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Abstract

Deamidation and the subsequent formation of isoaspartic acid (isoAsp) are common modifications
of asparagine (Asn) residues in proteins. Differentiation of isoAsp and Asp residues is a
challenging task owing to their similar chemical properties and identical molecular mass. Recent
studies showed that they can be differentiated using electron capture dissociation (ECD) which
generates diagnostic fragments ¢’+57 and z°-57 specific to the isoAsp residue. However, the ECD
approach is only applicable towards multiply charged precursor ions and generally does not work
for B-amino acids other than isoAsp. In this study, the potential of in-source decay (ISD) in
characterization of isoAsp and other -amino acids was explored. For isoAsp-containing peptides,
ISD with a conventional hydrogen-donating matrix produced ECD-like, ¢/+57 and z*-57
diagnostic ions, even for singly charged precursor ions. For other B-amino acids, a hydrogen-
accepting matrix was used to induce formation of site-specific a-14 ions from a synthetic p-
analogue of substance P. These results indicated that ISD can be broadly applied for B-peptide
characterization.
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Introduction

Isoaspartic acid (isoAsp) is an isomer of aspartic acid (Asp) that can be formed
spontaneously under physiological conditions via isomerization of Asp or deamidation of
asparagine (Asn) residues.! 1soAsp is a B-linked amino acid with an extra methylene group
inserted into the peptide backbone. Such backbone elongation may alter the protein
conformation leading to protein activity change, misfolding and degradation.2=* In vivo,
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isoAsp accumulation in long-lived proteins is often associated with aging,? eye lens
abnormalities,® and amyloid diseases such as Alzheimer disease.38 In vitro, isoAsp
formation is a major concern in the biopharmaceutical industry, potentially leading to
protein aggregation and activity loss.’

Many analytical tools have been developed for isoAsp characterization in peptides and
proteins.5:8-17 Among them, the best results were achieved using the high performance
liquid chromatography (HPLC)3:18-21 and tandem mass spectrometry (MS) methods.22-31
Recently, electron activated dissociation (ExD) methods, including electron capture
dissociation (ECD) and electron transfer dissociation (ETD), have been successfully applied
to isoAsp analysis,14:32-33 where site-specific isoAsp detection was achieved based on the
formation of the diagnostic ¢’+57 and z°-57 ions resulting from the C,-Cg bond cleavage
within the isoAsp residue. Both ECD and ETD involve charge reduction, and are therefore
limited to analysis of multiply charged precursor ions, typically generated by electrospray
ionization (ESI). They are not applicable towards singly charged ions that dominate matrix-
assisted laser desorption/ionization (MALDI) mass spectra.

The presence of a C,-Cg bond on the peptide backbone is a structural feature of all f-amino
acids. Like isoAsp, a p-amino acid has an extra methylene group incorporated between its
amino and carboxylate groups. There are two types of f-amino acids: §, and 3, with the
side chain attached to the a- and B-carbon respectively. f-amino acids do not normally occur
in nature except for p-aspartate (isoAsp) and p-alanine, the latter being a component of
pantothenic acid, of coenzyme A, and of carnosine in muscle tissue. Neither do -peptides
exist in nature, but they can be synthesized.34-3% A biologically important property of p-
peptides is their stability against proteolytic degradation in human and other living
organisms.36-38 Synthetic B-peptides designed to resemble the epitopes of natural peptides
to mimic their functions can be used as agonists and antagonists in peptide-protein, protein-
protein, and peptide-DNA/RNA interactions.3%-41 These features provide B-peptides with
great potential as proteolytically stable therapeutics and antibiotics for antibiotic-resistant
pathogens.

Circular dichroism spectroscopy, X-ray crystallography and nuclear magnetic resonance
spectroscopy are the primary tools used to study the structure of f-peptides.34:37:39.42
Radioactive labeling, HPLC and MALDI mass spectrometry have also been applied to
monitor B-peptides in tissues.36:38 However, a fast and accurate analytical method capable of
distinguishing a- from B-, and po- from B3- type amino acids is still lacking. As ExD has
shown great utility for isoAsp analysis, it would seem to be an ideal tool for characterizing
other p-amino acids as well. To date, however, attempts to apply ExD in B-peptide analyses
have largely failed.43-44 With the exception of f-phenylalanine (B-Phe) and isoAsp, ExD
produced neither N-Cg nor C,-Cg cleavage at B-linkage sites. It appears that formation of
isoAsp diagnostic ions is driven by the stability of the radical ¢’+57 ion due to the presence
of the side-chain carboxylic group. Such radical stabilization is absent in other f-amino
acids, except for B-Phe. Therefore, there is still a need to develop alternative analytical
methods to address this challenge.
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MALDI in-source decay (ISD) is a pseudo tandem MS technique, which occurs as a result
of the metastable decay of precursor ions during delayed extraction within the ion
source.*>-47 ISD with common hydrogen-donating matrices generates predominantly ¢’- and
Z/-type ions, similar to those produced in ECD and ETD.48-49 |n addition, labile post-
translational modifications (PTMSs) are usually preserved in the ISD process. The ability to
produce ECD-like fragments without charge reduction makes ISD an attractive alternative
fragmentation method for MALDI-generated ions. ISD has been applied to analyze peptides
and proteins with phosphorylation and O- and N-glycosylation, to differentiate the isomeric
amino acid residues leucine and isoleucine, and to obtain information on disulfide-
linkages.50-55 Despite early speculation that 1ISD may result from electron capture by the
multiply-charged molecular species in the MALDI plume,8 it is now generally accepted
that ISD is initiated by hydrogen transfer from the matrix molecule to the backbone carbonyl
oxygen.*® A number of matrices have been tested for ISD experiments, including picolinic
acid (PA), 1,5-diaminonaphthalene (1,5-DAN), and 2,5-dihydroxybenzoic acid (DHB).>” It
was found that the I1SD efficiency is generally enhanced by increasing the hydrogen-
donating ability of the matrix molecule.5” Recently, Takayama and coworkers reported that
the use of hydrogen-accepting matrices, such as 5-formylsalicylic acid (5-FSA), 5-
nitrosalicylic acid (5-NSA) and 2,5-bis(2-hydroxyethoxy)-7,7,8,8-tetracyanoquinodimethane
(bisHE-TCNQ), may also lead to efficient ISD, initiated by the abstraction of a hydrogen
atom from the backbone amide nitrogen, producing primarily a- and x-type ions.58-61

In this work, the potential of ISD for characterization of isoAsp and other -amino acid
residues was investigated using MALDI-Fourier transform ion cyclotron resonance (FTICR)
MS and MALDI-time-of-flight (TOF) MS.

Experimental

Peptides and Reagents

Substance P, B-2-microglobulin from human urine (32M), endoproteinase Glu-C (Glu-C),
and MALDI matrices, including 5-NSA, 1,5-DAN, and 2-PA were purchased from Sigma-
Aldrich (St. Louis, MO). C-terminally amidated substance P with two amino acids modified
to B3-homo amino acids (RPKPBhQQFFGBhLM-NH,, structure shown in Supporting
Scheme S1) was custom synthesized by AnaSpec (San Jose, CA, USA). A B-homo amino
acid has an extra methylene group along its backbone, while its side chain group stays the
same. Formic acid (FA) and trifluoroacetic acid (TFA) were obtained from Thermo
Scientific (Rockford, IL). HPLC grade acetonitrile (ACN) and methanol (MeOH) were
obtained from Fisher Scientific (Fair Lawn, NJ, USA).

Reductive Alkylation, Protein Aging and Proteolysis

B2M was reduced, alkylated, and desalted using Poros 50 R1 material (Thermo Scientific,
CA) as described previously.52 It was then incubated in the ammonium bicarbonate buffer
solution (pH 7.8) at 37 °C for 7 days. The aged $2M was desalted again followed by
digestion with Glu-C at 1:50 (w:w) enzyme/protein ratio in the ammonium acetate buffer
solution (pH 4.0) at 37 °C for 16 hr.
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Reversed Phase High Performance Liquid Chromatography (RP-HPLC)

The Glu-C digest of the aged $2M was separated on a Vydac 218TP5215 reversed phase
C18 column (4.6 x 250 mm) using an Agilent 1200 Series HPLC system (Agilent
Technologies, Wilmington, DE). Mobile phase A was 99% water, 1% ACN, and 0.1% TFA,
and mobile phase B was 99% ACN, 1% water, and 0.1% TFA. A linear gradient of 5% to
95% of mobile phase B in 30 min was used at a flow rate of 1 mL/min at 30 °C. The
chromatograms were obtained with UV detection at 214 nm and fractions were collected at
4 °C and dried before MS analysis.

MALDI Sample Preparation

Peptides were dissolved in 50:50 ACN:H,0 (v:v) with 0.1 % FA to a concentration of 20—
100 pmol/pL. The 5-NSA, 1,5-DAN, and 2-PA matrices were prepared freshly in 50:50
ACN:H,0 (v:v) with 0.1 % FA at a concentration of 20 mg/mL. The 1,5-DAN and 2-PA
solutions were then mixed at a ratio of 3:1 (v:v) as recommended by a previous report.>’
The “sandwich” method was used for sample deposition onto a stainless steel target plate by
adding 0.5 pL of matrix solution, 1 puL of analyte solution, and 0.5 pL of matrix solution
sequentially, letting the droplet dry each time before spotting the following layer.

Mass Spectrometry

The I1SD experiments were performed on either an ultrafleXtreme™ MALDI-TOF/TOF
instrument (Bruker Daltonics, Bremen, Germany), or an ESI/MALDI dual-source solarixX™
hybrid Qh-FTICR instrument (Bruker Daltonics, Bremen, Germany) with a 12-T actively
shielded magnet. Both instruments are equipped with a smartbeam™-11 laser (355 nm, 3-
nsec pulse width, power level 100 pl/pulse, repetition rate 1 kHz). A typical ISD-TOF mass
spectrum was obtained by summing 20 acquisitions, at 500 laser shots per acquisition, with
the laser power set at 30% to 45%. The ISD-FTICR mass spectra were acquired with 25—
30% laser power, at 500-1000 laser shots per scan. A 0.8-s transient was typically acquired
for each scan and up to 16 scans were accumulated for each spectrum to improve the S/N
ratio. All spectra were zero-filled once, Fourier transformed with sine-bell apodization, and
processed using the DataAnalysis 4.0 software. The MS/MS spectra were calibrated
internally with fragment ions that were assigned with high confidence.

Nomenclature

To keep track of the hydrogen atom transfer to and from the 1ISD fragments, we adopted here
the Zubarev notation.®3 In this notation, fragment ions resulted from the homolytic cleavage
of a chemical bond are denoted by the radical sign “°’, e.g. homolytic N-C, bond cleavage
generates ¢ and z° ions, and homolytic C-C(=0) cleavage produces a" and x* ions. The
radical sign is removed following the loss of a hydrogen atom from the fragment, or
replaced by the prime sign “” when a hydrogen atom is transferred to the radical fragment.
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Results and Discussion

Isoaspartate Characterization by ISD

For bottom-up isoAsp analysis, the endoproteinase Glu-C was used because it generated
longer isoAsp-containing peptides from 2M than trypsin. This is advantageous for MALDI-
ISD studies as the low-mass region of a MALDI spectrum is often dominated by matrix
cluster peaks that can interfere with sequence ion detection. Figures 1 and 2 show the ISD
spectra of two Glu-C peptides, B2M 1-36 and 2M 78-99, from the reduced, alkylated and
aged B2M, acquired with the 1,5-DAN/2-PA matrix on the FTICR-MS instrument. 2M 1—
36 and p2M 78-99 were the only major component in their respective HPLC fraction
spotted on the MALDI target (Supporting Figure S1). HPLC separation prior to ISD analysis
was necessary because precursor ion selection cannot be achieved in ISD. For f2M 1-36, a
continuous series of ¢’-ions from cs’ to c33” were observed, except for those requiring N-C,
bond cleavage on the N-terminal side of a proline residue (Figure 1). For f2M 78-99, ISD
cleaved 18 out of 21 inter-residue N-C, bonds, with most cleavages producing
complementary ¢’- and z’-ions (Figure 2).

The resemblance of the ISD fragmentation pattern to that of ECD suggests that ISD likely
follows a fragmentation pathway similar to ECD. It was proposed that ISD is initiated by the
intermolecular hydrogen transfer from the matrix molecule to the precursor ion, producing a
carbon-centered radical intermediate that subsequently undergoes alpha cleavage on its C-
terminal side and generates c’- and z*-type ions (Scheme 1a). If this ISD mechanism holds
true, for isoAsp-containing peptides, the carbon radical could also induce alpha cleavage on
its N-terminal side, leading to C-Cg bond cleavage within the isoAsp residue and
production of the diagnostic ¢+57 and z°-57 ions (Scheme 1b). Indeed, the isoAsp17
diagnostic ion, c1g '+57, was observed in the 1ISD spectrum of the aged 2M peptide 1-36,
but not in that of the unaged sample (Figure 1, insets a, b). Similarly, the isoAsp83
diagnostic ion, z17°-57, was observed in the ISD spectrum of the aged f2M peptide 78-99
(Figure 2, inset). These results established ISD as a viable method for isoAsp detection.
However, because it requires off-line HPLC separation, the ISD approach is not a high-
throughput method, and may compare unfavorably to the on-line LC-ECD/ETD-MS/MS
approach for isoAsp analysis, particularly on the omics scale. Nonetheless, in applications
where the sample is not too complex and high throughput is not required, e.g. in the study of
Asn deamidation in a specific therapeutic protein, it is practical to carry out off-line HPLC
separation before ISD analysis of the fraction(s) of interest. One advantage of ISD is that, as
an off-line method, it allows extensive signal averaging. This can be especially beneficial for
isoAsp analysis, as the diagnostic ions are often produced in low abundance, and may not be
detectable during on-line LC-MS/MS analysis.

As previously reported, enzymatic digestion can sometimes lead to in vitro Asn deamidation
and isoAsp formation during sample preparation.}” These undesirable artifacts may be
minimized by using the top-down approach where the protein is analyzed directly without
proteolysis. It has been shown that ECD can generate isoAsp diagnostic ions at the intact
protein level, but this was challenging because the product ion signals were distributed over
many competing fragmentation channels and the extensive non-covalent interaction within a
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protein molecule could hinder diagnostic ion formation and detection.®? Similarly observed
here, isoAsp diagnostic ions were not initially detected in the MALDI-ISD spectrum of the
aged B2M protein. However, because I1SD takes place in the ionization source region before
the mass filtering quadrupole, it is possible to selectively isolate and externally accumulate
ions within a small m/z window before transferring them into the ICR cell for mass analysis.
Such continuous accumulation of selected ions (CASI™) in an external ion storage device
allows detection of low-abundance ions that are otherwise difficult to observe due to the
limited storage capacity of the collision cell. Figure 3 shows a single-scan MALDI-ISD
spectrum of aged f2M protein with external accumulation of fragment ions in the m/z range
of 1850 to 2050 over 100 laser shots. The isoAsp17 diagnostic ion, c16'+57, was easily
detected with high mass accuracy and a signal-to-noise ratio of 55. With minimum sample
preparation and rapid spectral acquisition, top-down MALDI-ISD analysis with CASI can
potentially serve as a screening method for isoAsp detection using a targeted approach.

ISD of Other B-Amino Acid Residues with Hydrogen-Donating Matrices

For -amino acids other than isoAsp and 3-Phe, ECD failed to produce the diagnostic C,-Cg
or the N-Cg bond cleavage because the resulting f-carbon radical could no longer be
stabilized by the side chain group.43-44 Since ISD with hydrogen-donating matrices
proceeds via the same carbon-centered radical, a similar lack of N-Cg and C,,-Cg cleavages
was expected in ISD of B-peptides. Surprisingly, with the 1,5-DAN/2-PA matrix, ISD of the
B-substance P analogue generated both c4” and cg’ ions resulting from the N-Cg bond
cleavage at the two B-linkage sites (Figure 4, insets a and b). More importantly, ISD was
able to cleave C,-Cg bonds at the two B-linkage sites, producing c4’+83 and cy’+68 ions,
respectively (Figure 4, insets ¢ and d). However, unlike the radical ¢/+57 ions observed in
the ECD and 1SD spectra of isoAsp-containing peptides, the c4+83 and co’+68 ions are
even-electron species, suggesting that their formation likely followed a different pathway.
Note that N-terminal fragments resulting from C-Cg cleavage within a z-amino acid
residue can be generally described as a-CH, or a-14 ions. It appears that a-14 ions were
specific to B3-linkages, as they were absent in all other sites, e.g. Figure 4, inset e.

Aside from the c’-ion series, ISD of -substance P also produced an extensive series of a-
ions. Enhanced a°/y ion formation is a feature in ECD of p-peptides, which is believed to be
initiated by electron capture at the backbone amide nitrogen protonation sites, when the
primary ¢’/z* fragmentation pathway is suppressed.*4 Here, however, abundant a-ion
formation was not limited to p-linkage sites. Moreover, unlike ECD which generated
primarily odd-electron a*-ions, ISD produced exclusively even-electron a-ions. It was
proposed that, in ISD, an a’-ion is formed via an oxygen-centered radical intermediate
(Supporting Scheme S2).64-65 An a*-ion then loses a hydrogen atom to produce the even-
electron a-ion, presumably via hydrogen abstraction by the radical species present in the
MALDI plume. Finally, secondary side chain loss from some a®-ions was also observed
(Figure 4, insets f and g), providing additional evidence for the involvement of odd-electron
a” intermediates in ISD. Note that side chain losses from a’-ions are useful for differentiation
of p,- and Bs3-linked amino acid residues (Supporting Scheme S3).
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ISD of B-Linked Peptides with Hydrogen-Accepting Matrices

If fragments derived from a’-ions are useful for f-amino acid characterization, it may be
advantageous to perform ISD with hydrogen-accepting matrices. During the MALDI
process, the hydrogen-accepting matrix molecule can abstract a hydrogen atom from the
backbone nitrogen, generating a hydrogen-deficient amide nitrogen radical intermediate. For
a-linked amino acid residues, the subsequent radical-induced cleavage to the N-terminal
side of the nitrogen radical breaks the C,-C(=0) bond, producing a’- and x-ions (Scheme
2a). Further hydrogen abstraction from an a’-ions forms an even-electron a-ion.
Alternatively, the nitrogen radical can induce a-cleavage on its C-terminal side, leading to
the formation of a- and x"-ions (Scheme 2b), although the a/x* fragmentation pathway is
both energetically and kinetically unfavored.>9:66-67 For B5-linked amino acid residues,
however, a-cleavage on the C-terminal side of the nitrogen radical would lead to the
breakage of the C,-Cg bond, generating a-14 and x*+14 ions (Scheme 2c). The radical stays
on the alpha carbon of the C-terminal fragment, which should be stabilized by the backbone
carbonyl, regardless of the side chain of the amino acid residue involved. To test this
hypothesis, the synthetic 3-substance P analogue was subjected to ISD-FTICR analysis
using the 5-NSA matrix. The resulting ISD spectrum (Figure 5) was dominated by a-type
ions. Several a-ions were also accompanied by additional side-chain losses, e.g. ag'-
C,H4NO, and ay*-C4Hg. These side-chain losses were not specific to f-amino acid residues,
and likely resulted from secondary radical-induced fragmentation of a*-ions. Some low-
abundance c¢’-ions were also produced, possibly owing to the presence of a hydroxyl and a
carboxyl groups in 5-NSA that can serve as hydrogen donors. In addition, all sequence ions
were accompanied by their doubly hydrogen loss forms, and this is characteristic of ISD
with hydrogen-accepting matrices.®® Finally, as predicted, ISD with 5-NSA generated two
B-amino acid specific fragments, as-14 and a;0-14, resulting from the C,-Cg bond cleavage
within the Bh-GIn5 and ph-Leul0 residues, respectively (Figure 5, insets a, b). No CH, loss
was observed in other a-ions (e.g. Figure 5, inset c) or in any a-ions from ISD of a-
substance P (Figure S2, insets), indicating that a-14 ions are diagnostic for 3-linked amino
acid residues in 1ISD spectra with hydrogen-accepting matrices.

Comparison of ISD Performances on FTICR MS and TOF MS Instruments

The 1SD spectra presented thus far were all acquired on an FTICR mass spectrometer. A
MALDI-FTICR instrument offers two advantages over a MALDI-TOF instrument for ISD
analysis. First, matrix cluster ions are commonly observed in MALDI-TOF mass spectra,
and often dominate the low-mass region, preventing reliable identification of ions with low
m/z values, particularly when analyte ions are present at low abundance. Meanwhile, it is
usually possible to separate the peak of interest from matrix interference peaks using an ICR
mass analyzer owing to its superior mass resolving power and mass accuracy. Figures 4 and
S3 show the I1SD spectra of the f-substance P peptide, obtained on the FTICR and on the
TOF instrument, respectively. In the MALDI-TOF spectrum, some sequence ions have
significant overlaps with matrix peaks, and cannot be positively identified (e.g. cs’, Figure
S3, inset). Although the MALDI-FTICR spectrum also contains many matrix cluster peaks
in the low-mass region, one can easily differentiate the sequence ions from matrix cluster
ions based on the accurate mass measurement (Figure 4, insets a, h). Second, ISD spectra are
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typically acquired with high laser power, resulting in a wider spread of ion Kinetic energy.
This presents a particularly severe problem for axial-TOF instruments, as it leads to poor
mass resolving power and low mass accuracy. The MALDI-0-TOF instrument shows
significantly improved ISD performance over the axial TOF instrument, because the ions are
cooled and focused by buffer gas, and injected orthogonally into the flight tube, minimizing
the deleterious effect of the axial kinetic energy spread.®8 Similarly, because an ICR mass
analyzer determines the m/z value of an ion based on its cyclotron frequency, which is
independent of its axial velocity, the mass resolving power is not compromised by the
broader kinetic energy spread.

Despite its superior performance, the MALDI-FTICR MS instrument is not widely
available. It is thus important to study the ISD fragmentation behavior of -peptides on the
more accessible MALDI-TOF mass spectrometers. Figure 6 shows the zoomed-in view of
several regions of interest in the ISD spectra of -substance P obtained with the 1,5-DAN/2-
PA and 5-NSA matrices, and on the TOF and FTICR instruments, respectively. The
percentage number in each spectral view corresponds to the relative abundance of that ion to
the most abundant primary sequence ion observed, which was cg’ in the ISD-TOF spectrum
with the 1,5-DAN/2-PA matrix, and ag in all other spectra. For experiments performed on
the TOF instrument, the ISD fragmentation behavior of this peptide differed significantly
depending on the matrix used, and was generally consistent with the mechanisms proposed
in Schemes 1 and 2. As formation of ¢’-ions, e.g. ¢7/, was initiated by the hydrogen transfer
to the backbone carbonyl, they were more abundantly present in the ISD spectra obtained
with the 1,5-DAN/2-PA matrix due to its greater hydrogen-donating ability. On the other
hand, a-ions (e.g. ag) and their side chain loss products (e.g. a;g’-C4Hg), as well as the B3-
linkage specific a-14 ions (e.g. ajg-14), were much more abundantly produced by ISD with
the 5-NSA matrix, as their formation likely required hydrogen abstraction from the
backbone amide nitrogen (Schemes 2 and S3). The ISD-FTICR mass spectra acquired with
these two matrices, however, were much more similar. In particular, the 1,5-DAN/2-PA
spectrum contained many a-type fragment ions that were typically formed in ISD with a
hydrogen-accepting matrix.

To rationalize the difference between the 1ISD spectra acquired on the MALDI-TOF and the
MALDI-FTICR instruments, it is important to note that these two instruments not only
employ different mass analyzers, but also have different ion source pressures. Whereas the
TOF instrument has a vacuum MALDI source, the MALDI source in the FTICR instrument
was operated at an intermediate pressure of around 2.5 mbar. The elevated pressure in the
ion source region would lead to frequent collisions between the analyte and background gas,
resulting in both collisional cooling and collisional activation depending on the collision
energy and pressure.>1:54.68 For |SD with hydrogen-donating matrices, Asakawa and
coworkers showed that the hydrogen transfer from the matrix molecule to the carbonyl
oxygen of the peptide backbone occurred primarily on the matrix crystal before desorption,
leading to the formation of ¢’- and z*-type ions upon N-C,, bond cleavage.5® Consequently,
the abundance of c¢’-ions should not be significantly affected by the source pressure, as
observed here (Figure 6). A notable exception is cg’ whose abundance was greatly enhanced
in the FTICR spectra. Formation of cg” upon N-Cg bond cleavage following hydrogen
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transfer to the backbone carbonyl oxygen is an unfavored process as it is accompanied by
the production of z,* whose radical site is on the B-carbon and not resonantly stabilized.
Thus, only a very low abundance cg’ peak was observed in the ISD-TOF spectra of f-
substance P. An increase in the propensity to form the c’-ion at higher source pressure was
previously reported by Dreisewerd and coworkers, who attributed the increased yield of ¢’-
ions to the stabilization of the internally excited fragment ions by collisional cooling.%8
Thermal stabilization of labile biomolecules had earlier been reported by O’Connor and
Costello using elevated pressure in an MALDI-FTICR instrument.59 However, it is unclear
why the collisional cooling effect was much more pronounced for cg’ if it was formed via
the mechanism shown in Scheme 1a, since cg’ is a stable even-electron species like other c’-
ions formed upon N-C, bond cleavages. We propose here an alternative pathway, where cy’
was formed from a;o" upon N-Cg bond cleavage and hydrogen transfer (Scheme S4a). As
formation of a*-ions in 1ISD with a hydrogen-donating matrix proceeds via an oxygen-
centered radical and requires substantial ion activation, it is reasonable to expect high-
abundance cg’ ion only when ISD is performed at higher pressure in a MALDI source where
collisional activation takes place. Frequent collisions may also have facilitated hydrogen
transfer to the cg™-ion to form the cg’-ion. Similarly, formation of other a’-derived fragment
ions, such as ajp™C4Hg (Scheme S4b), was also greatly enhanced in the ISD-FTICR
spectrum with the 1,5-DAN/2-PA matrix. With a hydrogen-accepting matrix, however, a’-
ions were formed via amide nitrogen radical intermediates (Scheme 2a), which required no
ion activation. Consequently, when using 5-NSA as the matrix, a*-ions and a’-derived ions
were abundantly present in the ISD spectra acquired on both instruments. Formation of the
B3-linkage specific a-14 ions is a special case, as they were not derived from a® ions. Their
appearance in the ISD spectra with the 5-NSA matrix has been rationalized in Scheme 2c.
Interestingly, when performed in the elevated pressure MALDI source, ISD with the 1,5-
DAN/2-PA matrix also produced abundant a-14 ions. Although neither 1,5-DAN nor 2-PA
was an effective hydrogen acceptor, the MALDI plume likely contained many radical
species that could abstract a hydrogen from the peptide backbone amide nitrogen,
particularly when the ion source is operated at higher pressures where collisions abounded,
producing an I1SD spectrum similar to the one obtained with a hydrogen-accepting matrix.

Finally, it is worth noting that there is also a vast difference in timeframes between these
two instruments. The longer delay between ion generation and ion detection in the FTICR
instrument (typically in hundreds of milliseconds) than that in the TOF instrument (typically
in tens of microseconds) may also account for some of the differences observed between the
ISD spectra obtained on these instruments. For example, the matrix cluster ions were present
at lower abundances in the FTICR spectra than in the TOF spectra (e.g. Figures 4 and S3),
possibly because of their decomposition before detection. Furthermore, it is possible that
some secondary fragment ions were generated after the primary ISD fragments exited the
source region (e.g. a1o° to a19™-C4Hg, Scheme S4b). If this was the case, the secondary ions
would not be detected by the TOF/TOF analyzer, as they were essentially PSD fragments
and would have required different reflectron focusing conditions to be detected. However,
the difference in timeframes is unlikely the major contributing factor to the different ISD
fragmentation patterns produced by these two instruments, as most ISD ions observed here
should be generated by rapid radical-induced fragmentation processes. In addition, some
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fragment ions that exhibited large difference in ion abundances between spectra obtained on
these two instruments had to be produced in the ion source. For example, formation of cg’
from a;¢° required hydrogen transfer to the ISD fragment (Scheme S4a). Future experiments
performed on a vacuum-MALDI-FTICR instrument may help to differentiate the effect of
pressure and timeframe on the ISD fragmentation pattern.

Conclusions

In this study, the potential of ISD in characterization of B-amino acids was investigated. Our
results demonstrated that, 1ISD with a hydrogen-donating matrix can cleave the C-Cg bond
and produce ¢’+57 and z°-57 diagnostic ions for isoAsp identification. ISD with a hydrogen-
accepting matrix, on the other hand, can produce a hydrogen-deficient backbone amide
nitrogen radical, leading to C-Cg bond cleavage and formation of the a-14 diagnostic ion at
B3-linkage sites. The resulting radical is stabilized by the backbone carbonyl group
regardless of the side chain group, thus ISD with a hydrogen-accepting matrix can be used
as a general method for f-amino acid characterization. MALDI-FTICR MS is better suited
for B-peptide characterization, because its high mass resolving power and mass accuracy
allow for more confident diagnostic ion assignment. Finally, if the MALDI ion source is
operated at an elevated pressure, ISD with a conventional hydrogen-donating matrix can
produce fragments that are normally only generated using a hydrogen-accepting matrix.
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Figure 1.
The ISD spectrum of the aged 32M peptide (1-36) using the 1,5-DAN/2-PA matrix,

obtained on the MALDI-FTICR mass spectrometer. Insets show the zoomed-in view of the
spectral region corresponding to the isoAspl7-diagnostic ion in the ISD spectra of (a) the
aged and (b) the unaged sample.
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Figure 2.

The ISD spectrum of the aged 32M peptide (78-99) using the 1,5-DAN/2-PA matrix,
obtained on the MALDI-FTICR mass spectrometer. Inset shows the zoomed-in view of the
spectral region corresponding to the isoAsp83-diagnostic ion.
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Figure 3.
The ISD spectrum of the aged 32M protein using the 1,5-DAN/2-PA matrix, with selective

accumulation of ions within the m/z range of 1850 to 2050, obtained on the MALDI-FTICR
mass spectrometer. Inset shows the zoomed-in view of the spectral region corresponding to
the isoAspl7-diagnostic ion.
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Figure 4.

The 1SD spectrum of the B-substance P analogue using the 1,5-DAN/2-PA matrix, obtained
on the MALDI-FTICR mass spectrometer. Insets show the zoomed-in view of several
spectral regions of interest.
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Figure 5.
The 1SD spectrum of the 3-substance P analogue using the 5-NSA matrix, obtained on the

MALDI-FTICR mass spectrometer. Insets show the zoomed-in view of several spectral
regions of interest.
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Zoomed-in views of several regions of interest in the ISD spectra of B-substance P analogue
obtained with the 1,5-DAN/2-PA and 5-NSA matrices, and on the TOF and FTICR
instruments, respectively.
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Scheme 1.
Proposed mechanisms for ISD with the 1,5-DAN matrix: (a) formation of the c7z* ions, and

(b) formation of the isoAsp-diagnostic ions.
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Proposed mechanisms for ISD with the 5-NSA matrix: (a) formation of the a*/x ions, (b)
formation of the a/x" ions, and (c) formation of the a-14 ion diagnostic of the 3-linkage.
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