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Abstract.Peptoids are peptide-mimicking oligomers consisting of N-alkylated glycine
units. The fragmentation patterns for six singly and doubly protonatedmodel peptoids
were studied via collision-induced dissociation tandem mass spectrometry. The
experiments were carried out on a triple quadrupole mass spectrometer with an
electrospray ionization source. Both singly and doubly protonated peptoids were
found to fragment mainly at the backbone amide bonds to produce peptoid B-type
N-terminal fragment ions and Y-type C-terminal fragment ions. However, the relative
abundances of B- versus Y-ions were significantly different. The singly protonated
peptoids fragmented by producing highly abundant Y-ions and lesser abundant B-
ions. The Y-ion formation mechanism was studied through calculating the energetics

of truncated peptoid fragment ions using density functional theory and by controlled experiments. The results
indicated that Y-ions were likely formed by transferring a proton from the C–H bond of the N-terminal fragments to
the secondary amine of theC-terminal fragments. This proton transfer is energetically favored, and is in accordwith
the observation of abundant Y-ions. The calculations also indicated that doubly protonated peptoidswould fragment
at an amide bond close to the N-terminus to yield a high abundance of low-mass B-ions and high-mass Y-ions. The
results of this study provide further understanding of the mechanisms of peptoid fragmentation and, therefore, are a
valuable guide for de novo sequencing of peptoid libraries synthesized via combinatorial chemistry.
Keywords: Peptoid, N-alkylated glycine, CID, Fragmentation pattern, Protonated, Fragmentation mechanism,
Y-ion formation mechanism
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Introduction

Peptoids are a class of peptidomimetic foldamers comprised
of poly-N-alkylglycine [1–3]. Peptoids are bio-inspired

polymers that are sequence-specific and that are able to fold
into peptide-like secondary structures, and even into protein-
like tertiary architectures [4–12]. Because of their diverse
structures and tunable properties, peptoids have been an attrac-
tive molecular model for biophysical research. They have also
been considered major candidates for peptide-mimicking ther-
apeutic agents, ligands for proteins, and scaffolds in the search
for new properties [3, 13–19]. Unlike peptides, peptoids are

resistant to protease digestion, a property that results in high
metabolic stability [20, 21]. Studies have shown that peptoids
exhibit excellent biocompatibility in addition to biological
activity [22, 23]. In recent years, peptoids have been success-
fully developed as antimicrobial agents, enzyme inhibitors,
anti-fouling materials, antibody-mimetic materials, and biolog-
ical antifreeze [12, 24–27]. Most of these studies relied on the
creation of diverse peptoid libraries [28–30]. The discovery of
these diverse and potentially useful properties of peptoid olig-
omers call for the development of efficient analytical methods
to characterize the sequence and the structures of materials in
these peptoid libraries just as in peptide libraries.

Conventional Edman degradation has been a common prac-
tice for direct sequencing of peptoids attached to solid resin
supports. However, this method is extremely time-consuming
as it requires the synthesis and analysis of standards for each
residue [31–33]. Tandem mass spectrometry (MS/MS) tech-
niques coupled with either electrospray ionization (ESI) or
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matrix-assisted laser desorption/ionization (MALDI) are now
routinely used for peptide and protein sequencing [34–37].
These tandem mass spectrometry based techniques have also
shown promise as the method of choice for peptoid sequencing
[29, 38–46]. We have previously studied the fragmentation
patterns of a group of protonated and alkali-metallated peptoids
under collision-induced dissociation (CID) as well as under
electron capture dissociation (ECD) conditions [47, 48]. We
observed characteristic fragmentations by bothmethods. Under
the ECD condition, the primary backbone fragmentation oc-
curred at the N–Cα bonds to produce C-ions (N-terminal
fragments) and Z•-ions (C-terminal fragments). While the C-
ions were observed for all the doubly protonated peptoids, the
Z•-ions were observed only for the peptoids with a basic
residue located at a position other than the N-terminus. Under
CID conditions, the peptoids fragmented primarily at the amide
bonds to produce B-ions (N-terminal fragments) and Y-ions
(C-terminal fragments). These results were obtained by
MALDI ionization with a linear ion trap mass spectrometer.
Interestingly, the CID spectra of protonated peptoids contained
only Y-type ions and not B-type ions, while the metallated
peptoids produced comparably abundant B- and Y-ions. How-
ever, the MALDI instrument had a Blow-mass cut-off^ that
precluded the detection of low-mass ions in the CID experi-
ments. As a result of the limited data, the Y-ion formation
mechanism could not be firmly established.

In order to characterize the mechanisms of peptoid fragment
ion formation, we carried out subsequent tandem mass spec-
trometry studies on a series of model peptoids using triple
quadrupole mass spectrometers with ESI ion sources. In this
paper, we report the study of the fragmentation patterns and
mechanisms of a group of model peptoids ionized by ESI and
fragmented under CID conditions. The structures and the cor-
responding names of the model peptoids are shown in
Scheme 1. The peptoid number is assigned based on our
peptoid library sequence. The backbone structure of the
peptoids P5, P6, P1, P3, and P4 consists of poly-(S)-N-(1-
phenylethyl)glycine (abbreviated as poly-Nspe). Nspe has a
chiral side-chain group and the structure of poly-Nspe is ex-
pected to be relatively rigid. Basic residues were attached at
specific sites along the peptoid chain. The basic residues were
e i the r N- (2 -aminoe thy l )g lyc ine (Nae) o r N- (2 -
diisopropylaminoethyl)glycine (Ndipae). For the peptoid P10,
t h e b a c k b o n e c o n s i s t s o f a l t e r n a t i n g N - ( 2 -
methoxyethyl)glycine (Nme) and N-(2-phenylethyl)glycine
(Npe) residues. The achiral side-chain groups of these residues
are less bulky, which allows conformational flexibility for the
P10 oligomer. All our model peptoids are amidated at the C-
terminus. P4 and P10 have a free amino N-terminus, and all
other peptoids are acetylated at the N-terminus. These model
peptoids readily form singly and doubly protonated ions under
ESI conditions. These peptoids are designed to study the influ-
ence of charge location and charge state on the fragmentation
patterns of the peptoid polymers in the gas-phase. The goal is to
provide information leading to an understanding of the mech-
anisms of fragmentation so that rules for interpretation of

spectra may be developed to do de novo sequencing of com-
pounds such as those in peptoid libraries.

Experimental
Nomenclature of Peptoid Fragment Ions

Peptoids fragment in a manner similar to that of peptides under
CID conditions [41, 42, 44, 47]. The main fragment ions
observed correspond to the dissociation of the amide bonds
of the peptoid backbone, which produce B- and Y-series ions
(following the Roepstorff and Fohlman nomenclature[49]). In
this paper, we applied similar nomenclature to characterize the
fragment ions. However, we use capital letters, B or Y, to refer
to peptoid ions instead of lower case letters, b or y, which are
used for peptide ions. This capital letter convention was also
used to refer to peptoid fragment ions by Liskamp and co-
workers in their early publications [43, 44]. The fragmentation
scheme and sample structures are shown in Scheme 2. The
entries in Scheme 2 are only generic structures to illustrate as
clearly as possible the fragmentation sites, the formal charges
and to represent fragment ions. The actual structures, especially
for the B-ions, are likely to be different from the generic species
shown.

Mass Spectrometry Measurements

The mass spectrometry experiments were performed on
two mass spectrometers: a Varian triple quadrupole mass
spectrometer with an electrospray ionization (ESI) ion
source (Varian 320 L; Varian Inc., now Agilent Tech-
nologies, Santa Clara, CA, USA), and a Thermo ESI-
triple quadrupole mass spectrometer (TSQ Quantum;
Thermo Scientific, San Jose, CA, USA). The peptoid
sample solutions were prepared by dissolving 1 mg of
sol id peptoid into 1 mL of mixed solvent of
water:methanol (1:1 v:v), and further diluted in the
mixed solvent to a final concentration of ~10 μM. The
sample solution was introduced into the ESI source by
an infusion pump at a flow rate of 10 L/min (for the 320
L) or by injecting 20 μL of sample solution via a six-
port valve into the LC flow (water:methanol 1:1) at 50
μL/min (for the TSQ Quantum). Both singly protonated
and doubly protonated peptoid ions were readily gener-
ated by ESI. The monoisotopic peptoid ions were isolat-
ed for collision-induced dissociation (CID) experiments.
To assign the type of the fragment ions, the m/z values
of the monoisotopic peaks of all A-, B-, C-, X-, Y-, and
Z-type ions of the model peptoids were calculated based
on elemental compositions using ChemDraw (Chem&Bio
Office, CambridgeSoft, now part of PerkinElmer Inc.,
Waltham, MA, USA). In addition, the m/z values were
calculated to account for the observed losses of H2O,
NH3, and other neutral molecules from the peptoid
monomer side-chain groups.
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The experimental conditions for the tandemmass spectrom-
etry experiments are listed below. For the Varian 320 L instru-
ment, the ESI needle voltage was 5 kV, capillary voltage 25 V,
nebulizing gas (nitrogen) 50 psi, drying gas (nitrogen) temper-
ature and pressure 200 °C and 18 psi, respectively, collision gas
(argon) pressure 1.5 mTorr, collision energy ~45–50 eV for
singly charged peptoids and ~10–15 eV for doubly charged
peptoids, and data acquisition ~1–2 min. For the Thermo TSQ
instrument, comparable standard ESI source parameters were
used, including collision gas (argon) pressure 1.5 mTorr and
collision energy ~40–47WalthameV for singly charged
peptoids and ~12–15 eV for doubly charged peptoids.

Computational Method

The structures and energetics of the peptoid species were
calculated at the B3LYP/6-31+G(d,p) level of theory. All com-
putations were performed using the Gaussian 09 suite of pro-
grams [50]. The geometry optimization was followed by a
frequency calculation to locate global minima and to yield
unscaled zero-point energies and thermal corrections to
298 K. No imaginary frequency was observed for each struc-
ture, indicating that each had reached the energy minimum.
The resulting electronic and thermal enthalpies, including zero-
point correction, were used to calculate reaction enthalpies.

Peptoid Synthesis

All peptoids shown in Scheme 1 were synthesized using the
solid-phase protocol with Rink amide resin (EMD Chemicals,
Gibbstown, NJ, USA). The products were purified by HPLC
and then freeze dried. A detailed synthesis procedure is de-
scribed in our previous publication [47]. The four penta-
peptoids with deuterium labeling were synthesized manually
using a similar approach. The synthesis involved a two-step
reaction cycle, bromoacetylation with bromoacetic acid follow-
ed by displacement of the bromine group with an amine

Scheme 1. Peptoid structures

Scheme 2. Peptoid fragmentation ion nomenclature
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monomer. Deuterium labeling was achieved by using
bromoacetic acid-d3 in the corresponding bromoacetylation
step. The peptoid synthesis was performed at the Molecular
Foundry at the Lawrence Berkeley National Laboratory.

Results
Peptoids 5, 6, and 1

P5, P6, and P1 are Nspe-based peptoids. P5 and P6 are isomers
with one basic Nae residue inserted near the N-terminus and in
the middle of the peptoid chain, respectively. P1 has two Nae
residues. The CID spectra for the three peptoids recorded using
the TSQ Quantum are shown in Figures 1 and 2. The spectra
recorded using the Varian 320 L are shown in the supplemen-
tary material (Supplementary Figures S1, S2, and S3). All
spectra are shown in relative abundances with the most abun-
dant ion in each spectrum corresponding to 100% ion intensity.
The singly protonated P5, m/z 1288 (Figure 1a), produced a
high-abundance of Y-ions fromY2 to Y7, and a low-abundance
of B-ions from B1 to B5. The ion at m/z 105 corresponded to a
side-chain fragment ion, [C6H5CHCH3]

+. The high mass ion at
m/z 1184 corresponded to the loss of the side-chain group,
C6H5CH = CH2 (104 mass units), from [P5 + H]+. The loss
of 104 mass units was also observed for medium- to high-mass
Y-ions. A notable ion at m/z 1270 about 18 mass units lower
than the protonated P5 was found to be two peaks (Figure 1a
insert), one corresponding to the loss of a water molecule (18
mass units) and the other to the loss of an ammonia molecule
(17 mass units). The CID spectrum of the doubly protonated
peptoid appeared dramatically different from that of the singly
protonated one. Fragmentation of [P5 + 2H]2+ m/z 644
(Figure 2a) produced the Y-series of ions, from Y1 to Y7, but
all in relatively low abundance. Five B-ions, B1 to B5, were
observed with the B1-ion much more abundant than the other
B-ions. The high abundance ion at m/z 105 was the side-chain
fragment ion, [C6H5CHCH3]

+. The ions at m/z 1184 and m/z
592 correspond to the loss of the neutral side-chain group of
104 mass units from the singly protonated and doubly proton-
ated peptoid [(1185–104)/2 = 592], respectively.

The general fragmentation pattern of the singly protonated
P6 was similar to that of P5, but the relative ion abundances
were different. Fragmentation of [P6 + H]+ (Figure 1b) pro-
duced the Y-series ions fromY2 toY7 and two low abundant B-
ions, B1 and B2. The side-chain fragment ion at m/z 105 was
also observed. The loss of a neutral side-chain group of 104
mass units was observed for the peptoid ion and for high-mass
Y-ions. The three Y-ions, Y5 to Y7, were accompanied by a
pair of lower mass ions corresponding to the loss of water and
ammonia, as indicated in the insert spectrum. The loss of
ammonia, but not water, was observed for Y4. The CID spec-
trum of the doubly protonated P6 (Figure 2b) showed relatively
few fragment ions. The most abundant ions were B1 and Y7,
followed by the side-chain fragment at m/z 105. The other ions
were in low relative abundance.

Fragmentation of the singly protonated P1 m/z 1227
(Figure 1c) produced a high abundance of Y-ions from Y2 to
Y7 and a relatively low abundance of B-ions fromB1 to B3. The
higher mass Y-ions (Y4 to Y7) as well as the peptoid precursor
ion were accompanied by lower mass ions corresponding to the
loss of a water molecule. The other notable ions included the
side-chain fragment at m/z 105, and the loss of the side-chain
group (104 mass units) from the peptoid ion, as well as Y7 and
B2. The CID spectrum of the doubly protonated P1 m/z 614
(Figure 2c) appeared simple with a high abundance of ions for
B1, Y7, and the side-chain fragment at m/z 105. The other
observed fragment ions (B2, and Y2 to Y6) were at low abun-
dance. Ions corresponding to the loss of the side-chain group
were also present in the spectrum. In particular, the doubly
charged ion at m/z 562 corresponded to the loss of 104 mass
units from the doubly protonated P1.

Peptoids 3 and 4

P3 is an analogue of P1 where there are two basic side-chain
residues and both are Ndipae, which provide a bulky side-chain
amino group (Scheme 1). P4 is an analogue of P6 where the
basic side-chain group, Ndipae, is placed in the middle of the
chain. P4 also differs from P6 in having a free amino N-
terminus. Both P3 and P4 were difficult to fragment and
required higher collision energy. CID spectra for P3 and P4
are shown in the supplemental material (Supplementary
Figures S4 and S5), and their fragmentation schemes are shown
in Figure 3. Fragmentation of [P3 + H]+ m/z 1395 (Figure 3a
and Supplementary Figure S4a) produced five Y-ions, Y3 to
Y7, and four B-ions, B1 to B4. The Y-ions had much higher
abundance than the B-ions. The side-chain fragment
[C6H5CHCH3]

+ atm/z 105 was present as well. The two peaks
at m/z 1291 and m/z 1294 corresponded to the loss of the side-
chain groups,C6H5CH =CH2 (104mass units) and (CH3)2CH-
NH-CH(CH3)2 (101 mass units), from [P3 + H]+, respectively.
Notice that water loss was not observed. Fragmentation of [P3
+ 2H]2+ m/z 698 (Supplementary Figure S4b) produced four
observable Y-ions, Y4 to Y7, and two observable B-ions, B1

and B2. The intensities of B1 and Y7 were much greater than the
other ions.

The fragmentation pattern of [P4 + H]+m/z 1491 (Figure 3b
and Supplementary Figure S5a) looked similar to that of [P3 +
H]+ where a series of Y-ions, Y3 to Y8, were observed but only
one B-ion, B2, which was of low abundance. Notice that B1

was not observed. The other notable ions were the side-chain
fragment at m/z 105 and the loss of the side-chain group from
the peptoid ion. For [P4 + 2H]2+ m/z 746 (Supplementary
Figure S5b), the high abundance of ion was the side-chain
fragment at m/z 105. The other notable ions were B2, the loss
of the side-chain group from B2, and Y5 to Y7.

Peptoid 10

P10 consists of 12 monomer residues with alternating Nme and
Npe groups and no basic side-chain groups. The N-terminus is
a free secondary amine without acetylation. The CID spectra of
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P10 are shown in Supplementary Figure S6, and the fragmen-
tation scheme is shown in Figure 3. A higher collision energy
was needed to fragment [P10 + H]+ m/z 1675 (Figure 3c and
Supplementary Figure S6a) and, even so, the intensities of the
fragment ions were lower than 30% of that of the precursor

peptoid ion. A series of B- and Y-ions from B2 to B8 and from
Y3 to Y11 were shown in the spectrum. Notice that B1 was not
observed. Fragmentation of [P10 + 2H]2+ m/z 838 (Supple-
mentary Figure S6b) produced two sets of ions, from B2 to B10

and from Y2 to Y9.
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Figure 1. CID spectra of singly protonated peptoids, (a) [P5 + H]+, (b) [P6 + H]+, and (c) [P1 + H]+, where U = C6H5CHCH3
+,

V represents the neutral loss of C6H5-CH = CH2, * represents ammonia loss, and ° represents water loss
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Peptoids 71–74

In order to help understanding peptoid fragmentation mecha-
nisms, four deuterium labeled penta-peptoids were synthesized
and their fragmentation patterns were examined. The structures
of the peptoids are shown in Scheme 3 and their CID spectra
are shown in Supplementary Figure S7. The truncated CID
spectra for P72 and P74 along with key fragment ion structures
are shown in Figure 4. The four peptoids consist of essentially
the same sequence with alternating Nme and Npe residues. P71

and P73 have a free N-terminus, and P72 and P74 are acety-
lated at the N-terminus. Deuteration, replacing the backbone
CH2 with CD2, occurs at the N-terminal residue for P71 and
P72, and at the second residue from the N-terminus for P73 and
P74. The fragmentation patterns for P72 and P74 appear similar
with Y4 as the most abundant ion (Supplementary Figure S7).
The m/z values suggest that Y4 of P72 and Y3 of P74 have
acquired one deuterium atom, indicating that a deuterium has
transferred from the CD2 group to the C-fragment upon

Figure 2. CID spectra of doubly protonated peptoids, (a) [P5 + 2H]2+, (b) [P6 + 2H]2+, and (c) [P1 + 2H]2+, where U = C6H5CHCH3
+,

V represents the neutral loss of C6H5-CH = CH2, and ° represents water loss

Figure 3. CID fragmentation schemes of singly protonated peptoids, [P3 + H]+, [P4 + H]+, and [P10 + H]+
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dissociation at the adjacent amide bond (Figure 4a). The frag-
mentation patterns for P71 and P73 are also similar (Supple-
mentary Figure S7). The Y4 ion of P71 and the Y3 ion of 73
were formed by abstracting a deuterium from the CD2 group
(Figure 4b).

Computational Results

In order to understand the possible mechanism of Y-ion for-
mation, we calculated the enthalpy changes of proton transfer
reactions between truncated N- and C-fragments. As shown in
Scheme 4 and Supplementary Scheme S1), the reactions cor-
respond to transferring a proton from an oxazolone B2-ion to a
C-terminal fragment to form the Y3-ion. Three different mono-
mer structures were selected, including N-methylglycine (R =
CH3), Nme (R = CH2CH2OCH3), and Nspe (R =
CH3CHC6H5). The geometries and frequencies for all frag-
ments were calculated at the B3LYP/6-31+G(d,p) level of
theory. Selected optimized structures are shown in Supplemen-
tary Figure S8. The enthalpy changes for the proton transfer
reactions are presented in Scheme 4 and Supplementary
Scheme S1. Abstraction of the proton Hb from the backbone
C–H bond did not change the oxazolone structure (Scheme 4A).
The enthalpy change for the reaction was −3.0 kcal/mol
(−12.5 kJ/mol) for R = CH3, −5.4 kcal/mol (−22.6 kJ/mol)
for R = CH2CH2OCH3, and −0.5 kcal/mol (−2.1 kJ/mol) for R
= CH3CHC6H5. Abstraction of the proton Hc from the C–H
bond in the oxazolone ring resulted in ring opening and formed
a ketene structure (Scheme 4B). The overall enthalpy change
for the proton transfer reaction was −2.0 kcal/mol (−8.4 kJ/
mol) for R = CH3, −1.0 kcal/mol (−4.2 kJ/mol) for R =

Scheme 3. Peptoid structures for P71–P74
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Figure 4. Truncated CID spectra for P72 and P74 along with structures of key fragment ions
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CH2CH2OCH3, and +3.8 kcal/mol (+15.9 kJ/mol) for R =
CH3CHC6H5. Abstraction of a proton from the side-chain C–H
bond (bonded to the oxazolone nitrogen) gave an Bylide^ struc-
ture at the N-fragment. The enthalpy changes for the proton
transfer reactions with three different monomer residues were
+29.7, +24.2, and +26.2 kcal/mol (or 124.1, 101.2, and 109.5 kJ/
mol) for R = CH3, CH2CH2OCH3, and CH3CHC6H5, respec-
tively (Supplementary Scheme S1).

Discussion
Summary of the Fragmentation Patterns

To aid the comparison and discussion, the observed fragmen-
tations for all of the model peptoids are summarized in Tables 1
and 2, and the relative ion abundance charts for selected
peptoids are shown in Figures 5 and 6. Fragmentation of the
singly charged peptoids required much higher collision ener-
gies than those for the doubly charged peptoids. In general, the
singly protonated peptoids producedmore observable fragment
ions and the relative intensities of most fragment ions tended to
be comparable, whereas the doubly protonated peptoids tended
to produce one or two predominately abundant ions and the rest
ions were at much lower abundances. The primary fragmenta-
tions of all the peptoids appeared to occur at the amide bonds

and that yielded the B- and the Y-type ions. Regardless of
singly or doubly charged peptoids, the low-mass B-ions and
the high-mass Y-ions were relatively more abundant than the
other ions. Interestingly, the B1-ion was observed for all
peptoids, except P4 and P10. Water loss was a significant
secondary fragment for P1. Water- and ammonia losses were
observed for P6 as well. The formation of the side-chain
fragment ion, [C6H5CHCH3]

+ (m/z 105), and the loss of the
side-chain group, C6H5CH = CH2 (104 u), appeared to be
characteristic for all Nspe based peptoids.

Fragmentation Characteristics of Singly Protonated
Peptoids

One common feature of the singly protonated peptoids was that
fragmentation favored the production of low-mass B-type ions
and medium- to high-mass Y-type ions. As shown in Figure 5,
the fragmentation mainly occurred from the N-terminal side to
the middle of the peptoid chain. For example, formation of B1

and Y7 from the three protonated peptoids (P5, P6, and P1)
corresponded to the cleavage at the first amide bond from the
N-terminus. In general, Y-ions were much more abundant than
B-ions. The favoring of Y-ions suggested that the charge
carrier (the proton) preferred to reside on the C-terminal frag-
ments instead of on the N-terminal fragments. This fragmenta-
tion pattern was also observed in our previous study of peptoid
ions generated by MALDI and collisionally dissociated in a
linear quadrupole ion trap.47 That study showed that the pro-
tonated peptoids fragmented by producing predominantly Y-
type ions and B-type ions were nearly completely absent in the
CID spectra. The absence of the B-ions was probably due to the
low mass cut-off in the ion trap and, consequently, the low-
mass B-ions were not detected. The preference for the forma-
tion of Y-type ions has also been observed by other researchers
[44]. The fragmentation patterns of protonated peptoids ap-
peared quite different from those of most protonated peptides.
For protonated peptides without terminal modifications and
without basic side chains, the predominant fragments are often
b-type ions. The preference for b-type ions has also been
observed in peptides with N-terminal acetylation and C-
terminal esterification [51]. For peptides with a basic residue
(e.g., lysine or arginine), the major fragments have been shown
to vary depending on the location of the basic residue [52].

The other common feature of the singly protonated peptoids
is that the location of the basic Nae residue seems to have
minimal influence on the overall fragmentation pattern (the
relative abundances of the fragment ions). This was seen in
the isomeric peptoids with the Nae residue located at different
sites (Figure 5). In P5, the more abundant Y-ions (Y3 to Y6) did
not contain the Nae residue. P6 had the Nae residue inserted in
the middle of the peptoid chain, yet the most abundant Y-ion
was the one from fragmentation at the N-terminal amide bond.
While not influencing the fragmentation patterns, the Nae
residue did enhance the fragmentation efficiency. All peptoids
containing the Nae residue produced abundant fragment ions at
a relatively lower collision energy (40 eV). The three peptoids

(a)

(b)

Scheme 4. Reaction enthalpies
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without the Nae residue, P10 (without a basic side-chain
group), P3 (with one Ndipae residue), and P4 (with two Ndipae
residues), yielded relatively low abundance of fragment ions
even at a higher collision energy (50 eV).

Fragmentation Mechanism: Y-Ion Formation

The observed bias towards Y-ion formation, the minimal in-
fluence of the Nae residue on fragmentation patterns, and the
significant influence of the Nae residue on fragmentation effi-
ciency could be explained by a mechanism considering (1) the
Bmobile proton,^ and (2) the relative basicity of the fragments.
The original Bmobile proton model^ was proposed by Gaskell
and Wysocki plus their coworkers to explain the fragmentation
of protonated peptides. This model assumes that, upon colli-
sion, the proton(s) move(s) to various protonation sites and
induce(s) fragmentations [53, 54]. This model has been suc-
cessfully used to describe the fragmentation mechanisms of
various protonated peptides [37].

Our proposed mechanism for the dissociation of the amide
bonds to form peptoid B- andY-ions is shown in Scheme 5where
the dashed circle indicates the Bmobile proton.^ It is postulated
that prior to collision with argon atoms, the charge carrier, the
proton, resides at the most basic site of the peptoid, such as the
side-chain amino group or the free amino group at theN-terminus.
Upon collision, the proton migrates to various amide bonds and
induces fragmentations. Scheme 5A illustrates that once the car-
bonyl group of the amide has acquired a proton, the group is
activated and allows an intramolecular addition-elimination

reaction to occur. A nearby amide oxygen 1atom serves as a
nucleophile to attack the activated carbonyl group to form a five-
membered ring intermediate. This leads to dissociation of the C–
N bond to form an ion-neutral complex of an oxazolone ion at the
N-fragment and a secondary amine at the C-fragment. Dissocia-
tion of this complex ion would yield a peptoid oxazolone B-ion
and a neutral C-fragment. One remaining question is Bhow are the
peptoid Y-ions formed?^ Formation of a peptoid Y-ion would
require a proton transfer from the charged N-fragment to the
neutral C-fragment prior to or upon dissociation of the ion-
neutral complex. The likely proton source is either the backbone
C–Hb bond adjacent to the oxazolone ring (Scheme 5B), or the
C–Hc bond in the oxazolone ring (Scheme 5C). Notice that in
Scheme 5C, the neutral N-fragment is a ketene structure, which is
suggested by computational results (Scheme 4B). The explana-
tion is given in conjunction with a comparison to the mechanism
of peptide fragmentation shown in Scheme 6.

The formation of oxazolone B-ions is supported by the fact
that the B1-ion was observed for all of the model peptoids with
N-terminal acetylation, but not for the two peptoids, P4 and
P10, without acetylation. Formation of the oxazolone B1-ion
would require the participation of the acetyl group such that the
oxygen atom of the acetyl group serves as the nucleophile
(Scheme S2). P4 and P10 do not have an acetyl group and
the B1-ion was not formed.

Scheme 6 shows the established mechanism (by other re-
searchers) of peptide fragmentation, where the oxazolone path-
way would yield both peptide b- and y-ions [37]. Upon

Table 2. Fragmentation Patterns for the Doubly Protonated Peptoids,a [P + 2H]2+

Peptoid B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 [P + 2H]2+

P5 x x x x x x x x x x xV xV V

P6 x x x x x x
P1 x xV x x x x x x°V V

P3 x x x x x x
P4 xV x x x
P10 x x x x x x x x x x x x x x x x x

a The symbol x indicates the observed ions with relative abundance of 3% or higher.
O Accompanied by the loss of water molecule.
* Accompanied by the loss of ammonia molecular.
V Accompanied by the loss of a side-chain group of 104 u.

Table 1. Fragmentation Patterns for the Singly Protonated Peptoids,a [P + H]+

Peptoid B1 B2 B3 B4 B5 B6 B7 B8 B9 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 Y11 [P + H]+

P5 x x x x x x x xV xV xV xV *°V

P6 x x x x x* x*° x*° x*°
P1 x xV x x x x° x° x° x°V °V

P3 x x x x x x x x x V

P4 x x x x x x x V

P10 x x x x x x x x x x x x x x x x

a The symbol x indicates the observed ions with relative abundance of 3% or higher.
O Accompanied by the loss of water molecule.
* Accompanied by the loss of ammonia molecular.
V Accompanied by the loss of a side-chain group of 104 u.
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activation of an amide bond by the mobile proton, an intramo-
lecular addition-elimination leads to the dissociation of the
amide bond to form an oxazolone ion as part of the N-
fragment and a primary amine as part of the C-fragment. The
ion and the neutral are held together as an ion-neutral complex.
Direct dissociation of this ion-neutral complex yields a peptide
b-ion and a neutral C-fragment. Notice that the oxazolone ring
has a tertiary ammonium cation with an acidic N–Ha bond. If
prior to or upon dissociation of the complex ion, the acidic
hydrogen, Ha, transfers to the amino group of the C-fragment, a
peptide y-ion would form. A control study by Paizs et al. using
H-Gly-Sar-Sar-OH showed that when the peptide amide hy-
drogen atom (Ha) was replaced by a methyl group, the y-ion
(y1-ion in this case) formation was reduced dramatically [55].
This study suggested that the presence of the acidic N–Ha bond
was crucial for the formation of peptide-y-ions. Recently,
Szewczuk and coworkers carried out a series of studies on the
fragmentation pathways in N-substituted oligopeptides, includ-
ing oligoproline and oligosarcosine, with a quaternary ammo-
nium (QA) group tagged at the N-terminus [56, 57]. These
peptides did not contain backbone N–H groups. Their results
showed that the fragmentation was initiated by eliminating the
quaternary ammonium group, which generated a mobile pro-
ton. The mobile proton would induce a charge-directed

fragmentation of an amide bond and this process was accom-
panied by shifting another proton from a C–H bond to the C-
fragment. This resulted in a neutral ketene structure at the N-
fragment and a y-type ion at the C-fragment. Their studies on
deuterated QA-tagged oligosarcosine further showed that for-
mation of y-ions involved the migration of a proton from the α-
C–H bond of sarcosine residue [56].

For peptoids, the oxazolone B-ion is a quaternary ammonium
cation. The acidic N–Ha bond is absent in the peptoid oxazolone
and, therefore, the acidic proton has to come from a different site.
The three potential sites of a proton donor are the backbone C–H
bond adjacent to the oxazolone ring, the C–H group in the
oxazolone ring, and the C–H bond of the side-chain group bound
to the oxazolone nitrogen. Our calculations at the B3LYP/6-
31+G(d,p) level of theory suggested that the enthalpy change for
abstracting proton Hb from the backbone C–H bond is −3.0 kcal/
mol (−12.5 kJ/mol) for R =CH3,−5.4 kcal/mol (−22.6 kJ/mol) for
R = CH2CH2OCH3, and −0.5 kcal/mol (−2.1 kJ/mol) for R =
CH3CHC6H5 (Scheme 4A). This suggests that transferring a
proton from the C–H bond to the amino group of the C-
fragment is energetically favored. The calculation also showed
that the enthalpy change for the abstraction of proton Hc from the
C–H bond in the oxazolone ring is −2.0, −1.0, and +3.8 kcal/mol
(or −8.4, −4.2, and +15.9 kJ/mol) for R = CH3, CH2CH2OCH3,
and CH3CHC6H5, respectively (Scheme 4B). The smaller nega-
tive to positive enthalpy change indicates that abstracting a proton
from the oxazolone ring is less favorable than abstracting the

Figure 5. Relative abundance chart of B- and Y-ions resulting
from singly protonated peptoids: P5, P6, and P1, where the
darker bars represent the B-ions and the lighter bars are for the
Y-ions

Figure 6. Relative abundance chart of B- and Y-ions resulting
from doubly protonated peptoids: P5, P6, and P1, where the
darker bars represent the B-ions and the lighter bars are for the
Y-ions
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Scheme 5. Proposed peptoid fragmentation mechanism
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proton from the backbone C–H group, but is also likely consid-
ering that the proton transfer occurs within the ion-neutral com-
plex and not between two isolated molecular species. Further-
more, our calculations indicated that the enthalpy change for
abstracting a proton from the C–H bond of the side-chain group
of oxazolone is largely positive (Scheme S1) and, therefore, the
reaction is not likely to occur. Computational results suggested
that formation of peptoid Y-ions is energetically favored over the
formation of peptoid B-ions, and the Y-ion formation proceeds by
the abstraction of a proton from a backbone C–H group of the N-
fragment upon dissociation of the protonated amide bond. How-
ever, computational results cannot rule out either of the processes
shown in Scheme 5B or C.

Control studies using deuterium labeled peptoids suggest that a
Y-ion is formed by abstracting a proton from a C–H bond of the
N-fragment adjacent to the dissociating amide bond, for example
Y4 of P72 and Y3 of P74 (Figure 4). The acidic C–H group
corresponds to the C–Hc bond in the oxazolone ring and, hence,
the results from the control studies support the mechanism shown
in Scheme 5C.

The computed enthalpy value indicates that the proton affinity
of the C-fragment is higher than that of the N-fragment and,
therefore, the charge-carrier proton preferentially resides at the
C-fragments to form the peptoid Y-ions. In general, the proton
affinity increases with the size of a molecule. The longer C-
fragments would have higher proton affinities than the shorter
ones. Longer C-fragments require fragmentation to occur at the
amide bonds closer to the N-terminus. These predictions agree

well with the observations that Y-ions were more abundant than
B-ions, and medium- to high-mass Y-ions were more abundant
than low-mass Y-ions, whereas low-mass B-ions were more
favored than high-mass B-ions.

Our results also showed that the Nae residue had a small effect
on the relative abundances of the fragment ions. Nae has a basic
side-chain group, a primary amine, which is expected to be a
protonation site. One would expect that the fragment ions con-
taining a Nae residue would show high abundances. Yet the most
abundant Y-ions did not contain a Nae residue. The minimal
influence of the basic Nae residue on the fragmentation patterns
could be explained based on the relative proton affinity of different
amino groups. Upon fragmentation of a peptoid amide bond, a
secondary amine is formed as part of the C-fragment (for peptides,
fragmentation of an amide bond forms a primary amine as part of
the C-fragment). The proton affinities for different types of amines
follow the general trend: tertiary amine > secondary amine >
primary amine > amide. A relevant example is the relative proton
affinity between alanine (a primary amine) and sarcosine (N-
methylamine, a secondary amine). The proton affinity for
sarcosine is 220.2 kcal/mol (920.4 kJ/mol), which is about
5 kcal/mol (20 kJ/mol) higher than that for alanine (215.2 kcal/
mol or 899.5 kJ/mol). A higher proton affinity indicates a higher
possibility of acquiring a proton upon fragmentation. The side-
chain of the Nae residue is a primary amine, whereas the C-
terminal fragment is a secondary amine. The higher proton affinity
of the secondary amine would compete for the proton more
favorably than a primary amine.

Scheme 6. Peptide fragmentation pathway
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Fragmentation Mechanism: the Side-Chain Loss

The loss of the side-chain group, C6H5CH = CH2 (104 mass
units), and the formation of the side-chain fragment ion at m/z
105, [C6H5CHCH3]

+, were common for all Nspe-containing

peptoids. The ion at m/z 105 was commonly observed and, in
some cases, this ion was the base peak in the CID spectra. The
mechanism for the loss of the side-chain from a peptoid ion and
the formation of the side-chain fragment ion is shown in
Scheme 7. Upon acquisition of the Bmobile proton^ by an

Scheme 8. Fragmentation scheme of doubly protonated peptoids
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amide group of an Nspe residue, the N–C bond of the Nspe
dissociates heterolytically to form a benzylic cation (m/z 105)
and a neutral peptoid. If a proton from the benzylic cation is
transferred to a basic site, such as the side-chain amino group of
the Nae residue, a peptoid ion (missing the side chain) would
form along with a neutral alkenyl benzene (104 mass units).

Fragmentation Characteristics and Mechanism
of Doubly Protonated Peptoids

Unlike the singly protonated peptoids discussed above
that fragment at various amide bonds and produce abun-
dant Y-ions (Figure 5), the doubly protonated peptoids
fragment primarily at the amide bond close to the N-
terminus and yield primarily B1- and Y7-ions (Figure 6).
The basic Nae residue seems to have minimal effect on
the fragmentation pattern. A schematic mechanism for
the formation of B1 and Y7 ions is shown in Scheme 8,
where the vertical dashed line indicates the fragmentation
site. Upon collisional activation, the two protons residing
on the peptoid become mobile. One proton induces the
dissociation of an amide bond close to the N-terminus as
indicated by the vertical dashed line. This yields an
oxazolone ion (B1) as the N-fragment and a secondary
amine as the C-fragment with the two fragments associ-
ated as a complex. Upon dissociation of the complex, the
N-fragment remains as a B1-ion, and the second proton
would move to and be bound to the secondary amine of
the C-fragment to form the Y7-ion. Since the C-fragment
does not need to abstract a proton from the N-fragment,
as in the case of the singly protonated peptoids, both the
B1-ion and the Y7-ion are observed in high abundance.
Columbic repulsion between the two charges suggests
that the mobility of the two protons would be limited.
This might explain the paucity of fragment ions observed
in doubly protonated peptoids. The preference to form
low-mass B-ions might be due to minimal steric con-
straint, whereas the longer Y-ions might be due to higher
net proton affinity.

Conclusions
The fragmentation patterns for six model peptoids were studied
under collision-induced dissociation conditions. Themain frag-
mentation sites were the backbone amide bonds and resulting
fragments were B- and Y-ions. Both singly and doubly proton-
ated peptoids were studied. The singly protonated peptoids
fragmented by producing a high abundance of Y-ions and a
low abundance of B-ions. The B-ions were likely formed via an
oxazolone pathway. The Y-ions were formed by abstracting a
proton from the backbone C–H bond adjacent to the dissociat-
ing amide bond. Computational studies suggested that trans-
ferring a proton from the N-fragment to the secondary amine of
the C-terminal fragment was energetically favored and, there-
fore, supported the observed fragmentation bias toward Y-ions.
The doubly protonated peptoids were observed to fragment at

an amide bond close to the N-terminus and to yield primarily
low-mass B-ions and high-mass Y-ions. This feature is likely
due to the fact that formation of low-mass oxazolone B-ions is
kinetically favored and formation of high-mass Y-ions is ther-
modynamically favored. The results from this study provide
further understanding of the mechanisms of peptoid fragmen-
tation. This insight, which is based on calculations and ob-
served CID fragmentation of model peptoids, should be valu-
able in generating fragmentation rules for de novo peptoid
sequencing of combinatory peptoids.
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