precursor ions is generated upon dehydration of the
complex). lon trap collision-induced dissociation of the dehydration products from all peptides examined
gave distinct product ion spectra relative to the deprotonated and protonated forms of the peptides.
The distinct behavior of the modified ions is attributed to the highly stable charge carrying sulfonate
group, which tends to inhibit intramolecular proton transfer in negatively charged species. Modified
anions of the peptides with an intramolecular disulfide linkage show evidence for cleavage of both the
disulfide linkage and an amide bond in the loop defined by the disulfide bond. Modification of protonated
peptides via charge inversion with FBDSA is a useful means for generating novel and distinct ion-types
that can provide complementary structural information upon subsequent activation to that obtained
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from dissociation of protonated or deprotonated forms of the peptide.
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1. Introduction

Primary structure characterization by mass spectrometry is gen-
erally dependent upon fragmentation of ions derived from the
molecule of interest. The two main options for maximizing the
structural information of interest are selection of ion-type (e.g.,
protonated molecule versus radical cation versus deprotonated
molecule, etc.) and ion activation conditions [1]. The ion-type is
usually determined by the means for ionization. It is also common
to subject analyte species, such as peptides or proteins, to a derivati-
zation reaction in solution to facilitate ionization [2], quantification
[3], or structural characterization [4] via mass spectrometry or tan-
dem mass spectrometry. Alteration of the ion-type can also take
place in the gas phase via ion/electron [5], ion/molecule [6], or
ion/ion reactions [7]. Most gas phase reactions have involved the
gain or loss of protons or electrons by the analyte ions. Exam-
ples of selective covalent modification of polypeptide ions in the
gas phase are restricted to ion/molecule [8] and ion/ion reactions
and are still rare. However, several recent findings suggest that the
selective modification of primary amines in peptide ions via ion/ion
chemistry is straightforward via either Schiff base formation [9]
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using aldehyde containing reagents or via amide bond forma-
tion [10] using N-hydroxysuccinimide ester containing reagents.
The ability to form covalent bonds selectively in the gas phase
opens up new possibilities for probing the structures of gaseous
polypeptides. For example, the cross-linking of peptide ions in the
gas phase has recently been demonstrated using bi-functional N-
hydroxysuccimide ester reagent ions [11].

Schiff base formation involving either the N-terminus or the
e-NH;, group of lysine residues has been effected by reacting
peptide cations with either singly or doubly deprotonated 4-
formyl-1,3-benzenedisulfonic acid (FBDSA). A sulfonic acid group
in the reagent anion can interact strongly with a protonated site on
the peptide resulting in a long-lived complex. Upon collisional acti-
vation of the complex, the aldehyde group can undergo nucleophilic
attack by an available unprotonated primary amine resulting in loss
of water and formation of a Schiff base. Water loss from the complex
is therefore consistent with Schiff base formation, although water
loss is a common process from peptide ions. Strong electrostatic
interactions between the reagent anion and the peptide cation can
occur, particularly between the sulfonate group and protonated
arginine. Hence, either covalent or non-covalent modification of
the peptide may alter the fragmentation behavior of a peptide ion.
The identities of the fragmentation products arising from further
activation of the water loss product to give cleavages along the
peptide backbone can provide clues regarding the nature of the
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modification. Loss of intact FBDSA, for example, from the water
loss product is a clear indication of an electrostatic interaction for
those ions that undergo this loss.

Singly deprotonated FBDSA is useful for modifying multiply pro-
tonated peptides [9], as shown in process (1):

[M-+nH]™ + [FBDSA—H]|~ — [M + FBDSA + (n — 1)H]"~ 1+
— [M+ ¢+ (n-1H]"D+ 4+ H,0 (1)

Note that the diamond symbol (¢) corresponds to the addition of
FBDSA to M minus a water molecule. Doubly deprotonated FBDSA
can be used to modify either singly protonated peptides or pep-
tides with three or more excess charges in a single step. In the case
of singly protonated peptides, reaction with doubly deprotonated
FBDSA results in the conversion of the peptide cation to an anionic
product, as indicated in process (2) [12]:

[M +H]* +[FBDSA—2H]?>~ — [M + FBDSA—H|~
— [M+ ¢]” +H,0 (2)

Doubly protonated peptides can also undergo charge inversion
in reactions with FBDSA di-anions but this entails two consecu-
tive ion/ion reactions with the first involving single proton transfer
(process (3)) to yield the singly protonated peptide, which can then
undergo process (2):

[M + 2H]?* + [FBDSA—2H]?>~ — [M + H|* +[FBDSA—H]~ (3)

Single proton transfer, as represented by process (3), competes
with long-lived complex formation, which constitutes the first step
of processes (1) and (2) [13]. Complex formation is the dominant
process for the species relevant to this work but single proton trans-
fer typically occurs as a competitive process.

All work to date using ion/ion reactions involving FBDSA anions
with peptide cations has indicated that the modified products upon
collisional activation often yield sequence information that is com-
plementary to that derived from unmodified ions [9,12]. However,
the work has been restricted to a limited number of model peptide
ions. In this work, we have extended the range of observations to
include peptides with an intramolecular disulfide linkage as well as
ions derived from tryptic digestion of a protein. Tryptic peptides are
of interest because of their relevance to bottom-up protein identi-
fication [14]. Peptides with intra-molecular disulfide linkages often
present a challenge for deriving sequence information, particularly
for protonated peptides, due to the fact that the disulfide linkage
must be cleaved along with a backbone bond [15,16]. In this work,
somatostatin-14 and oxytocin, two peptide hormones, were chosen
as model cyclic peptides.

2. Experimental
2.1. Materials

Methanol, glacial acetic acid, and ammonium hydroxide were
purchased from Mallinckrodt (Phillipsburg, NJ). Ubiquitin from
bovine erythrocytes, TPCK treated trypsin from bovine pan-
creas, somatostatin-14, 4-formyl-1,3-benzenedisulfonic acid, tris
(2-carboxyethyl) phosphine hydrochloride, and ammonium bicar-
bonate were purchased from Sigma-Aldrich (St. Louis, MO).
Peptides MQIFVK, TITLEVEPSDTIENVK, EGIPPDQQR, LIFAGK, TLS-
DYNIQK, and ESTLHLVLR were generated from the digestion
of ubiquitin by trypsin. Oxytocin was obtained from Bachem
Bioscience Inc. (Torrance, CA). Peptide analytes were prepared
in ~100 uM aqueous solution prior to positive nanoelectro-
spray ionization (nESI). The anion reagent was prepared at a
concentration of 3.5mM in a solution of 49.5/49.5/1 (v/v/v)
water/methanol/ammonium hydroxide for negative nESI.

2.2. Tryptic digest

The procedure for the tryptic digestion of ubiquitin has been
described previously [17]. Separation of the tryptic peptides
was performed using a reverse-phase HPLC (Agilent 1100, Palo
Alto, CA) equipped with an Aquapore RP-300 (7 pm pore size,
100 mm x 4.6 mm i.d.) column (Perkin-Elmer, Wellesley, MA). The
gradient for the HPLC separation has been described previously
[17]. Following separation, collected fractions were lyophilized and
dissolved in 250 L of water.

2.3. Disulfide reduction

The procedure for disulfide reduction has been described pre-
viously [18]. Reduced cyclic peptides were filtered through a
disposable PD-10 desalting column (GE Healthcare) using a 1%
acetic acid solution. Collected fractions were lyophilized and dis-
solved in 250 L of water.

2.4. Mass spectrometry

Experiments were performed on QqQ tandem mass spectrome-
ters (QTRAP 2000 and QTRAP 4000, AB Sciex, Concord, ON, Canada),
which have been modified for ion/ion reactions [19]. The QTRAP
4000 was used in cases in which the Schiff base product ions were
of m/z greater than 1700 due to its higher mass range. Alternately
pulsed ESI emitters allowed for sequential ion injection into the q2
reaction cell [20,21]. First, doubly deprotonated FBDSA was accu-
mulated in the g2 reaction cell. Next, the peptide cations were
generated and transferred to the g2 cell to undergo mutual storage
with the FBDSA anions for 500-1200 ms. The product ions were
then transferred to the Q3 ion trap for subsequent mass analysis
via mass-selective axial ejection (MSAE) [22] or for further interro-
gation via MS™.

3. Results and discussion
3.1. Tryptic peptides

Ubiquitin was subjected to digestion with trypsin and cations
derived from the following peptides were observed in the pos-
itive nESI mass spectrum: MQIFVK, LIFAGK, TITLEVEPSDTIENVK,
EGIPPDQQR, TLSDYNIQK, and ESTLHLVLR. Cations of each of
these peptides were subjected to ion/ion reactions with anions
derived from FBDSA and the results are provided below and in
Supplementary data. In all cases, comparisons were made of the
CID behavior of the unmodified [M—H]~ peptide as well as that of
the singly or doubly protonated species.

The ion trap CID product ion spectrum of the modified TLS-
DYNIQK anion is compared to those of the singly deprotonated
and doubly protonated forms of the peptide in Fig. 1. In this case,
cations of TLSDYNIQK were reacted with [FBDSA—2H]%~ to yield
the negatively charged [TLSDYNIQK+FBDSA—H]~ complex. lon trap
collisional activation of the complex gave rise to a highly abun-
dant water loss product, which is indicated as [M+4]~ in Fig. 1(a).
The diamond symbol (#) associated with some products indicates
a fragment that is consistent with the indicated product with the
expected mass shift associated with the covalent modification.
We note, however, that the labeled fragments can also, in prin-
ciple, arise from non-covalent FBDSA adduction with water loss
arising elsewhere in the peptide ion. In this particular case, no
clear evidence for electrostatic binding, such as the appearance
of [FBDSA—H]~ or the attachment of FBDSA to a product ion (see
below) is apparent. The most abundant products are consistent
with modified y-type and b-type ions, using the nomenclature
that is adapted [23] from the protonated peptide literature [24],
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Fig. 1. lon trap CID product ion spectra of (a) modified product, [M+4]-, (b) [M-H]-,
(c) [M+2H]?** derived from M=TLSDYNIQK.

which would correspond to a-ions and 3-ions, respectively, in the
nomenclature employed by Bowie et al. [25]. When compared to
the unmodified anion (i.e., the [M—H]~ ion), the CID of the modified
peptide in this case generates more sequence information (com-
pare Fig. 1(a) and (b)). Fig. 1(c) shows the CID product ion spectrum
of doubly protonated TLSDYNIQK, as this is the most abundant
cation in the nESI mass spectrum. The modified peptide and the
unmodified peptide cation of TLSDYNIQK produce similar sequence
information (Fig. 1(a) and (c)). Both spectra reflect cleavages of
the same peptide bonds, although the relative contributions differ
markedly. For example, the complementary y;/b, pair dominates
the cation spectrum whereas less selectivity in cleavage among
amide bonds is apparent in the CID of the modified anion.

The results of TLSDYNIQK are illustrative for tryptic peptides
with a C-terminal lysine residue. The results for ions derived from
MQIFVK (Fig. S-1), LIFAGK (Fig. S-2), and TITLEVEPSDTIENVK (Fig. S-
3) are provided as Supplementary data. In all three cases, the
major fragmentation products from the [M+4]~ ions correspond
to y¢- or be-type ions. The CID product ion spectra of the [M—H]~
ions, on the other hand, provide fewer sequence-informative frag-
ment ions. The results reported here are consistent with previous
work involving condensed-phase covalent derivatization of the C-
terminus of peptides with 4-aminonaphthalenesulphonic acid [26].
The resulting anions showed abundant modified y-type ions, the
origin of which was attributed to a charge-remote mechanism
[27,28]. The sulfonate anionic site is highly stable and is expected
to inhibit intramolecular proton transfer relative to a carboxylate
site, thereby reducing the contributions from at least some charge-
mediated reactions.

Fragmentation spectra of the modified tryptic peptides with a
C-terminal arginine residue shared commonalities with those of
the C-terminal lysine peptides but also showed some unique prod-
ucts. As an example, the CID product ion spectra for ions derived
from EGIPPDQQR are compared in Fig. 2. In the spectrum of the
[M+4]~ ion, both b¢- and y#-ions are observed (Fig. 2(a)), which
suggests that the precursor ion population is comprised of a mix-
ture of species with the attachment at either end of the peptide.
However, the N-terminus is the only site with an available pri-
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Fig. 2. lon trap CID product ion spectra of (a) [M+4]~, (b) [M—H]~, and (c) [M+2H]?*
derived from M =EGIPPDGGR.

mary amine for Schiff base formation. The y4-ions are interpreted
to arise from precursor ions with strong electrostatic attachment of
a sulfonate group to the guanidinium side-chain of the C-terminal
arginine residue, such interactions are known to be strong in the
condensed phase [29,30], or via formation of a negatively charged
proton-bound dimer with the C-terminus. lon/ion charge inversion
studies have shown that the C-terminus can play an important role
in adduct formation [13,31]. The water loss resulting from activa-
tion of the [EGIPPDQQR+FBDSA—H]~ complex presumably can arise
from several sites on the peptide (e.g., the Glu and Asp residues).
The appearance of abundant [y + FBDSA]~ products in Fig. 2(a) is
consistent with this interpretation, as the site from which water
is lost is not expected to be dependent upon the site of electro-
static attachment. On the other hand, the water lost upon Schiff
base formation must come from the aldehyde group of FBDSA. If all
peptide ions were to undergo Schiff base formation, no products
with an FBDSA adduct should appear.

Ion trap CID spectra of the [M—H]~ and [M+2H]%* ions of EGIP-
PDQQR are shown in Fig. 2(b) and (c), respectively. The [M—H]~ ion
provides relatively few sequence-related product ions, the most
prominent of which is the cs-ion, presumably arising from the pre-
viously noted cleavage associated with the aspartic acid side-chain
[25]. The doubly protonated species generates a series of comple-
mentary b- and y-type ions with cleavage N-terminal to the proline
at the fourth residue accounting for a large fraction of the observed
fragmentation. Clearly, each precursor ion reflected in Fig. 2 gives
distinct fragmentation pattern. It is particularly noteworthy that
the apparent non-covalent attachment of FBDSA can affect cleav-
age of the peptide backbone, rather than lose FBDSA, at least for
the arginine-containing peptides. A similar set of comparisons for
ESTLHLVLR is shown in Fig. S-4.

3.2. Intramolecular disulfide-linked peptides

Cations of two peptides with anintramolecular disulfide linkage,
somatostatin-14 and oxytocin, were subjected to ion/ion reactions
with anions of FBDSA to explore the effect of modification on frag-
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Fig. 3. lon trap CID product ion spectra of (a) [M+4]~, (b) [M—H]-, (¢) [M+H]* ions
derived from M=AGCKNFFWKTFTSC (somatostatin-14). The b, 4" symbols in the
somatostatin sequence at the top of the figure represent modified b-ions that origi-
nate from the loop defined by the disulfide linkage. These ions may contain different
numbers of sulfur atoms depending upon which of the bonds of the disulfide linkage
was cleaved.

mentation of the cyclic portions of the peptide ions. Polypeptide
ions with intramolecular disulfide linkages, particularly protonated
forms, often show little evidence for cleavage within the peptide
loop defined by the disulfide bridge [15]. For this reason, the pep-
tides are often reduced prior to tandem mass spectrometry [32].
However, gas phase means for the selective cleavage of disulfide
linkages have also been explored, such as the CID of deproto-
nated species [33,34], CID of alkali or alkaline earth cationized
ions [35], CID of coinage metal cationized ions [15,36,37], pho-
todissociation [38], electron induced dissociation [39], electron
capture dissociation [40], and electron transfer dissociation [15].
Some approaches rely on altering the ionization conditions while
ECD/ETD require the reactant polypeptide to be multiply charged.
The use of [FBDSA—2H]%~ allows for the modification of singly pro-
tonated species.

Fig. 3 compares the ion trap CID product ion spectra of the mod-
ified form of somatostatin-14 (i.e., the [M+4]~ species) (Fig. 3(a))
with those of the [M—H]~ and [M+H]* ions (Fig. 3(b) and (c), respec-
tively). Ion trap CID of the [M+H]* species yields essentially no
sequence information. As previously reported in the CID of deproto-
nated somatostatin [15], the z;,-ion and an associated loss of H,S,
dominate the product ion spectrum (Fig. 3(b)). The formation of the
z1-ion is a two-step process that begins with cleavage of the disul-
fide linkage at the CH,-S bond of Cys3. Some internal fragments
that contain neither the N-terminus nor the C-terminus are also
noted, although much of the low level signal is not readily assigned
[15]. CID of the modified somatostatin ions produces a major loss of
FBDSA, which suggests that a significant fraction of the precursor
ions are comprised of a non-covalently bound FBDSA. However, a
series of b, 4 +32 ions, where n=3-9, is noted. This series of ions
is consistent with Schiff base formation N-terminal to the back-
bone cleavage (e.g., the b;#+32 and b4 +32 ions suggest Schiff
base formation at the N-terminus while the bg +32 can be modi-
fied at the N-terminus, at Lysy, or at Lysg) as well as cleavage of
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from M = AGCKNFFWKTFTSC (reduced somatostatin-14).

the CH,-S bond of Cysi4. lon trap CID of disulfide linked peptide
anions have shown cleavage at all three bonds along the disulfide
linkage [30] (i.e., at the S-S bond or at either of the CH,-S bonds of
R-CH,-S-S-CH,-R). Evidence for a few b, ¢-ions that follow cleav-
age either at the S-S bond or at the CH,-S bond of Cys3 was noted
but the abundances were very low relative to the b, 4 +32 ions.

The presence of the disulfide linkage in somtatostatin has a pro-
found effect on the ion trap CID of all three ion types, as reflected in
the respective CID spectra shown in Fig. 4. Modification of reduced
somatostatin via reaction with FBDSA dianions leads to a spectrum
rich in sequence-related ions (Fig. 4(a)) that is comprised primarily
of b¢- and y4-type ions. As there is no need to break a disulfide
linkage in order to observe cleavage products between the cys-
teine residues, no product ions with either missing or additional
sulfur atoms are observed. As expected, the ion trap CID spectrum
of the reduced [M—H]~ ion shows no evidence for a z{,-ion, as this
ion is generated via a sequential fragmentation that begins with
cleavage of the Cys3 CH,-S bond (see Fig. 4(b)). Rather, the spec-
trum is dominated by losses of small neutral molecules, such as
H,S, and one major product from an apparent backbone cleavage
that also involved small molecules losses (i.e., the y15—H;S-NHj3
ion). Ion trap CID of the protonated peptide (Fig. 4(c)) provides
a similar range of backbone cleavages to that observed from the
modified anion, although the relative abundances are markedly dif-
ferent. There is a small degree of complementarity associated with
the data of Fig. 4(a) and (c), however, as the modified anion shows
unique evidence for cleavage of the Cys3-Lys4 amide bond, while
the protonated molecule shows unique evidence for cleavage of the
Thrlo—Phe“ amide bond.

Oxytocin represents another peptide hormone with a cyclic por-
tion defined by a disulfide linkage, in this case between Cys; and
Cysg. Fig. 5 provides the ion trap CID product ion spectra from the
modified anion (i.e., the [M+4]~ species, Fig. 5(a)), the deprotonated
molecule (Fig. 5(b)), and the protonated molecule (Fig. 5(c)). Similar
to the case for somatostatin, CID of the [M+H]* and [M—H]~ ions
of oxytocin produces limited sequence information. The unmod-
ified peptide anion and cation produce products from cleavages
between two and three of eight interresidue linkages, respectively.
Activation of the [M—H]~ ion produces a few prominent c-ions,
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Fig. 5. lon trap CID product ion spectra of (a) [M+4]~, (b) [M—H]~, and (c) [M+H]*
derived from M =CYIQNCPLG-NH; (oxytocin).

which are commonly observed in CID of deprotonated peptides
with an asparagine residue [25]. Dissociation of the protonated
molecule shows a dominant N-terminal proline cleavage that falls
outside of the loop defined by the disulfide linkage. A cleavage at the
same amide bond is also highly abundant for the modified anion.
Both the protonated molecule and the modified anion show evi-
dence for cleavage of the disulfide bond in oxytocin by virtue of the
appearance of b- or y-type ions from within the loop defined by
the disulfide bond. Ions that contain both sulfur atoms or no sul-
fur atoms are clear indicators of cleavages of the disulfide linkage
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Fig. 6. lon trap CID product ion spectra of (a) [M+4]-, (b) [M—H]~, and (c
derived from M =CYIQNCPLG-NH; (reduced oxytocin).

¢) [M+H]*

at CH,-S bonds. Unlike the somatostatin case, no clear preference
for cleavage of either of the two CH,-S bonds is noted for the oxy-
tocin ions. The [M+4]~ ions show evidence for cleavages of five
of the eight amide linkages, which yields primary structure infor-
mation that largely overlaps with that derived from the protonated
molecule. Taken together, the [M+H]* and [M+4]~ ions show cleav-
ages at six of eight interresidue linkages. For comparison, the ion
trap CID product ion spectra of the reduced forms of the three
ion types are shown in Fig. 6. Fragmentation of the [M—H]~ ion
(Fig. 6(b)) proceeds largely through loss of one or two molecules
of H,S. The [M+H]* (Fig. 6(a)) and [M+4]~ (Fig. 6(c)) ions of the
reduced form of oxytocin show evidence for cleavages at six and five
interresidue linkages, respectively. However, the spectrum of the
[M+H]" ion tends to show more extensive losses of small molecules,
such as water and ammonia, than does the [M+4]~

4. Conclusions

Doubly deprotonated 4-formyl-1,3-benzenedisulfonic acid
reacts with protonated peptides largely via complex formation.
Schiff base formation involving a primary amine of the peptide
and the aldehyde group of the reagent anion can occur in con-
junction with dehydration of the complex. However, water loss
that is unrelated to the reagent can also occur. An electrostatic (or
dipole/dipole) interaction between a sulfonate of the reagent anion
and a protonated site on the peptide can be sufficiently strong that
covalent bond cleavages can compete with simple detachment of
the reagent. This work provides evidence for Schiff base formation
associated with many of the ion/ion reactions studied, while, in
some cases, the formation of complexes with a strong electrostatic
interaction without Schiff base formation is indicated as well. This
work suggests that Schiff base formation can generally be expected
for tryptic peptides and is also demonstrated for the peptide hor-
mones somatostatin-14 and oxytocin, which both contain an
intramolecular disulfide linkage. In all cases, the modified anions
(i.e., those that undergo Schiff base formation as well as those that
undergo non-covalent anion attachment) show fragmentation
behavior that is distinct from either protonated or deprotonated
forms of the peptide. Significantly more structural information,
in particular, was derived from the modified anions than from
the deprotonated species. The highly stable sulfonate group is
expected to inhibit intramolecular proton transfer, which likely
accounts for the markedly different fragmentation behavior of the
modified anions relative to the deprotonated species. The struc-
tural information available from the dissociation of protonated
forms of the various peptides overlapped with that from the mod-
ified anions but some complementarity was noted in most cases.
Modification of peptide ions in the gas phase via ion/ion reactions
is an attractive means for increasing structural information from
dissociation because it does not require chemical modification in
solution. Schiff base formation and strong electrostatic binding are
two possible means for making modifications. Future work will
be devoted to understanding when these phenomena compete,
which may point to novel reagents that react exclusively by one
means or the other.
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