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Abstract
In this study, we explored the MS/MS behavior of various synthetic peptides that possess a
lysine residue at the N-terminal position. These peptides were designed to mimic peptides
produced upon proteolysis by the Lys-N enzyme, a metalloendopeptidase issued from a
Japanese fungus Grifola frondosa that was recently investigated in proteomic studies as an
alternative to trypsin digestion, as a specific cleavage at the amide X-Lys chain is obtained that
provides N-terminal lysine peptide fragments. In contrast to tryptic peptides exhibiting a lysine or
arginine residue solely at the C-terminal position, and are thus devoid of such basic amino acids
within the sequence, these Lys-N proteolytic peptides can contain the highly basic arginine
residue anywhere within the peptide chain. The fragmentation patterns of such sequences with
the ESI-QqTOF and MALDI-TOF/TOF mass spectrometers commonly used in proteomic
bottom-up experiments were investigated.
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Introduction

In “bottom-up” proteomics [1], mass spectrometry analy-
ses are undertaken at the peptide level after sample

digestion, which is usually performed with trypsin [2]. The
digest obtained either from an isolated protein, or from a
complex protein mixture, is analyzed by various comple-
mentary mass spectrometry techniques such as MALDI-TOF
for peptide mass fingerprinting (PMF), MALDI-TOF/TOF,
and/or LC/ESI-MS/MS for peptide sequence information
[3]. The recorded mass spectra are correlated to genomic
data using a computer algorithm that virtually cleaves
known archived proteins into constitutive peptides according
to the specific enzymatic treatment [4–6]. Whatever the
method used, provided that trypsin is used for the proteolysis

stage, the recovered peptides contain either arginine or
lysine at the C-terminal position [2]. The presence of such a
basic residue at the peptide C-terminus favors the formation
of multiply charged ions where at least one of the ionizing
protons is sufficiently mobile in MS/MS experiments to
trigger multiple amide bond ruptures along the peptide
backbone, as depicted by the mobile proton model [7–9].
Thus, in most proteomic studies, tryptic peptides are usually
efficiently sequenced by low-energy collision-induced dis-
sociation (CID) of doubly charged precursor ions. Therefore,
fragmentation rules governing low-energy dissociations of
protonated peptides are of the utmost importance, as
bioinformatic tools utilize these established MS/MS behav-
iors to perform the automated interpretation of mass spectra
and to subsequently achieve efficient protein retrieval from
database searches [10, 11].

The potential of the metalloendopeptidase Lys-N [12] in
proteomics has recently been reported in the literature [13,
14]. This protease was found to be a good alternative to
trypsin, providing efficient digestion at every predicted
cleavage site [13], even under harsh sample handling
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conditions [14]. Combining Lys-N and trypsin proteolysis
substantially enhanced protein coverage. Peptides issued
from biological protein mixtures that were subjected to Lys-
N treatments were sequenced by MALDI-TOF/TOF instru-
ments operated under CID conditions [15, 16]. The MS/MS
data recorded from singly charged ions exhibited a more
extensive b-ion series compared to related tryptic peptides.
Although the presented results were very convincing and
promising, several reasons prompted us to prepare model
peptides that mimic Lys-N digests to broaden the scope of
the MS/MS experiments. First, only Lys-N proteolytic
peptides that did not contain basic residues within their
chains were studied, with the others being discarded prior to
MS/MS analyses upon strong cation exchange chromatog-
raphy [15]. Second, guanidination of the N-terminal lysine
residue was also undertaken to modify peptide basicity and
thereafter improve its fragmentation by promoting the
formation of a single ion series [17]. In our opinion, such
additional sample handling (a chromatographic step or
chemical derivatization) limits the interest of Lys-N proteol-
ysis compared to trypsin digestion. Moreover, only singly
charged ions activated by CID (with MALDI-MS/MS and to
a less extent with ESI-MS/MS) were investigated, whereas
MS/MS experiments on ions exhibiting higher charge states
(+2, +3) were commonly conducted with ESI-based mass
spectrometers, especially in shotgun strategies [18].

The present study was undertaken using 15 model Lys-N
peptides with masses ranging from 500 to 1700 g/mol, with
the C-terminal position being occupied by any of the 20
proteinogenic amino acids. Some of the prepared sequences
bear a basic residue within their polyamide chain (arginine,
histidine), lysine being excluded. Besides, to cover all
aspects of MS/MS experiments performed in proteomic
bottom-up applications, these synthetic model peptides were
studied with mass spectrometers displaying different ioniza-
tion and mass analyzer configurations (ESI-QqTOF and
MALDI-TOF/TOF) allowing both CID fragmentation and
laser-induced dissociation (LID) [19, 20]. In the chosen
mass range, the synthetic peptides exhibited both singly and
doubly charged ions in ESI-QqTOF analyses, allowing
comparison of the recorded peptide sequence information
obtained (i) from the fragmentation of the singly charged
precursors in all investigated MALDI and ESI MS/MS
equipment and (ii) from the fragmentation of the singly
charged compared to the doubly charged parent ion in ESI-
QqTOF.

Experimental
Chemicals and Reagents

All solvents were of analytical grade. Methanol was
purchased from Fisher and acetonitrile from Carlo Erba.
The deionized water used in all the experiments was
obtained using a Milli-Q system (Millipore, Milford, MA,
USA). Hydrochloric acid (37%) was obtained from VWR.

The MALDI matrix (2,5 dihydroxybenzoic acid and α-
cyano-4-hydroxycinnamic acid) was purchased from Fluka.
A peptide calibration standard kit was purchased from
Bruker Daltonics.

Syntheses

Peptides were synthesized on the IBMM peptide synthesis
platform using the conventional methodology of solid-phase
peptide synthesis using Fmoc chemistry [21], and purified by
preparative LC/MS (autopurification system, Waters, Milford,
MA, USA). Due to the chosen linker, all peptides were
prepared as C-terminal carboxylic acids. More details are
available in the Electronic Supplementary Material (ESM).

Mass Spectrometry

Mass spectrometry analyses were conducted on instruments
located in the Laboratoire de Mesures Physiques of
University Montpellier 2 (the IBMM instrument platform).

ESI mass spectra were recorded on a Q-TOF I mass
spectrometer (Waters) fitted with an electrospray ion source.
Data were acquired and processed with the Masslynx
software. The mass spectrometer was calibrated in the
positive-ion mode using 1% phosphoric acid in water/
acetonitrile solution (H2O/CH3CN, 50/50, v/v). Data were
acquired by the TOF analyzer at 1 acquisition/s from m/z 50
to m/z 2000 with a resolution of 5000. Depending on the
sample, 100 acquisitions were summed to produce the final
spectrum. Samples were dissolved in an H2O/CH3CN (50/
50, v/v) mixture and infused into the ESI source at a flow
rate of 10 μl/min. Voltages were set at +2.0 kV for the
capillary and adjusted for the sampling cone. The source was
heated at 80 °C. Nitrogen was used as both nebulizing and
desolvation gas. The latter was heated to 150 °C. In the MS/
MS experiments, the second quadrupole analyzer was set to
the rf mode, with argon used as collision gas. The collision
energy was varied from 25 to 90 eV depending on the
sample in order to get optimal fragmentation, as displayed in
Table 1.

MALDI mass spectra were recorded on an Ultraflex III
TOF/TOF instrument (Bruker Daltonics, Wissembourg,
France) equipped with a LIFT capability. A pulsed Nd:
YAG laser at a wavelength of 355 nm was operated at a
frequency of 100 Hz (MS data) or 200 Hz (MS/MS data)
with a delayed extraction time of 30 ns. The source was
operated in the positive mode. Data were acquired with the
Flex Control software and processed with the Flex Analysis
software. A solution of the HCCA matrix in water/
acetonitrile (70/30, v/v) at a concentration of 10 mg/ml
was mixed with an equal amount of the peptide sample, and
0.5 μl of this solution was deposited onto the MALDI target
according to the dried droplet procedure. After evaporating
the solvent, the MALDI target was introduced into the mass
spectrometer ion source. External calibration was performed
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with the commercial peptide mixture (Peptide Calibration
Standard 2, Bruker Daltonics, Wissembourg, France).

MS data were acquired under the following MS conditions.
An acceleration voltage of 25.0 kV (IS1) was applied for a final
acceleration of 21.95 kV (IS2). The reflectron mode was used
for the TOF analyzer (voltages of 26.3 kV and 13.8 kV). Mass
spectra were acquired from 250 laser shots, the laser fluence
being adjusted for each studied sample (laser fluence 1). Ions
were detected over the mass range m/z 200–2000.

MS/MS data were acquired under the following con-
ditions. An acceleration voltage of 8.0 kV (IS1) was applied
for a final acceleration of 7.25 kV (IS2). The reflectron
mode was used for the TOF analyzer (voltages of 29.5 kV
and 13.9 kV). Mass spectra were acquired from 600 laser
shots, with the laser fluence (given in Table 1) being
adjusted for each studied peptide above the threshold for
generating molecular ions (laser fluence 29 laser fluence 1).
MS/MS experiments were performed under LID conditions
with the LIFT cell voltage parameters set at 19.0 kV (LIFT
1) and 3.2 kV (LIFT 2) for a final acceleration of 29.5 kV
(reflector voltage), and the pressure in the LIFT cell was
around 4×10−7 mbar. The precursor ion selector was set
manually to the first monoisotopic peak of the molecular ion
pattern for all analyses. For LID experiments, no collision
gas was added (gas-off spectra). For LID/CID experiments
(gas-on spectra), the same tuning was used but argon was
allowed to fill the collision cell (to a pressure of around 2×
10−7 mbar).

Results and Discussion
Design of Lys-N Proteolytic Peptides

We synthesized 15 peptides to cover a mass range from
500 Da (5 residues) to 1700 Da (16 residues), as shown in

Table 1. Peptides were designed to present an overall amino
acid occurrence close to their natural relative abundance in
proteins [22] (Figure S1 of the ESM). Except for lysine,
which was only present at the N-terminal position, the five
classes of residues—aliphatic (L, A, G, V, I), basic (R, H),
acidic (E, D), aromatic (W, F, Y) and uncharged (N, Q, S, P,
T, M, C)—were inserted anywhere within the polyamide
chain. It has been demonstrated that some amino acids
greatly influence the peptide fragmentation output, their side
chains being involved in specific low-energy CID fragmen-
tation reactions that are well documented [23–27]. Acid–
base [23] and nucleophile–electrophile [28, 29] interactions
provide various gas-phase chemistries involving both back-
bone and side-chain functional groups. For instance, basic
sites participate in mobile proton sequestration [24–26] and
salt bridge formation [30, 31], whereas nucleophiles trigger
intramolecular attacks (backbone/backbone, backbone/side
chain, side chain/side chain, cyclization, …) [28, 29, 32]. A
great deal of attention has thus been devoted to the influence
on the fragmentation patterns of amino acids bearing a basic,
acidic, nucleophilic, or electrophilic site, such as arginine
[23–25, 31, 33], lysine [34, 35], histidine [24, 26, 36–38],
proline [39–41], aspartic acid, and glutamic acid [23–27,
29]. These residues are all known to contribute to particular
dissociation behaviors irrespective of the peptide sequence
(synthetic or tryptic peptides). Thus, it would be interesting
to probe the effects of these amino acids in N-terminated
lysine containing peptides. In contrast to previously reported
data concerning Lys-N peptides [15], two basic residues,
arginine (pKa of the guanidinium side chain 12.48) and
histidine (pKa of the imidazole side chain 6.04), were
positioned within some of the studied peptides (4, 5, 10,
12, 14, and 15 for arginine-containing peptides and 2, 3, 7,
and 11 for histidine-containing peptides). Some positional
scanning was envisaged by moving the arginine or histidine

Table 1. Studied synthetic Lys-N peptides

MALDI-MS/MS ESI-MS/MS

Peptide Peptide sequence (M+H)+ (Da) Laser fluence (%) to fragment MH+ by Collision energy (eV) to fragment by CID

LID LID/CID Charge state +1 Charge state +2

1 KGFCL 567.29 20 30 45 nd
2 KAFLHG 672.37 20 30 50 35
3 KAFHLG 672.37 20 30 50 30
4 KAFLRG 691.42 20 30 60 30
5 KAFRLG 691.42 20 30 60 30
6 KYPFEAL 867.45 20 30 55 25
7 KMVNLHIQ 982.54 20 30 65 40
8 KADFPQLMV 1048.54 20 30 70 35
9 KEDFPQLMV 1106.54 20 30 65 40
10 KYIWLSRAV 1135.65 20 30 70 45
11 KEAHMTIVFCSA 1336.63 30 40 75 45
12 KSWDTLCMAGRF 1414.65 20 30 70 35
13 KWFGMLADQATYN 1544.71 30 40 65 25
14 KATCGRVNSASMYDAI 1686.79 30 40 90 35
15 KTRYNGMGEQWDPD 1696.73 25 35 90 35

nd not detected
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residue along the sequence to probe any difference in the
MS/MS data. Proline, which triggers specific fragmentation
pathways known as the “proline effect,” involving the
peptide backbone cleavage N-terminal to this amino acid
[40], was also included in the prepared sequences (6, 8, 9,
12, 15). Also, one acidic amino acid, aspartic acid (D) or
glutamic acid (E), was positioned next to lysine in order to
investigate the potential formation of a salt bridge between
the two basic/acidic side chains on polyamide dissociation (8
and 9, which differ only by the substitution of the N-terminal
dipeptide KA for KE, respectively). Finally, although
peptides were more easily prepared with a C-terminal amide
function in solid-phase strategies [17], all peptide chains
were terminated by a C-terminal carboxylic acid to mimic
Lys-N proteolysis and to avoid the loss of ammonia from the
peptide backbone [42], which could compete with the loss of
such molecule from the lysine side chain.

MALDI vs ESI MS/MS Experiments on Lys-N
Proteolytic Peptides

As displayed in Table 1, four sets of experiments were
performed: CID fragmentation of singly charged and
doubly charged ions in ESI-MS/MS, and dissociation of
singly charged species in MALDI-MS/MS but under two
precursor ion activations (LID or LID combined with
CID). Except for the smallest peptide, which exhibited
only a singly charged ion in the corresponding ESI-
QqTOF mass spectrum, all other sequences provided the
expected singly and doubly charged species suitable for
all dissociation experiments. It should be noted that the
longest chains were difficult to sequence when the singly
charged precursor ion was selected, limiting the frame of
the studies to peptides with masses below 2000 Da. The
presence of a basic residue that could sequester the
ionizing proton of singly charged ions is known to affect
the extent of peptide backbone cleavage [24, 25, 43]. A
comparison of the fragmentation behaviors of singly
charged and doubly charged arginine- and (to a lesser
extent) histidine-containing Lys-N proteolytic peptides
would provide an insight into the effect of a localized
versus a mobile proton without being biased by the
presence of an arginine residue only at the C-terminal
position (tryptic peptides), as encountered in large-scale
proteomics experiments.

To ascertain the clarity of Lys-N proteolytic peptide
MS/MS spectra that were reported to exhibit distinguish-
able b ion series [15], detected fragment ions with S/N 9
5 were classified into three categories whatever their
charge state: N-terminal fragment ions (b and a ion
series), C-terminal fragment ions (y ion series), and all
other recorded ions. In this third group, non-direct
sequence ions [32] that correspond to ions which were
not expected from the backbone fragmentation model and/
or were not directly related to the primary sequence, such
as internal ions, immonium ions, scrambled ions, and

neutrol losses, were not distinguished. This category also
included some ions that were not identified. To deduce
general trends from the recorded data, the overall intensity
of each type of signal—a and b ions, y ions, and others—
was normalized by adding the relative abundances of all
ions belonging to that category and then dividing by the
sum of all relative ion abundances. The relative abun-
dance of the parent ion was discarded, as ESI and
MALDI data were not acquired under the same MS/MS
process. The relative abundances of C-terminal fragment
ions (y ion series), N-terminal fragment ions (a and b ion
series) and other non-direct sequence ions were plotted for
each peptide sequence for all of the investigated tandem
mass spectrometry experiments. Since the overall ion
abundance could be mainly generated by a few intense
signals or derive from a large number of weak signals, the
number of detected ions in each category was also
indicated in the schemes to give an account of the ion
population.

MALDI-TOF/TOF

First of all, LID and LID combined with CID in MALDI
experiments gave the same MS/MS spectra as previously
observed for other synthetic peptides [20] (Fig. S2 of the
ESM). The results recorded for MALDI tandem mass
spectrometry upon LID/CID activation are displayed in
Fig. 1. Three representative MS/MS spectra are reported
in Fig. 2 (peptides 5, 8, and 11). Overall, b ions were
more abundant than y ions, as expected from literature
data. Indeed, 13/15 peptides showed this behavior. The
best example is displayed in Fig. 2c for peptide 11,
which exhibited a highly abundant N-terminal ion series
from b11 to b4 that allowed the great majority of the
sequence to be deduced. However, the clear detection of
the N-terminal b ion series was not always so obvious.
Although the presence of non-direct sequence fragment
ions was usually observed, interferences with the
expected backbone ions became significant when intense
high-mass signals were produced. Moreover, some very
abundant high-mass y ions were also recorded. Thus, the
ions that dominated the MS/MS spectra were not
necessarily b ions. Deducing the peptide sequence from
the recorded data was not a straightforward task, as
illustrated in Fig. 2a and b for peptides 5 and 8,
respectively.

ESI-Q/TOF

The same peptides were subjected to low-energy CID
experiments, selecting as a precursor ion the singly proto-
nated species as well as the doubly charged ions. The
collision-energy values that were applied for each MS/MS
analysis are indicated in Table 1. The recorded fragment ions
were classified into the three categories previously discussed
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(a and b ions, y ions, and others), as represented in
Figs. 3 and 4, which relate to the CID of the (M + H)+

and (M + 2H)2+ precursor ions, respectively. From a
general point of view, two major facts can be deduced
from these MS/MS data. Firstly, provided that singly
charged ions were dissociated, the fragmentation response
was very similar in terms of ion type whatever the mass
spectrometry technique used. Indeed, the studied peptides
followed the same trends in Fig. 1 (MALDI-TOF/TOF)
and Fig. 3 [ESI-Q/TOF on the (M+H)+ precursor ion].
Secondly, the striking difference between the two sets of
ESI experiments derives from the enhanced production of
immonium ions in the case of doubly charged ion
dissociation. Such fragmentation behavior increased the
population of non-direct sequence ions, fragment ions related
to truncated sequences (internal ions), and fragment ions
produced from neutral losses, which were globally detected at
the same level. As observed previously in MALDI-TOF/TOF,
the b ions did not necessarily dominate the ESI-MS/MS
spectra. The MS/MS mass spectra of peptides 5, 8 and 11,
shown in Fig. 2 for MALDI-TOF/TOF experiments, are
displayed in Figs. 5 and 6 for the CID of the (M + H)+ and
(M + 2H)2+ precursor ions, respectively.

The choice of the precursor-ion charge state that
undergoes the dissociation events greatly influences the
output of the analysis, much more so than the mass
spectrometry technique used (i.e., MALDI-TOF/TOF vs
ESI-Q/TOF). Thus, the fragmentation features from singly

charged precursor ions and from doubly charged ions are
discussed separately below.

Effect of Precursor Ion Charge State on Lys-N
peptide MS/MS Behavior

LID vs CID of the (M+H)+ Precursor Ion

Deviation from the reported ideal MS/MS behavior of singly
charged ions—the production of abundant b ions—was
attributed to the presence of arginine, proline and histidine
in the sequence, as well as to the presence of lysine at the N-
terminal position. In order to discuss more detailed assign-
ments, the influence of each of these residues in the Lys-N
peptides is described and compared with the specific MS/
MS behaviors that they trigger in model synthetic peptides
[23–27]. The effect of acidic residues, namely aspartic acid
and glutamic acid, is also discussed.

Arginine (Peptides 4, 5, 10, 12, 14, 15)

Due to the strong binding of the charge to the guanidinium
side chain [23, 24], the contribution of arginine to multiple
fragmentation pathways was by far the most striking
structural character, as it provided highly populated MS/
MS spectra devoid of a clear b ion series (Fig. 2a vs 2b).
Increased formation of y ions was observed for all arginine-
containing peptides. Some of these y ions lost ammonia
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from the arginine side chain, duplicating the C-terminal
signals and thus spreading the sequence information across
multiple ions. Surprisingly, only in LID/CID MALDI-MS/
MS spectra, two other neutral losses of molecules weighing
42 and 59 Da from the (M + H)+ ion were seen solely with
arginine-containing peptides (Fig. 2a, peptide 5). The
protonated guanidinium may be involved in such fragmen-
tations, as depicted in Scheme 1. The same results were
observed whatever the position of arginine within the Lys-N
peptide chain (Fig. S3 of the ESM, peptide 10). Such
dissociation behavior has not been observed previously in
the literature, irrespective of the nature of the peptide (i.e.,
for tryptic and nontryptic peptides [20, 23, 24]), indicating a
specific fragmentation behavior of arginine-containing Lys-
N peptides in MALDI-TOF/TOF experiments. The loss of
42 and/or 59 Da from the protonated precursor ion
constituted a mass tag indicating the presence of arginine
in the Lys-N peptide chain. Taking into account that this
residue may cause difficulties during sequence assignment,
the detection of the 42/59 Da loss could trigger the
corresponding MALDI-MS/MS spectrum to be discarded,
instead of relying on a chromatographic step as reported in
the literature [15].

Proline (Peptides 6, 8, 9, 15)

As expected from literature data [39–41], as long as a
proline residue was present in the peptide, whatever its

location within the sequence, the cleavage of the amide
bond N-terminal to this residue was systematically
observed. As already described, the presence of an acidic
residue next to the proline (like the NP dipeptide in
peptide 15) favored the rupture of the proline amide bond
[44, 45]. In contrast to literature data on Lys-N peptides
[15], the preferential formation of the corresponding y ion
was not systematic in that situation; the production of
internal sequences predominated (Fig. S4 of the ESM,
peptides 6, 9). Both peptides showed several proline-
containing internal ions, with this residue being positioned
at the N-terminus, but only one also exhibited the
corresponding y ion. For peptides containing both argi-
nine and proline (peptide 15 in Fig. S5 of the ESM), the
sequence identification from the recorded MS/MS spectra
was even more difficult to interpret, as the effects of
arginine and proline were combined (more y ions than b
ions, loss of neutrals, a very abundant y ion due to the
facile rupture of the proline amide bond, internal sequence
ions).

Histidine (Peptides 2, 3, 7, 11)

Histidine, through its protonated side chain, directs a
specific backbone cleavage that enhances the production
of fragment ions terminating at this residue, especially
when histidine is close to the C-terminus [24, 26, 36–38].
In the studied Lys-N peptides, the contribution of
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histidine was found to be very similar to that of proline.
A lot of non-direct sequence ions related to internal
sequences were obtained regardless of the ionization
method and precursor ion activation (MS/MS spectra of

peptide 11 shown in Figs. 2c, 5c and 6c) that was used.
Just as in the literature data [24, 26, 36–38], histidine
was found to trigger the rupture of the amide bonds next
to it, or even peptide bonds in the close vicinity. The
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production of the corresponding y ion by cleavage of the
amide bond N-terminal to histidine was found to be quite
abundant in most of the peptides, especially the small
ones (peptides 2, 3, 7, see Figs. S6a and S6b of the ESM
for peptide 7). Also, a highly abundant immonium ion at
m/z 110 was observed for all histidine-containing pep-
tides, with this low mass signal being very intense in
MALDI-TOF/TOF mass spectra.

Lysine at the N-Terminal Position (All Peptides)

The lysine immonium ion at m/z 101 and its related ion
at m/z 84 obtained through the loss of ammonia were
also very frequently produced. The ion detected at m/z
129 was produced by an intramolecular nucleophilic
attack of the ε-NH2 moiety on the first C-terminal amide
bond [28]. This ion is sometimes referred to as a “b1
ion.” Such feature ions generated from the lysine residue
(m/z 84/101/129) were quite abundant in nearly all
recorded LID/CID MALDI MS/MS spectra. These ions
were also detected in ESI-MS/MS experiments, but their
signals were not very intense, as they were produced
together with other immonium ions (from H, F, L, I, …).
The competitive production of the b2 ion through the
oxazolone pathway was very scarce. Of the 15 MALDI-
MS/MS recorded spectra, only eight produced the b2 ion,
which was not abundant. Similarly, the same eight
peptides produced the b2 ion in both sets of CID ESI-

MS/MS experiments, while four other sequences also
produced the b2 ion, although only from singly charged
or doubly charged precursor ion dissociation. In order to
assess if this behavior is specific to Lys-N peptides, we
performed a comparison between tryptic and nontryptic
sequences that had already been studied in the laboratory
[16]. Upon LID/CID dissociation, peptides that contain
lysine inside their chains were found to generate the
same feature ions (m/z 84/110/129, with the latter
generally being the most abundant) as Lys-N peptides.
However, tryptic peptides with lysine at the C-terminal
position did not produce these ions. Such behavior is
illustrated in the ESM (Fig. S7). Overall, the lysine tag
ions that were clearly detected in MALDI-TOF/TOF
spectra (m/z 84/110/129) provided unambiguous informa-
tion on lysine located anywhere within the sequence
(nontryptic peptides), except at the C-terminal position
(tryptic peptides).

Acidic Amino Acids (Peptides 6, 8, 9, 11, 12, 13,
14, 15)

Selective cleavage of the amide bond adjacent to the
acidic residues (C-side) was reported in the literature for
protonated peptides with ionizing protons sequestered at
basic sites [25, 26]. In the studied Lys-N peptides, the
contributions of aspartic acid and glutamic acid were
minor compared to those of basic residues. Except when
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located next to proline in peptide 15, which increased the
lability of the DP peptide bond [44, 45], no specific
fragmentation behavior was observed. Peptides 8 and 9
(which differ only by the substitution of the N-terminal
dipeptide KA for KE) behaved similarly, indicating that
there was no influence on the fragmentation pattern of a
potential salt bridge between the adjacent basic and acidic
side chains.

In summary, nearly half of the studied Lys-N peptides
(peptides 1, 4, 5, 10, 12, 14, 15) exhibited a lot of non-
direct sequence fragment ions upon MALDI-TOF/TOF
and ESI-QqTof, which accounted for the most intense
group of signals that hamper facile sequence reading
(Figs. 1, 3 and 4). Among all of the ions that were
clustered in that category, low-mass ions issued from the
N-terminal lysine residue (m/Z 84/101/129) largely
accounted for the non-direct sequence ion intensity.
Proline was the second most important contributor to
this class of non-direct sequence ions, and produces a lot
of internal sequences. Finally, other non-direct sequence
ions, which were largely related to the truncated part of
the peptide chain that was not triggered by proline but
mainly by histidine, together with the loss of ammonia
and guanidine from the arginine side chain, also
contributed to this populated category that may compli-

cate MS/MS data deciphering. It should be noted that
some sequence scrambling was also observed in a few
cases, but this only led to high-mass b type ions.

CID of (M+H)+ vs (M+2H)2+ Precursor
Ions
According to the mobile proton model [7, 8], ionizing
protons must be transferred intramolecularly from basic
sites to amide bonds along the peptide backbone in order
to initiate the production of b and y ions. Thus,
nonselective peptide backbone fragmentations occur
when the number of ionizing charges at least equals the
number of arginines (which are known to strongly
sequester the proton) [23, 24]. In general, doubly charged
tryptic peptides are dissociated more easily than the
singly charged species since arginine is only located at
the C-terminus, so one of the two ionizing protons is
therefore available to trigger amide bond fragmentations.
In the studied Lys-N peptides, arginine is not restricted at
the C-terminus position, and the impact of this residue on
ionizing proton mobility is thus crucial. As discussed
previously, the loss of ammonia and water from a/b/y
fragment ions increased in the case of doubly charged
precursor ion dissociation. This behavior was reinforced
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when an arginine residue was present. Another difference
came from the detection of small y ions (such as y1, y2,
and y3) that were never (or were very scarcely) seen
from (M+ H)+ dissociation but were very often observed
from the doubly protonated parent ion. Moreover, the b
ion series that was not systematically detected from the
singly charged precursor ion was more thoroughly
produced from the (M + 2H)2+ dissociation; these N-
terminal ions were mainly produced as doubly charged
ions. The presence of an arginine in the vicinity of the C-
terminal part of the studied peptide prevented such
massive production of doubly charged b ions, thus
increasing the detection of singly charged b and y ions
(Fig. S3 of the ESM). Feature ions of lysine residues (at
m/z 84/101/129) were not systematically produced from
the doubly protonated parent ions. At the same time, the
detection of b2 ion was observed more frequently.
Finally, the effect of proline was very limited, the
dissociation of the amide bond N-terminal to this amino
acid never dominated the MS/MS spectra of proline-
containing peptide (M + 2H)2+ ions. In general, a high
number of internal sequences triggered by the presence of
proline and histidine residues—and, more surprisingly, by
some other residues—were detected, increasing the
population of non-direct sequence ions. These b-type
ions were much more abundant than those detected from

singly charged parent ions in both MALDI and ESI MS/
MS dissociation experiments of (M + H)+ ions.

Comparison of Lys-N Peptide Sequence Coverage

For each peptide, the detected b/y ions were combined in
order to assess the peptide sequence tags that were
unambiguously identified with each of the investigated
techniques, as depicted in Scheme 2. The sequencing
efficiency was much more peptide dependent than influ-
enced by the MS/MS conditions. As expected from the
mobile proton model, peptides bearing an arginine and/or a
proline were better fragmented from the doubly charged
precursor ion in ESI-QqTOF analyses. For other samples,
choosing singly charged parent ion dissociation in MALDI
or ESI-QqTOF experiments was found to be more judicious,
as fewer non-direct sequence ions were produced, leading to
less-crowded MS/MS spectra and thus more easily detected
b- or y-ion series. Also, knowledge of the N-terminal amino
acid (i.e., lysine) allowed the nature of the N-terminal
dipeptide to be determined through the detection of the b2
ion, even when the complementary yn−1 was not produced.
The production of rather abundant low-mass ions derived
from the lysine immonium ion (at m/z 84/101/129) con-
firmed the presence of this residue at the N-terminal
position, thus providing a tool for identifying any peptides
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from the N-terminal part of the studied protein in a
proteolytic Lys-N digest (lysine is just one of over 20
naturally occurring amino acids that can occur at this
location).

Conclusion
The MS/MS behavior of Lys-N mimicking peptides under
various conditions showed that the influence of basic
residues (arginine and to a lesser extent histidine) as well
as proline on the sequencing efficiency must be considered.
The massive production of b ions was not systematically
retrieved, whichever dissociation technique (LID, CID) was
used. Indeed, the peptide sequence was found to greatly
influence the fragmentation output, especially through the
selection of the singly or doubly protonated precursor.

Whereas arginine-free Lys-N peptides could be easily
sequenced via MALDI LID/CID experiments, ESI-QqTOF
analyses allowing the dissociation of the doubly charged
precursor ion were preferred for arginine-containing chains.
For the other peptides, this method more frequently yielded
competitive fragmentation pathways leading to abundant
non-direct sequence ions such as immonium ions, internal
sequences, scrambled ions, and the loss of neutral molecules
from side chains. Less-crowded MS/MS spectra with more
intense sequence signals (a/b and y ions) were thus obtained
with MALDI-TOF/TOF compared to ESI-QqTOF for Lys-N
peptides that did not bear arginine. Moreover, the detection
of specific low-mass ions with MALDI-TOF/TOF indicated
the presence of a lysine residue at the N-terminal position,
allowing Lys-N peptides produced during protein digestion
from the native N-terminal protein part to be identified.
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