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Abstract. The fragmentation patterns of a group of doubly protonated ([P + 2H]?*)

R and mixed protonated-sodiated ([P + H + Na]**) peptide-mimicking oligomers,

known as peptoids, have been studied using electron capturing dissociation
(ECD) tandem mass spectrometry techniques. For all the peptoids studied, the

Il? (0] H'Na* primary backbone fragmentation occurred at the N-C4 bonds. The N-terminal
c fragment ions, the C-ions (protonated) and the C'-ions (sodiated) were observed

Z Y universally for all the peptoids regardless of the types of charge carrier. The C-

Y - terminal ions varied depending on the type of charge carrier. The doubly
ey protonated peptoids with at least one basic residue located at a position other

than the N-terminus fragmented by producing the Z'-series of ions. In addition,
most doubly protonated peptoids also produced the Y-series of ions with notable abundances. The mixed
protonated-sodiated peptoids fragmented by yielding the Z"-series of ions in addition to the C’-series.
Chelation between the sodium cation and the amide groups of the peptoid chain might be an important
factor that could stabilize both the N-terminal and the C-terminal fragment ions. Regardless of the
types of the charge carrier, one notable fragmentation for all the peptoids was the elimination of a
benzylic radical from the odd-electron positive ions of the protonated peptoids ([P + 2H]™*) and the
sodiated peptoids ([P + H + Na]™). The study showed potential utility of using the ECD technique for
sequencing of peptoid libraries generated by combinatorial chemistry.
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Introduction

Peptoids are a class of bio-inspired polymers that are
constructed based on the structure of poly(N-substituted
glycine) [1-4]. It has been demonstrated that peptoids can
form peptide-like secondary structures: helices, sheets, and
coils, and with certain constructs, they can also form helix-
bundles [5-12]. Studies have shown that peptoids exhibit
excellent bio-compatibility and potential biological activities
[13, 14]. Unlike peptides, peptoids are resistant to protease
digestion. This property enables a high metabolic stability
[15, 16]. Because of their diverse structures and tunable
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properties, peptoids have been an attractive molecular model
for biophysical research and have also been considered to be
a major candidate as peptide-mimicking therapeutic agents,
ligands for proteins, and scaffolds in the search for new
properties [2, 17-24]. Most of these studies rely on the
creation of diverse peptoid libraries [25-27]. Peptoids can
easily be constructed via a solid-phase synthesis strategy that
incorporates a two-step monomer addition cycle [28].
Bromoacetic acid is carbodiimide-coupled to the end of the
growing peptoid, and then primary amines are used as the
second sub-monomers to create the side-chain groups in the
peptoid polymer. The hundreds of commercially available
and tested primary amines enable the generation of large
number of peptoids with diverse sequences [2, 5]. In
connection to this, an efficient analytical method to analyze
the sequence and to characterize the structures of the
peptoids can greatly facilitate the discovery of functional
peptoids via combinatorial chemistry.
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Direct sequencing of peptoids on the solid resin by
Edman degradation has been a common practice. However,
this method is extremely time-consuming, as it requires the
synthesis and analysis of standards for each unnatural
residue [29-31]. Since the introduction of electrospray
ionization (ESI) and matrix-assisted laser desorption/ioniza-
tion (MALDI), tandem mass spectrometry (MS/MS) has
been applied as a robust technique to routinely characterize
the sequences and structures of peptides and proteins [32—
35]. This technique has also shown promise as the method of
choice for analyzing the sequences and structures of
peptoids [27, 36—42]. Early studies using fast atom bom-
bardment (FAB) ionization combined with high-energy
collision-induced dissociation (CID) as well as nano-
electrospray ionization (nESI) combined with low-energy
CID have shown that the protonated peptoids fragmented in
a manner similar to those found in peptides [39, 41, 42]. The
predominant fragments corresponded to the dissociation at
the amide bonds. A mass spectrometry method based on the
isotopic patterns of bromine-containing C—terminal ions was
used to rapidly sequence the one-bead-one-compound
peptoid library [37]. In addition, a method that combined
partial Edman degradation and mass spectrometry analysis
was used for high-throughput sequencing of a peptoid
library [36]. Recently, MALDI-time-of-flight (TOF) mass
spectrometry was applied to analyze the sequence of a
library of azapeptoids [43]. We have recently studied the
fragmentation patterns of a group of protonated and
metallated model peptoids in the gas phase. We have found
that the protonated peptoids dissociated by producing mainly
the C—terminal fragment ions, whereas the alkali metal-
peptoid adducts fragmented by producing both the C-—
terminal and the N-terminal fragment ions [44]. These
results further demonstrated the utility of using mass
spectrometry methods for de-novo sequencing of peptoid
libraries generated by combinational chemistry.

In addition to the conventional CID technique, electron
capture dissociation (ECD) and electron transfer dissociation
(ETD) have emerged as promising tandem mass spec-
trometry techniques for characterizing the sequence infor-
mation of peptides and proteins [45-56]. Unlike the CID
experiment, which largely cleaves the peptide backbone at
the amide bonds, both ECD and ETD experiments
selectively cleave the peptide backbone at the N-C,
bonds [49, 57]. Thus ECD and ETD experiments can
provide complementary sequence information to that
produced by CID experiments.

There have been several concurrent mechanistic hypoth-
esis proposed to explain the fragmentations observed in
ECD experiments [46, 49, 56, 58, 59]. The two most
compelling ones are the Cornell mechanism and the Utah-
Washington mechanism, which have been used to explain
the peptide fragmentations, especially the cleavage of the N—
C,, bonds, observed in both ECD and ETD experiments. We
will discuss how these mechanisms may apply to peptoids.
To introduce the concepts, in the Cornell mechanism [46],
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an electron is thought to be initially captured at a positively
charged site to form a hypervalent species. This is followed
by ejecting a hydrogen atom from the charge site. The
ejected hydrogen atom attaches to a backbone carbonyl
group to form an “aminoketyl” radical intermediate with the
radical site at the carbonyl carbon. The radical then induces
a homolytic dissociation at the neighboring N-C, bond to
form an enol-imine structure at the N-terminal side and a
new radical site at the C, atom of the C-terminal side. If the
remaining proton resides at the N-terminal side, a C-ion
forms. If the proton resides at the C-terminal side, a Z-ion
forms. In the Utah-Washington mechanism [58—60], an
electron is thought to be captured directly into the amide
n° orbital to form an “amide superbase,” an odd-electron
negative ion with the negative charge at the oxygen and the
radical site at the carbon atom. Alternatively, the captured
electron initially enters into one Rydberg orbital at a
positively charged site and subsequently transfers to an
amide © orbital to form the “amide superbase”[61]. This
follows by two possible paths (the “chicken or egg”
mechanism) [62]. In one path, a proton transfers to the
“amide superbase” to form the “aminoketyl” radical
intermediate followed by N-C, cleavage. In the other path,
the “amide superbase” odd-electron negative ion directly
induces the homolytic cleavage of the neighboring N-C,
bond to form an “imine superbase” at the amide group,
[CO = NHJ, and a radical site at the C, atom (which
would form the Z-ion). Upon transferring a proton to the
“imine superbase,” a C-ion would form [62, 63].

We have studied the fragmentation patterns of a group of
model peptoids under ECD conditions. The structures and
the corresponding names of the model peptoids are shown in
Scheme 1. The peptoid number is assigned based on our
peptoid library sequence. Except Peptoid 10 (P10), all other
peptoids contain the poly-(S)-N-(1-phenylethyl)glycine
(poly-Nspe) as the backbone structure. Nspe has a chiral
side group and the structure of poly-Nspe is expected to be
relatively rigid. The basic residue N-(2-aminoethyl)glycine
(Nae) or N-(2-diisopropylaminoethyl)glycine (Ndipae) is
placed at different sites of the peptoid chain. Peptoids 5
and 6 (P5 and P6) are Nspe-based isomers with the Nae
residue placed at the second position from the N-terminus
and in the middle of the peptoid chain, respectively. Peptoid
1 (P1) is an analogue of P5 and P6, but it contains two Nae
residues. Peptoid 3 (P3) is essentially an analogue of Pl1,
such that the two Nae residues are replaced by two Ndipae
units. Ndipae has a relatively bulky side group. Peptoid 4
(P4) has a structure similar to P3, but with only one
Ndipae residue. In addition, P4 has a free amino group at
the N-terminus. Peptoid 10 (P10) consists of alternating
N-(2-methoxyethyl)glycine (Nme) and N-(2-phenylethyl)glycine
(Npe) residues. The side groups of P10 are less bulky and
are achiral, which allows greater conformational flexibility.
P10 has a free amino group at the N-terminus as well. These
model peptoids allow us to examine the effects of the
backbone structure, the location and the type of the basic
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Scheme 1.

residue, and the acetylation at the N-terminus on the
fragmentation patterns. In this paper, we present the results
of the ECD experiments on the doubly protonated peptoids
and the mixed protonated-sodiated peptoids.

Experimental
Nomenclature of Peptoid Fragment lons

Peptoids fragmented similar to peptides under tandem mass
spectrometry conditions. The main fragment ions observed in
the CID experiments corresponded to the dissociation of the
amide bonds of the peptoid backbone, which would produce
the Y- and the B-series of ions (the Roepstorff nomenclature

[64]). Similar nomenclature was used by Liskamp and
coworkers to assign the peptoid fragment ions [39, 41, 42].
Dissociation of the N—C, bonds could be accomplished in the
ECD and ETD experiments, which would produce the C- and
the Z"-series of ions. The nomenclature we used to characterize
the fragment ions and the sample structures are shown in
Scheme 2. Similar to those for peptides, the Z'-ions and Z"'-ions
are radical ions (odd-electron positive ion).

Mass Spectrometry Measurements

The ECD experiments were performed on a Thermo Finnigan 7
T LTQ-FT instrument (Thermo Finnigan, Bremen, Germany).
All peptoid sample solutions were prepared by dissolving 1 mg
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of solid peptoid in 1 mL of mixed solvent of water:methanol
(1:1 v:v). The sample solutions were diluted in the mixed
solvent to a final concentration of 10 pM. Doubly protonated or
mixed protonated-sodiated peptoids were generated by
electrospray ionization (ESI) using the standard Thermo ESI
ion source by infusing the peptoid sample at a flow-rate of
5 pL/min. The ESI and ion optics voltages plus the ECD
conditions were optimized for the 2+ charge state of
Substance P (m/z 674.37135). The following experimental ECD
parameters were applied: m/z 50-2000, AGC target = 2 x 10°,
maximum accumulation time = 100 ms, FTICR resolving
power = 100,000 @ m/z = 400, precursor ion isolation
width = 10 m/z units, ECD energy = 10.0 V, delay time = 0 ms,
ECD irradiation time = 10 ms, and each ECD spectrum was an
average of 2 min data acquisition of 1 pscan. To assign the
ECD fragment ions in the ECD MS/MS spectra, the m/z values
of the monoisotopic peaks of all A-, B-, C-, X-, Y-, and Z-type
ions of the six peptoids were calculated based on elemental
compositions in Excel. In addition, the m/z values after the
losses of H,O, NH;, and various neutral molecules and
radicals from the peptoid monomer side groups were
calculated. For the ECD spectra, Decon2LS was used to
deconvolute the spectra and to determine the monoisotopic
peaks of all detected fragment ions. Decon2LS used the
TRASH algorithm and the following parameters were
applied: peak fit type = quadratic, minimum S/N = 3,
minimal background ratio = 5, maximum fit = 0.1,
threshold intensity for detection = 10, averagine, no
apodization and zero-fill. All spectra and assignments were
manually checked and were based on a +£5 ppm mass
measurement deviation.

The ETD experiments were performed using Thermo LTQ
XL and LTQ-Orbitrap XL instruments equipped with an ETD/
CI ion source. The ESI and ion optics voltages plus the ETD
conditions were optimized for the 2+ charge state of Substance
P (m/z 674.37135). ETD conditions recommended in the
hardware manuals were used to generate fluoranthene odd-
electron negative ions that reacted with the doubly-charged

peptoids in the LTQ. The following experimental ETD
parameters were applied: m/z 50-2000, AGC target = 1 x 10*
(LTQ), 3 x 10° (ETD reagent ion) or 2 x 10> (Orbitrap);
maximum accumulation time = 50 (ETD reagent ion) or 1000
ms (ESIions), FTICR resolving power = 60,000 @, m/z =400 (1
spectrum/s), precursor ion isolation width = 3 (LTQ) or 10 m/z
(Orbitrap), ETD reaction time = 100 ms, and each ETD
spectrum was an average of 2 min data acquisition of three
(LTQ) or one (Orbitrap) pscan.

Peptoid Synthesis

All peptoids studied in this work were synthesized using
the solid-phase strategy on Rink amide resin (EMD
Chemicals, Gibbstown, NJ, USA). A slightly modified
Aapptec Apex 396 synthesizer was employed for the
synthesis [65]. They were purified by HPLC, and then
freeze-dried. A detailed synthesis procedure was described
in our previous publication [44].

Results
Peptoid-5

P5 is a polymer of Nspe with one Nae residue inserted at the
second position from the N-terminus. The ECD spectra of
the doubly charged P5 with two protons [P + 2H]*" or with
one proton plus one sodium cation [P + H + Na]*" are given
in Supplementary Figures Sla and Slb, respectively. The
abundances of some fragment ions were much lower than
the others. For a better view, the portions of the spectrum
with low abundance ion were magnified accordingly. The
scaled spectra are presented in Fig. 1a and b, respectively.
Shown in Fig. la, the peaks at m/z 644 and 1287
corresponded to the ions of the doubly and singly protonated
PS5, respectively. The dominant fragments were the C-series
of ions from C4 to Cg. The ion Cg was much more abundant
than the other fragment ions. The corresponding Z'-ions



1206

B. Bogdanov et al: ECD of Doubly Charged Peptoids

(a) Y7 6 Ys Yy Y3 Y,
. . . . T P
o ol ol i ol ol o 9 I 0Q
AC—T—CHZC-; ITI—CHZC :»ITJ—(:H2 o] :-l}l-:CHz C!N!-CH, C-EIIIE-CHZC hll :-CHZC—T’»: CH,-C—-NH,
i i P v v v |
» ) "o o X 'n ! @1 !
3 © 3 ® | 3! B k3 R
Cy4 Cs Cs C; Cs
x5 LA LL12+ x4 ) Cg
[P+2H] 118360307
644.4 c
P+2H]* — CgHy
747% [ ] g
Cy
586.3 Ce
908.5 C,
\# Ys 10696 77,
Y3 662.4 823.5 Y y, 11256
Yo 5013 6 03 6 [P+H]"
340 | 1 | 984.5 l 1287.7
I ‘All ) L. ke l ok A Ll‘h ,1| Y l“ ,
300 400 500 600 700 800 miz 900 1000 1100 1200 1300 1400
(b) L7 Z's Z's A Z Zh , .
Lo ot o i 9l 9+ ot 0
Ac—l}lﬁ'CHzC-l]l E-CHZC-I}IE CH, C—rTl-icH2 C-N :-CHZC—TE-CHZC—T :-CHZC—E-E CH,-C-NH,
[4) E D i o | » i :/:E mi E
§ % & & 8 8 & 3
C C's C's CYy C's
X2 X2 1265 6 X2
[P+H+Na]?* . .
655 3 [P+H+Na]*" — CgHg
C;
1091.6
C’s
Zame 5 Co Cs [P+Nal’
' 59305 6 Z° 1252.7 1309.7
686.4 1047 5 l
77, 77, C, 11476
4032 564.3 6083 l 1
n 1 1 1 | " . . ‘J . - )
300 400 500 600 700 800 miz 900 1000 1100 1200 1300 1400

Figure 1. The ECD spectra of the doubly charged P5, (a) [P5 + 2HJ?*, and (b) [P5 + H + NaJ**

were not present, except a low abundant Z’; at m/z 1125.
Instead, the Y-series of ions, from Y, to Y, were observed,
but the intensities were relatively low compared with the C-
series. An ion at m/z 1183 was the most abundant one among all
the fragments. This ion corresponded to the loss of a side-chain
group, [Ph-CH-CH;]" (CgHy", 105 u), from the odd-electron
positive ion of the doubly protonated peptoid, [P + 2H]"". In
Fig. 1b, the peaks at m/z 655 and 1309 were for the doubly
charged precursor ion, [P + H + Na]*" and the singly charged
sodium cation adduct of the peptoid, [P + Na]", respectively. In
this spectrum, both the sodiated C’-series (C'4 to C'g) and the
sodiated Z™-series of ions (Z', to Z™;) were present. The
intensities of the lower mass ions, C'4 and Z',_3, were relatively
weak. The ion at m/z 1205, corresponding to the loss of the side
group from the radical cation precursor ([P + H+Na]™" — CgHo"),
was the most abundant ion in the spectrum. Neither the B'- nor
the Y'-series of ion were observed.

Peptoid-6

P6 is an isomer of P5. The structural difference between
these two peptoids is the location of the basic Nae residue.
In P5 the Nae is close to the N-terminal side and in P6 it is in
the middle of the molecule. The scaled ECD spectra of the
doubly charged P6 are shown in Fig. 2, and the unscaled
spectra are given in Supplementary Figure S2. The doubly
protonated P6 (Fig. 2a) produced three series of ions, the C-
series, the Y-series, and the Z -series. The C-series of ions
were the dominant ones. The ion at m/z 1183 (loss of the
side group, CgHo") was the most abundant fragment. The
noticeable difference between P6 and P5 was whether or
not the Z'-ions were formed. The Z’'-ions were quite
abundant in P6, whereas except for Z';, other Z-ions were
absent in P5. The fragmentation pattern for the sodiated
P6 appeared similar to that for the sodiated P5. Both the
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Figure 2. The ECD spectra of doubly charged P8, (a) [P6 + 2H]?*, and (b) [P6 + H + Na]**

C’-series and the Z"'-series of ions were present in the spectrum
(Fig. 2b). The peak at m/z 1205, corresponding to the loss of the
side group (CgHy"), was the base peak in the spectrum.

In order to examine the possibility of sequential fragmenta-
tion, the doubly protonated P6 was subjected to electron transfer
dissociation (ETD) followed by collision-induced dissociation
(CID) on the Z°; ion (m/z 1125). The corresponding spectra are
shown in Supplementary Figures S2c and d. The ETD
experiment on P6 produced comparable fragmentation as that
of the ECD experiment. Upon CID, the Z°; ion fragmented to
yield a series of lower mass Z'-ions, from Z’, to Z's. No Y-ions
were produced from Z'5.

Peptoid-1

P1 is a polymer of Nspe with two Nae residues placed at the
third and the sixth positions from the N-terminus. The ECD

spectrum of the doubly protonated P1 is shown in Fig. 3 and
Supplementary Figure S3. The three types of fragment ions,
the C-ions, the Y-ions, and the Z'-ions, were all observed.
The C-series was more dominant, followed by the Z -series.
The Y-series had the lowest relative abundance. The most
abundant fragment ion in the spectrum was the ion at m/z
1122, corresponding to the loss of the side group from the
odd-electron positive ion precursor ([P + 2H]™" — CgHy").
Two other notable ions were observed at the high mass
region, m/z 1104 and 1005. Both ions were 18 mass units
smaller than the corresponding precursor ions, m/z 1122
([P + 2H]™ — CgHy") and m/z 1023 (Y), respectively.

Peptoid-3 and Peptoid-4

P3 is an analogue of P1. In P3, the two Nae residues are
replaced by two Ndipae residues. The ECD spectrum of the
doubly protonated P3 is shown in Fig. 4a as well as in
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Figure 3. The ECD spectrum of doubly charged P1, [P1 + 2H]**

Supplementary Figure S4a. The most abundant ion was at m/z
1290, corresponding to the loss of the side group from the odd-
electron positive ion precursor, [P + 2H]" — CgHy". The high
mass C-ions (C4_g) and the medium mass Z'-ions (Z'3_g) were
observed in the spectrum. Unlike P1 with observable Y-ions,
the Y-series of ions were absent for P3. A notable fragment ion
at m/z 1028 corresponded to the Ay ion. None of the other A-
ions were observed.

P4 is an analogue of P6 with one basic side-chain amine
group. In P4, the Ndipae residue is placed in the middle of the
peptoid chain, and the N-terminus is a free amine group. The
ECD spectrum is shown in Fig. 4b as well as in Supplementary
Figure S4b. The most abundant fragment was at m/z 1386,
corresponding to the loss of a side group from the odd-electron
positive ion precursor, [P + 2H]™" — CgHy". Two series of ions
were clearly present in the spectrum, the C-ions and the Z'-ions.
The C-ions were relatively more abundant than the Z'-ions.
After magnifying the spectrum, the Y-series of ions were also
observed. In general, the fragmentation pattern for P4 was
similar to that for P6.

Peptoid-10

P10 consists of 12 monomer residues with alternating Nme
and Npe and does not have any basic side-chain groups. The
N-terminus is a secondary amine without acetylation. The
ECD spectra of the doubly charged P10 are shown in Fig. 5
and Supplementary Figure S5. Both the C-series and the Y-
series of ions were present in the spectrum of the doubly
protonated P10 (Fig. 5a). The C,-ion was the most
abundant one and the Z'-series of ions were not observed.
The mixed protonated and sodiated P10 showed a very
different picture (Fig. 5b). The ECD experiments produced
two series of ions, the C’-ions and the Z'-ions, with
comparable abundances. The Y'-ions were not observed.

Discussion

To aid the comparison and discussion, the observed fragmen-
tations for all of the model peptoids are summarized in Table 1
and 2. The C-type ions were universally observed for all the
doubly charged protonated and mixed protonated-sodiated
peptoids. The Z-type ions seemed to be favored over Y-type for
all the sodiated peptoids (Table 2) and most of the protonated
peptoids except P5 and P10 (Table 1). The Y-type ions were
commonly observed for the doubly protonated peptoids, except
for P3 (Table 1). The Y-ions were not observed for the sodiated
peptoids (Table 2). All the observed fragment ions had medium
to high m/z values (with four residues and longer). The low
mass ions (three residues and shorter) were either absent or at
very low abundances. Other type fragments (A-ions, B-ions,
and X-ions) were not observed. One interesting fragmentation
observed in P1 was the loss of 18 mass units from the
corresponding precursor ions. One notable fragmentation from
all charged peptoids was the loss of the side-chain group
([Ph-CH-CH;]" or CgHy", 105 u) from the peptoid odd-
electron positive ions ([P + 2H]™ or [P + H + Na]™).

Doubly Protonated Peptoids

The ECD fragmentation patterns of the doubly protonated
peptoids appeared quite different from those observed for
most multiply protonated peptides. For peptides, the frag-
mentations are dominated by the c- and the z'-ions. Other
backbone fragment ions, such as y- or b-ions, are often
absent or in very low abundances [49, 57], whereas for the
model peptoids used in this study (Table 1), the Z -ions were
absent for P5 and P10, and the Y-ions were common for all
the doubly protonated peptoids, except P3.

Both the Cornell and the Utah-Washington mechanisms
could be used to explain the cleavage of the N—C, bonds in
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Figure 4. The ECD spectra of doubly charged P3 and P4, (a) [P3 + 2H]**, and (b) [P4 + 2H]**

peptoids. Some of the fragment ions were the results of
charge-remote fragmentation. The Utah-Washington mecha-
nism provides a better explanation for charge-remote
fragmentation [63]. Here, we use this mechanism to
demonstrate the formation of a C-ion and a Z'-ion from
peptoid 1, Scheme 3. The vertical dashed line indicates the
fragmentation site, and the dashed circle represents the
protonation site in the vicinity of the dissociating N-C,
bond. Before the ECD process, the two protons were likely
bound to the two side-chain amino groups. Upon the ECD
experiment, an electron was captured by the amide carbonyl
group adjacent to the dissociating N-C,, bond. Subsequently,
a proton from a side-chain amino group transferred to the
carbonyl group oxygen to yield an “aminoketyl” radical
intermediate. The proton could come from either of the
two protonation sites. The radical then induced the
homolytic dissociation of the N—C, bond and the radical
sitte. moved to the C, carbon. If the remaining proton

retained at the N-terminal side fragment, a Cs-ion would
form. The Cs-ion could have either an enol-imine
structure or an amide structure. If the remaining proton
transferred to the C-terminal side fragment, a Z';-ion
would form. As shown in Fig. 3, both Cs and Z'; ions
were observed with comparable abundances.

The experimental results indicate that the formation of the
C- and the Z° fragment ions may be associated with the
location of the basic residue(s). All the observed C-type ions
include at least one basic residue. In P5, the basic Nae is the
second residue from the N-terminus, and the smallest C-ion
is C4, whereas in P6, the basic Nae is the fifth residue from
the N-terminus, and the smallest C-ion is Cs. Similarly, in
P4, the basic Ndipae is the fifth residue from the N-terminus,
and the major C-ions are Cs—Cy. Only a trace amount of
C,-ion has been observed. All the observed Z'-ions also
include at least one basic residue. The basic Nae is the
third and the fourth residue from the C-terminus in P1 and P6,



1210

(@)

B. Bogdanov et al

: ECD of Doubly Charged Peptoids

Y Y
Yoo Yo Y. AL AL AG
E . P b P o ! : : :
Q Qi Qb4 Qi obi o ol b 0 b O 0 f O 0
HN-CHoC-N-CH, CiN-CH, € EN1-CHy € EN1-CH, CNE-CH, € N ECH, € :-I: CHy €N CH, E-NECH, C-NiCH, C-N1CH;C-NH,
= b Y i Phi i i i : |
3 3 3 3 é: B! %: 13! 3 3 3 3!
-- -2 __41 _——a - o) - -2 —Ca
Ca Cs Ce G Cs Co C1o Cis C12
x25 8385 c x25 T x25"
2+ 7
[P+2H] 904.5
Cio
1618.9
Ce
789.5 C
8
Cs Y; 10656Yg Co Cio c
628 4 Yo 1007.6 1180.7 Yo 1aa17 "
Cy Ys 846 5 11226 12857 Yo 14578 [P+H]"
513 J 7314 1398.8 l 1676.9
R — L i . 1 . | A . Il‘l l .
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
m/z
z" \ ' ' . ol
o Zhe  Ze o Lk -7 R ~5 ! - : : :
T T T T T T O T B S A B B
HNICH, C-NICH, €-NiCHy C-N -CHy C-N i—CHzc—lIl:-CHzc—N E-CHZC—IJ\JJ | CHZ-C-IIIE-CHz C—ITIfCHzC—ITHCHZ C—IIHCHQC-NHZ
’ | | : ' : ; : - ' : :
3 % 3 % i s 3 3 3 3 I 3
C7 Cs '9 10 ‘11 C'12
x2.5 x2.5
849.5 [P+H+Na]2+
v
9105 C's C 7o Cliz
c, 10866 Cy Jy 16409
z; 12026 c
9255 7' 10 _ 14788
1071.6
§ 1186 Z”;BBN Ay
Z5 1346 [F>+Na]+
7?54 | l L 1697.9
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
m/z

Figure 5. The ECD spectra of doubly charged P10, (a) [P10

respectively. The smallest Z'-ions are Z'5 and Z’,, respectively.
Similarly, Z's is the smallest Z'-ion in P4, corresponding to the
basic Ndipae at the fifth residue from the C-terminus. Both P5
and P10 have the basic residue near or at the N-terminus, and
the Z'-ions are absent for both peptoids.

The Y-ions were observed for most protonated peptoids.
One question was whether the peptoid Y-ions were formed

+ 2H?*, and (b) [P10 + H + Na]**

from the Z'-ions via sequential fragmentation. Studies on
peptide ion fragmentation have shown that the c- and the z'-
type ions generated from ETD could fragment further under the
CID condition to produce additional backbone cleavaged ions
[66]. We performed a test experiment to fragment a Z; -ion
generated by ETD of peptoid 6. The results showed that the
74 -ion fragmented to produce a series of lower mass Z'-ions,

Table 1. Fragmentation Patterns for the Doubly Protonated Peptoids®, [P + 2H]*"

Peptoid C4 Cs C4 C; Cg Co Cyg Cyy Cpn Z5 Z4 Zs Zs Z7; Zs Ys Y3 Yy Ys Yo Y7 Ys Yo Yo
P1 X X X X X X X X X X X X X

P3 X X X X X X X X X

P4 X X X X X X X X X X X X X X

P5 X X X X X X X X X X X

P6 X X X X X X X X X X X

P10 X X X X X X X X X X X X X X X

* The symbol x indicates the observed ions with the relative abundance of 2

% or higher
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Table 2. Fragmentation Patterns for the Mixed Protonated-Sodiated Peptoids®, [P + H + Na]**

Peptoid C4 Cs5 Cg C; Cg Co Cy Cyy Cwn 727, 7275 727y Z7°s 20 177 1's 179 Z"w  Z'n

P5 X X X X X X X X X X X
P6 X X X X X X X X X
P10 X X X X X X X X X X X X X

* The symbol x indicates the observed ions with the relative abundance of 2% or higher

but no Y-type ions were observed. Although ETD experiments qualitatively comparable. The ETD-CID experiment suggested
might yield different results from ECD experiments, our results that the Y-ions were not likely the secondary fragments from
suggested that the ETD and ECD spectra of P6 were the Z'-ions. In addition, the ECD spectra of the doubly

+

H-NH,

PhYo \ o Pn Ph\l/o

Scheme 3.



1212

protonated P5 and P10 showed the C-ions and Y-ions, but not
the Z'-ions, further suggesting that the Y-ions were not likely
the results of the Z'-ions.

Our results of the Z;-ion fragmentation under the CID
condition agreed with a recent study of the cascade
dissociations of peptide cation-radicals [67, 68]. That study
showed that the Z’-ions formed by ETD could undergo
sequential dissociation to produce a series of smaller Z’-ions
under both CID and infrared multiphoton dissociation
(IRMPD) conditions. The sequential dissociation was
thought to be triggered by a side-chain B-hydrogen atom
transfer to the z-ion Ca radical site followed by homolytic
dissociation of the adjacent Ca—CO bond to form the
intermediate x-type cation-radicals that spontaneously dis-
sociated by loss of the HNCO moiety. For peptoid Z'-ions,
the mechanism would not involve the X-ion intermediate,
since the peptoid side-chain groups were appended at the
backbone nitrogen instead of the Ca atoms. The proposed
mechanism for the sequential fragmentation of the Z,'-ion to
form the lower mass Z'-ions is given in Supplementary
Scheme S1. A side-chain benzylic hydrogen atom was
transferred to the Ca radical site and this resulted in a new
radical site at the side-chain benzylic carbon. The benzylic

RN
{,H-+NH,
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radical would induce a homolytic dissociation of the adjacent
N—Ca bond to form the Zs -ion.

The Y-ions were likely formed from the charge-reduced
peptoid, [P + H]". The charge reduced peptoid was generated via
the sequence that the doubly protonated peptoid acquired an
electron to form a radical cation, and this was followed by losing
a hydrogen atom: [P+ 2H]*" + &= [P+2H] "= [P+ H] '+ H".
The mechanism to yield Y-ions from [P + H]" would be similar
to the Y-ion formation in the CID process [44]. Formation of
non-standard ECD fragment ions, such as the b-ions, was
observed for doubly protonated peptides. The b-type fragment
series were similar to those shown in the CID spectra of the singly
protonated peptide [69, 70]. The formation of the peptide b-ions
was attributed to the vibrationally-excited singly protonated
peptides generated by electron capture and subsequently hydro-
gen atom desorption, and not from secondary fragmentation of c-
ions. Producing Y-ions were expected to be more favorable for
peptoids than for peptides, since the C-terminal fragment of a
peptoid is a secondary amine with a higher proton affinity
compared with a primary amine formed in a peptide fragment.

The loss of 18 mass units from the precursor ions in P1
might correspond to the loss of a water molecule. Our
previous study on peptoid fragmentation under CID condi-

o Ph\l/ o

Ac’N\)]\N/\n/N\)\ EC“TI/N\)]\N/\H/N\)LN/\[(N_H?\ a

NH,

.H
Ph g \
\)]\N/\n/\ll\l/ /C(x N

Ph\l/ o

Ph)\ Ph/l\
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|

Ph\l/ o P o
NA AN
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tions showed that water molecule loss from the peptoid ion
and the Y-ions was a characteristic fragmentation observed
in P1 [44]. The mechanism for water loss observed in the
ECD experiment should be similar to that observed in the
CID experiment [44].

Mixed Protonated-Sodiated Peptoids

The mixed protonated-sodiated peptoids ECD fragmentation
led to the generation of medium to high mass C'-ions and
Z"-ions with comparable abundances. The fragmentation
mechanism is similar to that for the doubly protonated
peptoids, except that one proton is replaced by a sodium
cation. A sample mechanism for the fragmentation of P6 is
shown is Scheme 4, where the vertical dashed line indicates
the fragmentation site and the dashed circle represents the
protonation site in the vicinity of the dissociating N-C,
bond. Upon capturing an election to the amide carbonyl
group, the nearby proton was transferred to the carbonyl
group oxygen and formed an “aminoketyl” radical
intermediate. The radical induced a homolytic cleavage
of the N-C, bond and the radical site moved to the C,
atom of the C-terminal fragment. The N-terminal fragment
would be either an enol-imine structure or an amide
structure. If the N-terminal fragment retained the sodium
cation a C'4 ion would form. Likewise, if the C-terminal
fragment retained the sodium cation, a Z*'4 ion would form. In

Q SHs

Ph Cq
S W
N-terminus s~ N Pl
Ph O:‘k*"_"‘,"

aminoketyl

O
)I\N/\n/

J_ o
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fact, both of the fragment ions were observed in the ECD
spectrum of P6 (Fig. 2).

The relative abundances between the C'-ion and the Z™-
ions were comparable for all three mixed protonated-
sodiated peptoids, P5, P6, and P10. The similarity in the
ion abundance suggested that the chances of acquiring the
sodium cation were comparable for both the N-terminal and
the C-terminal fragments. Chelation between the sodium
cation and the amide groups of the peptoid backbone might
be an important factor that can stabilize both types of
fragment ions. The chelation effect had been observed in the
CID experiments in which both the B’- and Y'-type ions
were formed comparably for alkali metallated peptoids [44].
The patterns for the formation of the C'-ions and Z''-ions
were quite similar for all three model peptoids, PS5, P6, and
P10, regardless of the location of the basic residue. The
results showed that a basic residue did not seem to play a
notable role in determining the observed fragment ions,
which further suggested the chelation effect between the
sodium cation and the carbonyl groups.

Fragmentation at the Nspe Side-Chain

The loss of a radical side-chain group (CgHy") from the
protonated ([P + 2H]™") and the sodiated ([P + H + Na]™)
peptoid radical precursor ions yielded the most abundant
product ions for all Nspe containing peptoids. Peptoid P10

H* or Na*
v C-terminus

side-group loss

H
@—(}—CHs (105 u)

Ph?\l/\)?\

N-terminus v~

|

.

Ph\,'\l/\)?\ {
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Ph (e}

amide

O
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was the only one that did not have an Nspe residue and did
not give such a product ion corresponding to the loss of
CsHy". The loss of CgHo" most likely occurred upon the
doubly charged peptoid captured an electron. The proposed
mechanism is shown in Scheme 5. Upon capturing an
electron at the carbonyl group and followed by a proton
transfer to the carbonyl group (similar process to that shown
in Schemes 3 and 4) to form an aminoketyl radical
intermediate, the radical induced a homolytic dissociation
of the N-CH bond to produce a very stable benzylic radical
(105 u) and an enol-imine structure at the amide bond. The
enol-imine might subsequently rearrange to an amide.

An earlier computational study on the competitive dissoci-
ation of peptide aminoketyl cation radicals suggested that the
loss of the phenylalanine side-chain benzyl group via homo-
lytic dissociation of the Co—C bond was energetically
unfavorable and would be much slower than the cleavage of
the backbone N-Ca bond [71]. Our study on peptoid cation
radicals indicated that the loss of the side-chain benzylic radical
group was facile. The difference in the abundance of the side-
chain group loss was probably due to the structural difference
between peptides and peptoids. In peptides, the side-chain
groups were bonded to the Ca atoms, whereas in peptoids the
side-chain groups were appended at the nitrogen atoms. Loss of
a side-chain group from peptides would require the homolytic
dissociation of a C—C bond, and loss of a side-chain group
from peptoids would dissociate a N-C bond. In general a
N-C bond is weaker than a C—C bond. For example, the
bond dissociation energy for H,N-CH,Ph is 71 kcal/mol and
the bond dissociation energy for H;C-CH,Ph is 77 kcal/mol
[72]. The lower bond dissociation energy and the formation
of the stable benzylic radical would facilitate the loss of a
side-chain group from the aminoketyl cation radicals of
Nspe-containing peptoids.

Conclusions

The fragmentation characteristics of the doubly protonated
and mixed protonated-sodiated model peptoids have been
studied via ECD tandem mass spectrometry experiments.
Although the primary dissociation sites were the backbone
N-C, bonds, peptoid ions with different charge carriers
showed different fragmentation patterns. All doubly
protonated peptoids produced the expected C-ions. All
peptoids with at least one basic residue in the peptoid
chain other than the N-terminus also yielded the expected
Z'-ions. The two peptoids with the basic amine group
located at the N-terminal residue or at the N-terminus did
not yield the Z'-ions. The formation of the C- and the Z'-ions
might be associated with the location of the basic residue
within the peptoid chain. All observed C- and Z'-type fragment
ions consisted of a residue with a basic amine side-chain group.
A fragment containing a basic residue would have a higher
chance to retain the proton. In addition to the C- and the Z'-
ions, all doubly protonated peptoids, except one, also produced

B. Bogdanov et al: ECD of Doubly Charged Peptoids

the Y-series of ions. The Y-ions were likely formed from the
charge reduced peptoid ions.

The mixed protonated-sodiated peptoids produced com-
parable sets of the C'- and the Z"-series of ions. Chelation
between the sodium cation and the amide groups of the
peptoids might be an important factor that could stabilize
both the N- and the C-terminal fragments. The location of
the basic residue seemed to have minimal influence on the
fragmentation patterns. The Y'-ions were not observed for
all sodiated peptoid ions. Regardless of the types of the
charge carrier, the most abundant fragment ion for all the
Nspe-containing peptoids corresponded to the loss of a side-
chain group from the protonated or sodiated odd-electron
positive ions of the peptoids, [P + 2H]™" or [P + H + Na]"™",
respectively. The side-chain group was eliminated as a stable
benzylic radical, Ph-CH-CHj; and, therefore, this channel
was much more favored than other fragment pathways.
Fragmentations of doubly protonated and mixed protonated
and sodiated peptoids provided complementary sequential
information. The characteristic fragmentation patterns of the
doubly charged peptoids demonstrate the potential utility of
sequencing peptoid libraries using the ECD tandem mass
spectrometry technique.
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