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Abstract. Mass spectrometric techniques and
more particularly collision-induced dissociation

Y3 CHs Y, (CID) experiments represent a powerful method

" 0 Y, o for the determination of the primary sequence of
N\/MN o~ N\/MN o~ NH, .(blo)molecules.' However, the knowIeFige c?f t'he

A, A B A ion fragmentation patterns say the dissociation

CH; By 0 : o reaction mechanisms is a prerequisite to recon-
CH; B, CHs B8, stitute the sequence based on fragment ions.

Previous papers proposed that protonated
peptoids dissociate following an oxazolone-ring
mechanism starting from the O-protonation species and leading to high mass Y sequence ions. Here we revisit
this backbone cleavage mechanism by performing CID and ion mobility experiments, together with computa-
tional chemistry, on tailor-made peptoids. We demonstrated that the B/Y cleavages of collisionally activated O-
protonated peptoids must involve the amide nitrogen protonated structures as the dissociating species, mimick-
ing the CID behavior of protonated peptides. Upon the nucleophilic attack of the oxygen atom of the N-terminal
adjacent carbonyl group on the carbonyl carbon atom of the protonated amide, the peptoid ions directly
dissociate to form an ion-neutral complex associating an oxazolone ion to the neutral truncated peptoid residue.
Dissociation of the ion/neutral complex predominantly produces Y ions due to the high proton affinity of the
secondary amide function characteristic of truncated peptoids. Whereas the production of Y, ions from acetylated
peptoids also involves the B/Y pathway, the observation of abundant Y, ions from non-acetylated peptoid ions is
shown in the present study to arise from an A4-Y, mechanism. The consecutive and competitive characters of the
A4-Y, and the B/Y mechanisms are also investigated by drift time-aligned CID experiments.
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n
X =Hor-C(=0)CHj
Scheme 1. General structure of peptoid with (X =—-C(=0)CHy)
or without (X=H) acetylation of the terminal amine group. R
stands for the side chain group

between peptoids and peptides lies in the side chain position in
the building block, located respectively on the nitrogen atom
rather than on the a-carbon [1]. Efficient synthetic protocols are
now available and are basically based on a stepwise incorpo-
ration of the peptoid residues [1-3]. Due to the large diversity
of commercially available amines, the number of accessible
structures is in principle infinite and can vary in terms of the
nature of the side chains and their sequence. Synthetic strate-
gies to finely tune the peptoid sequence are now abundantly
exploited to master the secondary structure of peptoids to target
applications, such as chiral sensors, biomimetics, or piezoelec-
tric devices [4—11]. Shin and co-workers investigated the in-
fluence of the achiral/chiral monomer sequence on the confor-
mation of peptoid heptamers in solution using circular dichro-
ism [6]. They demonstrated that the helical conformation of
peptoids is dictated by the specific position and number of the
chiral monomer units [6]. More recently, Jin et al. studied the
formation of stiff nanotubes from sequence-defined peptoids
[8]. They determined that the length of the hydrophobic se-
quence impacts the mechanical properties and the structure of
the nanotubes, including their diameter and their thickness [8].

Mass spectrometry (MS) represents an elegant way to
elucidate the primary structure of compounds provided that
they can be transferred/ionized in the gas phase of the mass
spectrometer. In the context of peptides, MS methods are
widely used to determine the amino acid sequence, paving
the way to the high throughput collision-induced dissocia-
tion (CID) sequencing of peptides and proteins [12, 13].
The mass differences between two successive sequence
ions, i.e., ions which arise from the backbone cleavage,
provide information on the amino acid sequence [13, 14].
In the late 1990s, Heerma et al. compared the fragmenta-
tion patterns of peptide ions and their peptoid analogs [15,
16]. When submitted to collisional activation, both kinds
of ions dissociate at the amide bond leading to the forma-
tion of b/y and B/Y sequence fragment ions [15, 16]. Note
that the b/y sequence ions are capitalized for the peptoid
sequence ions [14, 17]. Interestingly, when comparing
isomeric peptide/peptoid, the relative abundance of the y/
Y fragment ions is most of the time higher from protonated
peptoids than from peptide ions [16]. More recently,
Morishetti and co-workers studied the influence of the
nature of the charge (alkali vs proton) on the peptoid ion
dissociation in the gas phase [17]. Their results show that
protonated peptoids mainly produce high mass Y-type
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fragment ions contrarily to alkali peptoid ions which de-
compose in both B and Y-type fragment ions [17]. Shortly
afterward, Ren et al. undertook a mechanistic study asso-
ciating MS experiments and computational chemistry to
investigate the B/Y pathway of singly and doubly proton-
ated peptoids [18]. They propose that, upon protonation of
the carbonyl oxygen atom of a given amide function, the
C(=0)-N is broken after a nucleophilic attack of the oxy-
gen atom of the adjacent amide function on the N-term
side, yielding an ion/neutral dimer as intermediate
(Scheme 2) [18]. Proton transfer from the oxazolone ion
to the neutral C-terminal fragment, before the dissociation
of the ion/neutral dimer, leads to the formation of the Y-
type fragment ions [18]. The occurrence of this proton
transfer is supported by density functional theory (DFT)
calculations and isotope labeling experiments [18]. Such a
mechanism has been also proposed to account for the
formation of y ions from protonated peptides upon CID
[13, 19].

We recently reported a mechanistic study on the CID dis-
sociations of protonated peptoids with a special attention paid
to the side chain loss (SCL) reaction that competes with the B/
Y pathway [20]. In that study, beside the SCL fragment ions,
we obviously detected B and Y ions in the CID spectra of the
protonated peptoids. Interestingly and motivating the study
reported hereafter, we also observed the Y ions corresponding
to the dissociation of the first N—C(=0) group at the N-term
side in the case of non-acetylated peptoids (Scheme 1). These
peculiar fragment ions are denoted Y, (x standing for the
ultimate Y ions). Based on the oxazolone mechanism [18],
the observation of these Y ions from protonated non-
acetylated peptoids is not explained. In the present paper, we
demonstrate that the production of the Y, fragment ions from
non-acetylated peptoid ions is best described as an A;-Y,
mechanism, whereas the production of the other Y ions re-
mains associated to B/Y dissociation routes. The Y, ions
formally correspond to protonated truncated peptoids, i.e., the
precursor peptoids shortened by a peptoid residue specifically
at the N-term side. Therefore, consecutive A;-Y, reactions can
be envisaged as a direct sequencing method for peptoids. The
applicability of the A;-Y, sequencing will be tested in the
present report.

Experimental
Peptoid Synthesis

All reactants and solvents are commercially available (VWR
chemicals) and are used without any supplementary purifica-
tion. Peptoids are synthesized on Rink amide resin using the
solid-phase reaction protocol reported by Zuckermann and co-
workers, which involves successive acylation and nucleophilic
substitution steps [1, 3]. The acylation of the terminal amine
group occurs with activation of bromoacetic acid by N,N'-
diisopropylcarbodiimide, followed by the nucleophilic dis-
placement of bromide by a primary amine selected to
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incorporate the desired side chain. Both steps are repeated until
the targeted sequence is obtained [1, 3]. Peptoids are cleaved
from the resin using a 95/5 trifluoroacetic/water solution. After
filtration, the cleavage solution is subsequently diluted in 50/50
acetonitrile/water solution to reach the appropriate concentra-
tion for MS analysis (1 pg/mL). To define the peptoid structure,
we use the abbreviation reported in the literature, and the

sequence is always given from the N- to the C-terminal ends
[21].

Mass Spectrometry Analysis

Most of the CID experiments are performed on a Waters QToF
API-US mass spectrometer. The diluted peptoid cleavage
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solution (see peptoid synthesis section) are delivered to the
electrospray ionization (ESI) source (direct injection) operating
in the positive ion mode by a Harvard Apparatus syringe pump
at a flow rate of 5 uL/min. The ESI parameters, i.e., capillary
and cone voltage, are tuned to maximize the signal of the
analyte. Typical parameters are 3.1 kV for capillary, 20 V for
cone voltage, 80 °C and 120 °C for respectively source and
desolvation temperature. Dry nitrogen is used as the ESI gas
with a flow rate of 50 L/h for the gas cone and 500 L/h for the
desolvation gas. For ESI-MS analysis, the quadrupole is set to
pass ions from m/z 50 to 1000 and all ions are transmitted into
the pusher region of the time-of-flight analyzer for mass-
analysis with 1 s integration time (FWHM 7000 at m/z 500).
Data are acquired in continuum mode until acceptable averaged
data are obtained (typically 20 scans).

For the ESI-MSMS experiments, the ions of interest are
mass-selected by the quadrupole mass filter. The selected ions
are then submitted to collision against argon in the rf-only
hexapole collision cell (pressure estimated at 0.9—1 mBar).
The laboratory frame kinetic energy (ELab) is selected to afford
intense enough fragment ion signals (see spectra). Fragment
ions, as well as the non-dissociated precursor ions, are finally
mass-measured with the orthogonal axis ToF analyzer. Data
are acquired in continuum mode until acceptable averaged data
are obtained.

lon Mobility Experiments

Ion mobility measurements are performed using a hybrid quad-
rupole (Q)—traveling wave ion mobility spectrometry
(TWIMS)—time-of-flight (ToF) mass spectrometer (Synapt
G2-Si, Waters, UK) equipped with an electrospray (ESI) ion-
ization source. Typical ion source conditions are the following:
capillary voltage, 3.1 kV; sampling cone, 30 V; source offset,
80 V; source temperature, 80 °C; and desolvation temperature,
120 °C. Dry nitrogen is used as the ESI gas with a flow rate
500 L/h for the desolvation gas. The core of the instrument is
constituted by the so-called TriWave® setup that is composed
of three successive Traveling-wave (T-Wave) devices named
the trap cell, the IMS (ion mobility spectrometry) cell, and the
transfer cell, in which the wave speed and amplitude are user-
tunable. The trap and transfer cells are filled with argon where-
as the IMS cell is filled with nitrogen. A small rf-only cell filled
with helium is fitted between the trap and the IMS cells.
Collision energy can be applied to the trap cell and to the
transfer cell to fragment ions respectively before and after the
ion mobility separation. The typical IMS parameters are: wave
height 40 V; wave velocity 1000 m.s™'; mass to charge range
m/z 50 to 2000, argon trap flow 10 mL.min"'; nitrogen IMS
flow 80 ml.min"'; helium cell gas flow 180 ml.min""; and trap
bias 45 V.

Nomenclature of Peptoid Fragment lons

As previously mentioned, peptoids dissociate in a similar way
to peptides giving sequence fragment ions and side chain
fragment ions [15-18, 20, 22]. For the sequence fragment ions,
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we use the Roepstorff nomenclature, also employed in previous
peptoid MS article, wherein fragment ions of peptoids are
distinguished from peptides using the uppercase character.
The Y ions are defined as the C-terminal fragment ions, where-
as the B are the N-terminal fragment ions [14-18, 20, 22].
Regarding the side chain fragment ions, the loss of the charged
or the neutral side chain is indicated respectively by the upper-
case U or V (in superscript) letter [18]. In addition, when the
number (n) and/or the position (m) of the lost side chain is
clearly established, the data are expressed with the nV, sym-
bolism. The internal fragments, i.e., fragments requiring at least
two amide bond cleavages, are also named by adopting the
Roepstorff nomenclature which indicates by a two-letter code
both cleavages involved in the formation of the fragment ion
[13, 14].

Computational Chemistry

Calculations are carried out at the density functional theory
(DFT) level using the B3LYP functional and a 6-31G** double
zeta basis set, as implemented in Gaussian 16 (A03 revision)
[23]. Empirical Grimme’s term D3 correction is used to im-
prove the description of dispersion interactions [24]. The func-
tional is abbreviated B3LYP-D3 hereafter. All molecular struc-
tures are fully optimized, and minima are confirmed through a
vibrational frequency analysis. Reported energies are in kJ/mol
and correspond to the relative Gibbs free energy. Two starting
geometries of an acetylated hexamer (helix-like and loop-like)
are used as neutral inputs and fully optimized. In the case of the
helix-like structure, the backbone and side chain dihedrals are
set as described by Armand et al. [25]. For the loop-like
structure, dihedrals were inspired from peptide ions [26]. From
the optimized neutral geometries, a proton is added on each
oxygen/nitrogen from each amide on the backbone, and a new
geometry optimization is performed on each structure (26 in
total, see SI).

Fragmentations of non-acetylated peptoids are also investi-
gated at the B3LYP-D3/6-31G** level of theory. Vibrational
frequency calculations can also be exploited to provide thermal
enthalpies which are used to compute proton affinities (PA)
defined as the opposite of the protonation reaction enthalpy
(_AHprotonation = _(Hprotonated - Hneutral))~ Reported PA are ob-
tained from thermal enthalpies calculated at 298.15 K. First, the
neutral fragment is optimized, which gives access to the
Hyeutra: Then, the optimized structure is used as input the
protonation, and a new optimization is carried out to obtain

Hprotonatcd~

Results and Discussion

Collision-Induced Dissociation of Protonated
Peptoids

When submitted to low-energy collisional activation, acetylat-
ed (S)-phenylethylamine peptoid pentamer ions, [Ac/Nspe5 +
H]" (m/z 865.5), produce several B/Y sequence ions, i.e., Y4
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and Y; as well as B; and B, (see Figure la). First, when
compared with peptide ion chemistry, we note again the pre-
dominance of Y type ions over B type ions [15-18]. The
production of these Y ions may proceed via the oxazolone
mechanism of Scheme 2 involving the carbonyl group of the
precedent amide function at the N-term side. Proton transfer
within an ion/neutral complex, here associating protonated
oxazolone to the neutral truncated peptoid (Scheme 2), is under
thermochemical control; in the case of low collision energy
conditions, the neutral fragment with the higher proton affinity
(PA) will predominantly retain the proton [18]. The difference
between the PA of the primary and secondary amines, pro-
duced respectively from protonated peptides and peptoids upon
CID, is often put forward to explain the highest intensity of the
Y fragment ions from peptoid ions [16]. In the CID spectrum of
Figure 1a, we also detect low abundance side-chain fragment

E. Halin et al.: Backbone Cleavages of Protonated Peptoids Upon CID

ions [20] at m/z 761.4 produced from the precursor ions and at
m/z 422.2 from the B; fragment ions.

For peptides, it is now well admitted that backbone frag-
mentations are preceded by the migration of the extra proton
from the most basic site of the molecule to an amide nitrogen
atom, within the so-called mobile proton model [13, 27-29].
In contrast to O-protonated isomers, the protonation at the
nitrogen atom weakens the amide bond and increases the
partial positive charge on the amide carbon making it vulner-
able to the attack of a nucleophilic group [13, 30, 31]. Paizs
and Suhai examined the b/y fragmentation patterns of numer-
ous peptides starting from the O-protonated species [32].
Their theoretical investigations show that the five-
membered ring intermediate produced from the O-protonated
amide bond (similarly to what is proposed in Scheme 2) is
energetically not favored [32]. In addition, the 1,2-

Ya
662.4

[AcNspeg + H]*

865.5
[AcNspeg
B +H]*V
365.2 501.3 526.3 761.4
x 1 T L T 'l T b 1
501.3
[Nspeg + H]*
823.5
: [Nspeg + H]*2Y
B, ) 615.4
B,Y 323.2, : [Nspes + H]*V
219.1 ! B,Y i 719.4
A B, |'3802 Bs [y, i
134;1 B,V 276.1 : 4\‘/84.3 :662.4 v
\ 1721 v Yoy
u 397.3 558.3
y
1050+ Il Ll II .|| [, b1l I N
b 1 = 1 . I 1 N ' 1 N 1 I ¥ 1
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Figure1. Collision-induced dissociation mass spectra (Waters QToF API-US) of (a) [AcNspes+H] * ions and (b) [Nspes + H] " ions, at

respectively 12 V and 22 V collision energy
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elimination step from this intermediate on the way to the
oxazolone ions involves a highly strained four-membered
ring transition state [33]. The same authors also reported an
exhaustive discussion regarding the mechanism of the cleav-
age of protonated amide bonds, and they concluded that,
under low energy collision conditions, most of the sequence
ions are formed on the b/y pathways which are energetically,
kinetically, and entropically accessible. This was ascribed to
the fact that the reactive protomers, i.e., the amide nitrogen-
protonated species, can be easily formed during ion excitation
from the O-protonated species [29]. Due to the great similarity
between peptides and peptoids, we thus propose that the B/Y
fragmentation pathway of protonated peptoids also involves
as transient species the N-protonated isomers that are gener-
ated upon collisional activation from the O-protonated forms.
Upon the nucleophilic attack of the oxygen atom of the N-
terminal adjacent carbonyl group on the electrophilic carbon-
yl carbon of the N-protonated amide, the peptoid ions directly
dissociate to form an ion-neutral complex associating an
oxazolone ion to the neutral truncated peptoid residue
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(Scheme 3). Further dissociation of the so-produced ion/
neutral complex will end up with the production of Y ions,
as previously proposed in Scheme 2. In their publication
related to the CID reactions of protonated peptoid-peptide
hybrids [34], Ruijtenbeek et al. propose a similar mechanism
to explain the backbone cleavages between peptide and
peptoid residues.

[AcNspeS5 +H]" is almost exclusively dissociate to form
Y 4ions, as depicted in Figure 1a. The dominant production of
high mass Y-type fragment ions from collisionally activated
protonated peptoids has already been observed by Ren et al.
[18]. They propose that this is related to the increased proton
affinities (PA) of the C-term fragments going from Y, to Y
[18]. Intheir 2004 paper, using RRKM calculations, Paizs and
Suhai demonstrated that the differences between the rate
constants for the b/y reactions are small when considering
the different amide bonds all along the peptide backbone.
Therefore, the increase intensity of the b/y fragment ions from
the N-term to the C-term in peptide CID was explained by the
fact that the amide nitrogen protonated structures are
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Scheme 3. The B/Y pathway proposed starting from N-protonated peptoids: direct formation of the oxazolone and intramolecular
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energetically more favored if protonation occur closer to the
C-term [29]. This was further confirmed by Haeffner et al. that
suggested that the thermodynamic stability of the competing
N-protonated isomers, created all along the peptide skeleton,
dictates the sites of primary backbone cleavages. They indeed
found that backbone N-protonation is most favorable near the
C-term extremity for non-polar or weakly polar peptides such
as polyalanine [35]. Recently, Armentrout et al. studied the
decomposition of protonated oligopeptides, and they con-
cluded that the CID reactions begin at the ground conforma-
tion for electrospray-produced peptide ions [36, 37]. They
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also suggest that the multitude of fragment ions does not
require a large distribution of conformations formed in the
ion source. Their data thus nicely correlates with the “mobile
proton model” [13, 27, 28].

Therefore, by comparison with the chemistry of peptide
ions [35], the relative stability of the corresponding O- and
N-protonated peptoids must be considered when trying to
decipher the product ion intensities. Unfortunately, the gas
phase structures of protonated peptoids are hitherto not
established making all the discussions related to the ener-
getics of the CID reactions difficult. Based on the solution

Table 1. Relative Gibbs free energy (kJ/mol) calculated at the B3LYP-D3/6-31G** level of theory of AcNspeg protonated at all the amide nitrogen and oxygen atoms
all along the peptoid backbone, see the molecular structure for the position numbering. Two different conformations, a helical structure and a loop structure, are
considered for all the protomers, and the relative energies are calculated with regards to the most stable isomers

WCH3
o o (@]

NQUNW

/”\Acetyl N
HsC N/Y N NH,
1 5
o] o} o}
CH3 CH3 CHs
AcNspeg
FEOtEn Relative Gibbs Free Energy (kJ/mol)
position gy
Helix-like Loop-like
Amide & N-protonated O-protonated N-protonated
protonated P P P
Acetyl 47.5 62.3 0 102.7
1 49.5 89.3 5.8 90.2
2 74.1 107.1 22.7 145.9
3 91.0 98.7 184.0 236.6
4 114.3 156.2 64.9 220.2
5 153.0 211.6 22.7 52.1
6 197.8 // 7.7 /
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phase data on Nspe peptoids revealing the presence of
helical or loop structures [38—40], DFT calculations give
us access to the relative Gibbs free energy (Table 1) of all
the protomers of Ac/Nspe6 at all the oxygen and nitrogen
atoms for two different conformations, i.e., helix and loop
structures, see Figure SI1-4 for all the optimized structures.
Note that no helix-to-loop or loop-to-helix isomerization
has been observed during the DFT optimizations. Table 1
suggests that protonation occurs most favorably at the car-
bonyl oxygen atom of the acetyl group at the N-terminus
and that the protonated ions adopt a loop structure stabilized
by the creation of H-bonds with the C-term amide atoms.
The occurrence of these H-bonds also explains the trend
observed in the relative energies for the O-protonated loop
structures with the less stable structure corresponding to the
protonation at the central positions. This evolution is no
longer observed for the O-protonated helical peptoids that
show a monotonic decrease in thermodynamic stability
from N-term to C-term. Whatever the conformation, the
O-protonated ions are always calculated more stable than
their N-protonated counterparts (Table 1). However, no
direct correlation between the fragment ion abundances
and the relative stability of the different protomers is de-
tected. A complete examination of dissociation energetics
and kinetics for the peptoid ions, including computed tran-
sition state energies for the B/Y pathways, is required to
rationalize the product ion intensities. However, the prereq-
uisite for such a work will be the identification of the more
stable protomers and conformers and their interconversion
upon activation. We are currently conducting a joint ion
mobility/molecular dynamics investigation to get further
insight in the conformations of protonated peptoids. For
the present work, we will conclude that, upon CID, the O-
protonated most stable peptoids will first isomerize to the N-
protomers before B-Y dissociation as presented in Scheme
3.

In Figure 1, the CID spectrum of the [AcNspes+H]|"
ions (la) is also compared with the CID spectrum re-
corded for their non-acetylated counterparts (1b), namely
[Nspes + H]". The [Nspes +H]" ions also dissociate into
B/Y sequence ions, ie., Y4 (=Yy), Y3 and Y, and By,
B; and B,. Whereas the Y; ions (=Yy.;) are here the
most abundant fragment ions, the fragmentation of the
[Vspes + H]" ions also produces Y, fragment ions at m/z
662.4 in good yield (about 15% of the base peak).
However, if the production of Y, ions from
[AcNspes +H]" ions is easily explained based on the
oxazolone mechanism [18], the absence of an acetyl
group at the N-term amine in the [Nspes +H]" ions
precludes this participation, thus questioning the origin
of the Y, ions from the non-acetylated peptoid ions. This
also implies that the highest-mass Y ions produced via
the oxazolone B/Y mechanism are the most abundant Y3
(Yx.1) ions. Before entering into mechanistic consider-
ations, we selected a second peptoid with alkyl chain
as the side group, i.e. [Namy, +H]" ions with n-pentyl
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Figure 2. Collision-induced dissociation mass spectrum (Waters
QToF API-US) of [Namy, + H]" ions at 15 V collision energy

side chains. As shown in Figure 2, [Namy, +H]" ions
mostly dissociate upon CID into Y; fragment ions.
[Namy, +H]" ions cannot produce Y, fragment ions
following the oxazolone-ring mechanism [18] due to the
absence of the carbonyl group at the N-term extremity.
Among the fragment ions, m/z 100 ions are detected and
correspond to iminium ions bearing the n-pentyl side
chain, CsH;,-NH'=CH,, see Figure 2. The dissociation
of peptoid ions upon CID into iminium ions has previ-
ously been reported by Heerma et al. [15]. In the peptide
ion chemistry, iminium ions and high-mass y-type frag-
ment ions are often associated in the so-called a/y path-
way (Scheme 4a) [13, 41, 42]. This dissociation route
begins by the protonation of the nitrogen atom of an
amide group followed by an extensive suite of bond
cleavages ultimately yielding an iminium ion (a;), carbon
monoxide, and the neutral truncated peptide [13, 41, 42].
Quantum-chemical and RRKM studies from Paizs et al.
demonstrate that, after the loss of CO, an ion/neutral
complex, associating the iminium ion to the neutral pep-
tide, is produced. The lifetime of this complex is suffi-
cient for a proton transfer from the iminium ion to the
neutral peptide to take place [41], generating either the
a; and y, fragment ions, depending on the relative PA
(See Scheme 4a).

As an alternative, Cordero et al. proposed that the
formation of the y; ions from dipeptide ions rather occurs
following the aziridinone mechanism [43]. Harrison et al.
subsequently suggested that the unstable aziridinium ions
can dissociate into a; ions by loss of CO [44]. However,
Paizs et al. demonstrated for protonated glycylglycine that
the aziridinone pathway has a relatively high threshold
energy and is kinetically disfavored compared with the
iminium pathway [41]. Consequently, it is reasonable to
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Scheme 4. (a) The a;-y, pathway proposed by Paizs for protonated peptides [13, 41, 42]. (b) The A;-Y, mechanism proposed in the
present study for [Namy, + H*] peptoid ions. PA are calculated at the B3LYP-D3//6-31G(d,p) level of theory

assume that protonated peptoids without N-terminal acety-
lation also dissociate into iminium ions (A; ions) and
protonated truncated peptoids (Y ions) following the A;-
Y, pathway presented in Scheme 4b for the [Namy, + H']
ions. As it is the case for the B/Y fragment notation used
for peptoids [15-18], the uppercase character A/Y is also
employed hereafter to distinguish peptide—peptoid frag-
ments. From [Namy, +H'] ions, Y, (=Y,) ions at m/z
145 are the most abundant fragment ions whereas A,
iminium ions at m/z 100 are by far less abundant
(Figure 2). The PA of the imine — N—pentylformimine —
and pentyl peptoid monomer have been calculated using
DFT at the B3LYP-D3/6-31G(d,p) level of theory and
respectively amount to 941 and 988 kJ/mol, making the
protonation of the peptoid residue thermochemically more
favorable (Scheme 4b).

Regarding the [Vspes + H|" ions, as depicted in Figure 1b,
the A, fragment ions at m/z 134.1 are also sparsely observed
compared with the Y4 (=Yy) fragment ions at m/z 662.4. A
difference of ~ 40 kJ/mol is calculated between the PA of the
N- and the C-terminal fragments (995 vs 952 kJ/mol respec-
tively) again in nice agreement with the major formation of the
truncated peptoid ions. The observation of both ions, i.e., the
iminium (A;) and the protonated peptoid (Yy), together with
the nice agreement between the experimental data and the
calculated PA, gives support to the proposed A;-Y, pathway.
Globally, we can now conclude that the production of the Y
ions from protonated acetylated peptoid proceeds via the B/Y
mechanism proposed by Ren et al. [18], but considering a
transient N-protonation, whereas the observation of the Y ions
from the non-acetylated peptoid ions is associated to an A;-Yx
mechanism. Of course, all primary Y,_; to Y; fragment ions
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Figure 3. Collision-induced dissociation mass spectra (Waters QToF API-US) of (a) [P4 + H] * ions, (b) in-source Y3 fragment ions,
and (c) in-source Y, fragment ions. All spectra are recorded at 30 V collision energy. The detected fragment ions (b), (c) in the result
from consecutive dissociations from the precursor [P + H]* ions; they must be considered as internal fragment ions of the [P1 + H] +
precursor ions, and they are assigned accordingly (see experimental section for the nomenclature). Note that, in Fig. 3a, the intense

signal at m/z 156.1 remains unattributed for the time being

from non-acetylated peptoid precursor ions remain generated
via the oxazolone B/Y mechanism (Scheme 2).

A sequence-defined peptoid with four different side
chains and presenting the Nste-Namy-Nspe-Nipr sequence
(with Nste, Namy, Nspe, and Nipr corresponding to N-(S)-
tolylethyl, N-pentyl, N-(S)-phenylethyl, and N-
isopropyl—Figure 3b) has been prepared and will be named
P1 hereafter. Upon CID of the [P, +H]" ions, all Y se-
quence ions are detected, namely Y3 (Y,—m/z 405.3), Y,
(m/z 278.2), and Y, (m/z 117.1). As previously observed in
Figure 1b, the Y, ; ions, here Y, ions at m/z 278.2, are the
most abundant Y sequence ions for non-acetylated peptoid
ions and arise from a B/Y mechanism, together with the

abundant B, ions at m/z 303.2. Fragment ions arising from
the losses of one or several neutral side chains are also
detected from the precursor ions as well as from the se-
quence ions. In our recent paper dealing with the SCL
reactions, we observed that Nspe and Nste side chains are
prone to be expelled as neutral Ph—CH=CH, and CH;-Ph-
CH=CH,, even from low internal energy ions [20]. As
observed from the CID spectrum in Figure 3a, the detected
side chain losses concern these two side chains. For in-
stance, from the precursor [P, +H]" ions, the Nspe and
Nste side chain losses generate fragment ions at m/z 476.4
and 462.3, respectively, labeled [Py +H]" V2 and [P, +H]"
V4 As far as the Y; ions are concerned, the occurrence of
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the A;-Yx (x=3) mechanism is confirmed by the detection
of the A, ions at m/z 148.1.

Consecutive A;-Y, Reactions Highlighted by MS"
Reactions

The CID fragment ions in Figure 3a are thus created
following competitive and consecutive dissociation reac-
tions that can be classified into B/Y, A;-Y, and SCL
processes. The A;-Y, pathway is specific to protonated
non-acetylated peptoids and was demonstrated above to
rationalize the detection of abundant Y, fragment ions.
These so-produced Y, ions are then expected to consec-
utively undergo the A;-Y, mechanism upon CID, gener-
ating a second generation of Y,-type ions, and so on.
This also reveals that, in the CID of a given non acet-
ylated peptoid ions, Yy to Y; ions can be generated
following competitive pathways, namely direct B/Y
mechanism from the precursor ions and consecutive for-
mal A;-Y, pathway from fragment ions. The second
process can be seen as cutting up the peptoid backbone,
specifically from the N-terminal extremity.

In order to shed light on this competition, we first
built a MS" strategy to monitor the [P; +H]" — Y3 —
Y, — Y; sequence of decomposition. On a QToF instru-
ment, MS® is prohibited, except if we consider the
source region as a collision cell by applying higher
voltages on the sample cone. We thus increase the col-
lision voltage to induce the in-source fragmentation of
[P, +H]" precursor ions to promote the production of Y3
sequence ions (Yy—m/z 405.3) following the A;-Y,
mechanism. The so-produced Y; fragment ions are then

E. Halin et al.: Backbone Cleavages of Protonated Peptoids Upon CID

mass-selected and subjected to CID in the hexapole cell
of the QToF mass spectrometer (Figure 3b). Among the
fragment ions, Y, ions are also detected at m/z 278.2 and
arise from an A;-Y, type reaction from Y. To further
probe the CID behavior of these Y, ions, we must first
produce them in the ion source by increasing the cone
voltage and record their CID in the hexapole cell after
mass selection with the quadrupole analyzer. We then
recorded the CID spectrum featured in Figure 3c that
again highlights the Y, to Y, dissociation following the
A;-Y, mechanism. The occurrence of the residual mass-
to-charge ratio at m/z 117 (Y;) confirms that the C-
type fragment corresponds to the Nipr residue, thus dem-
onstrating the consecutive nature of the [P; +H]" —
Y; — Y, — Y, process. Basically, such an MS" suite of
experiments can be useful for sequencing (non-
acetylated) peptoids using the highly specific A;-Yy re-
action in a kind of back-biting mechanism.

Competition between A;-Y, and B/Y Mechanisms
Highlighted by lon Mobility Experiments

By means of the TriWave device of the Waters Synapt
G2-Si mass spectrometer, it is possible to record the
arrival time distributions (ATD) of fragment ions pro-
duced from mass-selected precursor ions in the trap cell
upstream the ion mobility cell [45]. In Figure 4, the CID
spectrum of m/z 580.4 precursor ions is presented. We
also measured the arrival times (to) of all other ions, and
all data are presented in Table 2. In the CID spectrum,
we mostly focused on the Y and B sequence ions under
interest. The ty of m/z 580.4 (precursor ions), m/z 405.3

[P, +H]*
B,V4
346.2 b
5.3 ms '
B, :
303.2,
1
4.5'msI [P, + H]*2V24
! . 358.3
1 : 5.3ms
] 4
1 : 1
to1 [ [P+ HYe
1 : / 462.3
\ ‘\ 185.1 By2V24 : 1 ,I Y3 6.8 ms
Noov3ms a0 | 1 (¥ :25535
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Il I | L1 i |
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Figure 4. Collision-induced dissociation mass spectrum of the [P + H] " ions in the trap cell (trap CE = 20 V) of the Waters Synapt
G2-Si mass spectrometer. The data in red correspond to the arrival times (ta) of the fragment ions generated in the trap cell (trap CID)
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Table 2. Collision-induced Dissociation of the [P, + H]" Precursor Ions (m/z 580) in the Trap Cell (trap CE =20 V) of the Waters Synapt G2-Si Mass Spectrometer

ta (Trap CID — IMS)

ta (Trap CID — IMS — Transfer CID)

m/z (nominal mass) ldentification (ms) (ms)
580 [P, + HJ* 8.8 8.8
476 [P1 + H* V2 7.1 71-88
462 [P1 + HJ* V4 6.8 6.8—8.8
405 Ys 6.1 6.1-8.8
358 [P1 + H]*2V24 5.3 5.3-6.8—-8.8
346 B,V4 53 53 - 6.8-8.8
303 B, 4.5 45-71-88*
301 Y5V2 4.5 45-53-6.1-6.8
278 Va 4.2 AR =G0 =B =63
242 Bj2V24 3.9 39-53-6.8-88
185 B,V4 3-39 FO= =68 =66= &F
174 Y,V2 28-42 42-53-6.1-6.8-8.8
117 Y4 2.0 =28 21 =2B8=42 -4 5=53=6]

Arrival times (t5) of the precursor and fragment ions with and without additional CID in the transfer cell (transfer CE = 20 V) downstream the ion mobility separation.
* (transfer CE = 15 V). Trap CID, transfer CID and IMS stands for respectively collision-induced dissociation experiment in the trap cell, ion mobility separation, and
collision-induced dissociation experiment in the transfer cell. Trap CID—IMS means that the mass-selected precursor ions at m/z 580 are subjected to CID in the trap
cell and that the fragment ions are then separated using ion mobility. Trap CID—IMS—transfer CID means that the ion mobility separated fragment ions (trap
CID—IMS) are further subjected to CID in the transfer cell before mass analysis with the ToF analyzer. All those experiments are accessible on the TriWave device of

the Waters Synapt G2-Si mass spectrometer [37]

(Y3), m/z 303.3 (By), m/z 278.2 (Y»), and m/z 117.1 (Y,)
are respectively 8.8 ms, 6.1 ms, 4.5 ms, 4.2 ms, and
2.1 ms (see Figure 4). The ATD of the Y,, B,, and Y3
ions are also gathered in Figure 5(a-c-e).

In a second set of experiments, we used the transfer
cell to perform CID experiments on all ion mobility
separated ions (i.e., all ions from the trap cell - Figure 4)
in a CID-ion mobility-CID sequence of events. Such an
experiment will allow identifying the precursor ions of
all fragment ions since fragment ions produced upon
CID in the transfer cell will appear at the t, of their
precursor ions. Fragment and parent ions are drift time-
aligned and these experiments are often referred to as
drift time-aligned CID experiments [45]. Doing so, we
confirmed that the Y; ions are direct fragment (A/Y
mechanism) from the [P, +H]" ions since, in
Figure 5b, a second t, is detected at 8.8 ms for m/z
405.3 ions, namely the ty of the [P; +H]" ions. The

situation is more complicated for the Y, ions (m/z
278.2), as observed when comparing Figure 5c and d.
Indeed, beside the t, at 4.2 ms that is characteristic of
the Y, ions, three additional ATDs are detected in the
mobilogram of the m/z 278.2 ions at 6.1 ms, 6.8 ms, and
8.8 ms. From Table 2, it is possible to assign these ty to
the Y ions, [P1+H'Y* ions and the [P; +H]" ions,
respectively. In other words, the Y, ions are produced
from three different routes: (i) direct B/Y mechanism
from the precursor [P; +H]" ions (signal at 8.8 ms),
(i1) consecutive A;-Y, mechanism from the Y3 ions
(signal at 6.1 ms), and (iii) consecutive B/Y mechanism
from the [P1+H']Y* ions (signal at 6.8 ms). On the
other hand, as depicted in Figure Se, f, B, ions (m/z
303.2) are only produced from the [P; +H]" ions (signal
at 8.8 ms) via a first generation B/Y process and by a
consecutive B/Y mechanism from the [P1+H']Y? ions
(signal at 7.1 ms).
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Figure 5. Collision-induced dissociation and drift time-aligned CID of the [P+ + H]" ions (mass selected by the quadrupole analyzer)
in the trap cell (trap CE = 20 V) of the Waters Synapt G2-Si mass spectrometer: Arrival time distributions (ATD) of the (a), (b) m/z 405.3
(Ya), (c), (d) m/z 278.2 (Y,), and (e), (f) m/z 303.2 (B,) ions. For the (b), (d), (f) lower ATDs, the transfer cell is also activated for CID to
generate fragment ions from the mobility-separated trap cell fragment ions (transfer CE 20 V and 15 V for B, ions)

Conclusion

Low energy CID reactions of protonated peptoids were
investigated by combining the CID experiments with ion
mobility experiments as well as theoretical calculations.
We demonstrated that collisionally activated protonated
peptoids competitively dissociate following three differ-
ent reactions, namely the B/Y, the A;-Y,, and the side
chain loss (SCL) [20] processes, with all dissociation
pathways being best described based on the intermediacy
of the amide nitrogen—protonated structures.

We also compared the CID spectra of protonated Nspe
peptoids with free or acetylated terminal amino function.
We observed that both dissociate by producing mostly high-
mass Y-type (say Yy or Y,.;) fragment ions [18], oppositely
to what is often observed for peptide ions. For peptides
ions, literature results reveal that (i) the multitude of exit
channels upon CID is best explained based on the mobile
proton model rather than to the sampling of ESI-produced
multiple protomers and conformers [36, 37] and (ii) the b/y
fragment ion intensities are best correlated to the stability of
the various N-protonated structures [29] rather than being
under kinetic control. Unfortunately, we did not identify any
direct correlation between the B/Y fragment ion abundances
and the relative stability of the different O- and N-
protomers. A complete examination of dissociation energet-
ics and kinetics for the peptoid ions, including computed
transition state energies for the B/Y pathways, will be
required in the future to rationalize the product ion intensi-
ties. The production of abundant Y, ions from non-
acetylated peptoid ions is proposed in the present study to
arise from an A;-Yy mechanism, whereas the production of

the other Y ions remains associated to B/Y dissociation
routes starting from N-amide protonated species. By consid-
ering that the Y, ions formally correspond to protonated
truncated peptoids, i.c., the precursor peptoids shortened by
a peptoid residue specifically at the N-term side, consecutive
A;-Y, reactions are envisaged as a direct sequencing meth-
od for peptoids in a kind of back-biting process. The
applicability of the peptoid sequencing using the consecu-
tive A;-Y, reactions has been demonstrated with MS" ex-
periments. Using the combination of CID and ion mobility
experiments, we also demonstrated that the production of
Y41 to Y; ions upon CID of the precursor protonated
peptoids is the combination of competitive and consecutive
A;-Y, and B/Y reactions.
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