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LIAD of a Peptide
Followed by EI

Abstract. Laser-induced acoustic desorption (LIAD) allows for desorption of neutral
nonvolatile compounds independent of their volatility or thermal stability. Many dif-

e ferent ionization methods have been coupled with LIAD. Hence, this setup provides a
\' better control over the types of ions formed than other mass spectrometry
LAD o  evaporation/ionization methods commonly used to characterize biomolecules, such
ho——H — ™ @ @ asESIorMALDI. In this study, the utility of LIAD coupled with electron ionization (EI)
was tested for the analysis of common amino acids with no derivatization. The results
N . ) : .
Ti Electrospray compared favorably with previously reported El mass spectra obtained using thermal

12 pm Deposit of

a Peptide

desorption/El. Further, LIAD/EI mass spectra collected for hydrochloride salts of two

amino acids were found to be similar to those measured for the neutral amino acids
with the exception of the appearance of an HCI*® ion. However, the hydrochloride salt of arginine showed a
distinctly different LIAD/EI mass spectrum than the previously published literature El mass spectrum, likely due to
its highly basic side chain that makes a specific zwitterionic form particularly favorable. Finally, El mass spectra
were measured for seven small peptides, including di-, tri-, and tetrapeptides. These mass spectra show a variety
of ion types. However, a, type ions are prevalent. Also, electron-induced dissociation (EID) of protonated
peptides has been reported to form primarily a,, type ions. In addition, the loss of small neutral molecules and
side-chain cleavages were observed that are reminiscent of other high-energy fragmentation methods, such as
EID. Finally, the isomeric dipeptides LG and IG were found to produce drastically different El mass spectra, thus
allowing differentiation of the leucine and isoleucine amino acids in these dipeptides.
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Introduction

lectron ionization (EI) is one of the oldest and best char-

acterized ionization methods, providing highly reproduc-
ible and structurally characteristic mass spectra [1, 2]. Further-
more, EI is the only known universal ionization method (i.e.,
the only method that ionizes all organic compounds) even for
mixtures [1, 2]. EI often yields stable molecular ions as well as
fragment ions for organic compounds, thus allowing the

Electronic supplementary material The online version of this article (doi:10.
1007/s13361-017-1684-1) contains supplementary material, which is available
to authorized users.

Correspondence to: Hilkka Kenttdmaa; e-mail: hilkka@purdue.edu

determination of the molecular weight (MW) of the analyte
as well as various structural features. The most serious limita-
tion of this ionization method is that until recently, only volatile
(including derivatized amino acids and peptides) or nonvolatile
but thermally stable analytes (including some volatile peptides
[3, 4], and even some volatile salts of amino acids [5]) could be
analyzed as vaporization of nonvolatile samples occurred via
the use of a heated desorption probe or other heated device [3—
8]. However, heating is not feasible for thermally labile
analytes that decompose upon heating, such as oligopeptides
and oligonucleotides. Therefore, EI mass spectra are not readily
available for these compounds.

Laser-induced acoustic desorption [9] (LIAD) involves
evaporation of neutral molecules from a thin metal foil (often
12 um thick titanium) when the opposite side of the foil is
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Figure 1. Mass spectra measured by (a) LIAD/El and (b) ther-

mal desorption/El (reference [21]) for histidine (MW 155 Da)

irradiated by a pulsed laser beam. LIAD allows for desorption
ofnonvolatile and thermally labile molecules into the gas phase
with no fragmentation and with unprecedentedly low internal
and kinetic energies [10—13]. LIAD can be coupled to various
ionization methods [9], including EI [14, 15]. Hence, combin-
ing LIAD with EI allows the measurement of EI mass spectra
for many compounds, the EI mass spectra of which are not
currently available, such as peptides.

Peptide ions are typically generated through the use of
“soft” ionization techniques, such as electrospray ionization
[16] (ESI) and matrix-assisted laser desorption/ionization [17,
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18] (MALDI). These methods involve nearly simultaneous
evaporation and ionization of the peptides. Most commonly,
they produce protonated (sometimes multiply protonated) pep-
tides. The resulting mass spectra allow the determination of the
MWs of the peptides. In order to obtain structural information,
tandem mass spectrometry (MS/MS) experiments have to be
utilized. The most common methods used to characterize the
structures of protonated peptides include collision-activated
dissociation (CAD) [19], electron transfer dissociation (ETD),
and electron capture dissociation (ECD) [20-22]. However,
perhaps most relevant to the current study due to the use of
electron ionization is electron-induced dissociation (EID) [23,
24]. EID involves irradiation of a protonated (or multiply
protonated) molecule with electrons (kinetic energies 10-30
eV) that can induce electron and hydrogen atom loss, thus
producing a molecular ion and its fragment ions [24]. There-
fore, the fragmentation upon EID may be comparable to EI-
induced fragmentation. EID has been reported to form primar-
ily a, type ions for protonated peptides [24].

In this study, LIAD/EI was explored as a means for nearly
simultaneous ionization and fragmentation of eight amino
acids and seven small peptides in a single step (MS experi-
ment). The results are compared to those obtained using ther-
mal desorption/EI (MS experiment) and EID (MS/MS
experiment).

Experimental

Methanol was purchased from Mallinckrodt Baker
(Phillipsburg, NJ, USA) and used without further purifi-
cation. Amino acids and di- and tripeptides were obtain-
ed from Sigma Aldrich (>98% purity). Ti foil (12.7 pm
thick) was purchased from Alfa Aesar (Ward Hill, MA,
USA).

Experiments involving EI as the ionization method were
performed on a Nicolet dual-cell Fourier-transform ion
cyclotron resonance mass spectrometer (FT-ICR) with a 3
T magnet. A high vacuum was maintained by two diffu-
sion pumps (Edwards Diffstack 160) operating at 700 L/s.

— m/z204 — m/z 130

Proposed parallel fragmentation pathways for the formation of ions of m/z 130 from tryptophan via electron-induced
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Figure 2. Mass spectra measured by LIAD/EI for lysine (MW 146 Da) and its hydrochloride salt (top) and for histidine (MW 155 Da)

and its hydrochloride salt (bottom)

The diffusion pumps were backed by two dual rotary-vane
pumps (Alcatel 2010) operating at 3.2 L/s. Baseline pres-
sure in the vacuum chamber of the FT-ICR was maintained
below 10°® Torr. Changes in pressure were monitored at
either side of the differentially pumped dual cell by
Bayard-Alpert ionization gauges placed at each end of
the vacuum chamber. Chemical reagents and analytes were
introduced via various inlets, including a heated solids
probe, a LIAD probe, Varian leak valves, pulsed valves,
and batch inlets utilizing Andonian leak valves.

As described in previous work [9, 12, 13, 25, 26], samples
were dissolved in MeOH at a concentration of 1 mg/mL, and
25 uL of these solutions were sprayed onto 12.7 pm thick Ti
foils by using electrospray deposition. Each foil was mounted
on a custom-built LIAD probe [9, 12] to be introduced into the
high vacuum environment of the mass spectrometer. The laser
shots (35 ns pulse width at 532 nm with a 10 Hz repetition rate
and power density ~10° W/ecm?) obtained from a Nd:YAG
laser (Minilite II, Continuum, Santa Clara, CA, USA) were
directed either by using a mirror system or an optical fiber to
the back side of a foil mounted on the tip of the probe to induce
desorption of the sample on the opposite side of the foil [10,
11]. The laser beam was shot in a circular pattern on the foil.
After the molecules were desorbed into high vacuum, they had
a ~1 ms residence time within the cell before they were re-
moved by the vacuum system. This residence time allows for
ionization by electron bombardment. The following conditions
were used: EI time of 50 us, electron beam energy of 70 eV,
and filament current of 7 pA.

Results and Discussion

LIAD/EI mass spectra were measured for ten different types of
free amino acids, i.e., polar, nonpolar, aromatic, acidic, and
basic (histidine, lysine, arginine, isoleucine, phenylalanine,
glutamic acid, proline, cysteine, valine, and tryptophan), and
compared to literature EI mass spectra. In addition to the free
amino acids, the hydrochloride salts of lysine, histidine, and
arginine were also investigated. The lack of volatility of the
hydrochloride salts typically prevents desorption via thermal
methods; therefore, the EI mass spectra of these compounds are
unknown. Finally, LIAD/EI mass spectra were measured for
seven small peptides, including three dipeptides (GV, GA, and
AF), three tripeptides (VGG, FGG, and AGG), and a
tetrapeptide (FGGF). These peptides were selected as they
contain nonpolar (G, A, V) as well as aromatic (F) and highly
basic (A) amino acid residues. Finally, the isomeric dipeptides
LG and IG were found to produce drastically different EI mass
spectra, thus allowing differentiation of the leucine and isoleu-
cine amino acids in these dipeptides.

LIAD/EI Mass Spectra of Amino Acids

The LIAD/EI (70 eV) mass spectrum measured for each amino
acid was found to be similar to the EI (70 eV) mass spectrum
obtained earlier by using heat to evaporate the amino acids
(previously reported in the NIST database [27]). For example,
Figure 1 shows the LIAD/EI mass spectrum obtained here for
histidine, together with the NIST EI mass spectrum [27]. The
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Figure 3. Mass spectra measured by (a) thermal desorption/El
(reference [27]) and (b) LIAD/EI for arginine. The molecular ion
(m/z 174) was not observed. Note the formation of the HCl ions
of m/z 36 and 38 in the bottom mass spectrum

LIAD/EI mass spectra measured for the remaining seven amino
acids, together with the corresponding NIST EI mass spectra,
can be found in Supporting Information (Supplementary Fig-
ures S1-S9). This finding demonstrates that the evaporation
method (heating or LIAD) does not influence the EI mass
spectra measured.

Electron-induced dissociation (EID) of protonated peptides
has been proposed [24] to follow, in part, a similar fragmenta-
tion mechanism as EI, in that EID leads to a hypervalent radical

T. M. Jarrell et al.: LIAD/ElI MS of Peptides

that is unstable and often expels a hydrogen atom, thereby
forming an energized radical cation. This ion generates many
of the observed fragment ions (Scheme 1) [24]. The LIAD/EI
mass spectra reported here show many of the same fragment
ions that have been reported for protonated amino acids ex-
posed to EID. For example, upon EID, protonated tryptophan
yields predominantly a resonance stabilized ion of m/z 130
resulting from the loss of the glycyl radical [24], which is also
the dominant ion upon LIAD/EI of tryptophan (Scheme 1,
Supplementary Figure S9). However, the relative abundances
of many of the less abundant fragment ions in these two
experiments differ [24]. Further, EID produces some fragment
ions that were not observed upon LIAD/EI, such as a fragment
ion of m/z 188 resulting from the loss of NHj3 for tryptophan.
This fragmentation has been proposed to occur without forma-
tion of an intermediate excited molecular ion [24]. Hence, it is
not surprising that it was not observed upon LIAD/EIL.

Finally, the EI mass spectra of the hydrochloride salts of the
basic amino acids histidine, lysine, and arginine were measured
using LIAD. Due to the low volatilities of amino acid salts,
their EI mass spectra cannot generally be measured (for excep-
tions, see reference [5]). However, LIAD allows evaporation of
intact nonvolatile salts with their counter ions and involves no
heating of the analyte. The fragmentation patterns observed for
the hydrochloride salts of histidine and lysine were mostly the
same as for pure amino acids. Two exceptions were discovered.
The hydrochloride salts showed HCI™ ion of m/z 36 and its
isotope (m/z 38) in their mass spectra (Figure 2). Further, the
dominant fragment ion of m/z 44 (possibly with the structure
shown in Figure 2) observed for lysine is almost entirely
missing from the mass spectrum measured for its hydrochloride
salt. This finding suggests that the protonated o-amino group
likely interacts with the chloride anion in the hydrochloride
salt, and that this structure fragments predominantly by forma-
tion of HCI"® instead of the pathway that eventually yields the
ion of m/z 44.

The hydrochloride salt of arginine provides an example of
LIAD/EI fragmentation patterns that are distinctly different
from previous EI experiments [27, 28] on net-neutral arginine
evaporated using thermal desorption (Figure 3). When using
thermal desorption, arginine decomposes before it evaporates
[28]. Therefore, some differences may be attributed to ioniza-
tion of neutral degradation products in this experiment. How-
ever, the m/z values of the larger LIAD/EI fragment ions differ
by 1-3 units from those produced upon thermal desorption/EI

(Figure 3).

- 4+ O 0 0
Cl Cl
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NH; "+ NH, NH;"+ 'NH, NH; "+ "NH,

Scheme 2. Proposed generation of a distonic radical cation upon LIAD/EI of an arginine hydrochloride salt. Note that the distonic
ion fragments spontaneously as no stable distonic ions were observed in the mass spectra
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Scheme 3. Proposed pathways and some mechanisms for fragmentation of the distonic molecular ion of arginine upon LIAD/EI.
The proposed mechanism for the formation of the ion of m/z 59 via pathway C involves a simple homolytic cleavage of the indicated
C-N bond. Formation of the ion of m/z 87 via pathway D is probably also initiated by a simple homolytic cleavage of the indicated C—

C bond, followed by the rearrangement shown above

For example, while thermal desorption mass spectrum
shows major ions of m/z 56 and 69, LIAD mass spectrum
shows a major ion of m/z 59 and a minor ion of m/z 56, and a
major ion of m/z 70 and a minor ion of m/z 69. Furthermore,
some new fragment ions appear in the LIAD mass spectrum,
such as ions of m/z 87 and 100.

The above findings may be explained by elimination of
neutral HCI after electron ejection from the carboxylate func-
tionality (requires 3.3 eV for acetate anion [29]) in the hydro-
chloride salt of arginine upon LIAD/EI (Scheme 2). The hy-
drochloride salt contains a zwitterionic arginine molecule that
is protonated both at the guanidinium side chain and the amino
group but deprotonated at the carboxylic acid group. The
guanidinium side chain is more basic than the amino function-
ality [30, 31]. Hence, when HCl is eliminated, it likely contains
the proton from the protonated amino functionality instead of
the guanidium side chain, thus generating a distonic arginine
radical cation (Scheme 2) instead of a traditional molecular ion.
This distonic ion is unlikely to be stable [32] but instead
fragments by elimination of CO, as well as other groups. This
likely explains the differences between the EI mass spectra
measured by using thermal desorption and LIAD. Pathways
are proposed in Scheme 3 for the formation of some of the
fragment ions from the distonic radical cation via well-accepted
EI fragmentation pathways [33].

LIAD/EI Mass Spectra of Small Peptides

LIAD/EI mass spectra were measured for three dipeptides
(GV, GA, and AF), three tripeptides (VGG, FGG, and

AGQ), and a tetrapeptide (FGGF) (Figure 4) to probe the
fragmentation behavior of the molecular ions of these
larger systems. Only in one instance, a stable molecular
ion was observed (Figure 4b). In all cases, LIAD/EI pro-
duced a predominant a; fragment ion. Formation of pre-
dominant a; fragment ions has been reported also for EID
of protonated peptides [24].

In addition to the a; fragment ion, molecular ions of
peptides containing only aliphatic side chains (Figure 4a,
b, d, and f) underwent cleavages across the entire back-
bone of the ion. Further, side-chain cleavages were ob-
served for these ions, e.g., formation of the 2-
methylpropenylium ion (m/z 55) from the valine side chain
(Figure 4a and d). In contrast, EI mass spectra measured
for peptides containing phenylalanine did not provide full
backbone coverage (Figure 4c, e, and g). Fragmentation of
these ions predominantly involved the bonds in phenylal-
anine, as evidenced by the formation of benzyl cations and
elimination of benzyl radicals. For some peptides, losses of
small neutral molecules (e.g., H,O, CO,, and NH;) from
the main fragment ions were also observed (Figure 4b, c,
d, and f). Similar losses of small molecules have been
observed during fragmentation of protonated peptides via
EID (e.g., losses of CO, and NH3) [22, 34-36].

The isomeric dipeptides LG and IG were selected for this
study to probe whether leucine and isoleucine residues in
dipeptides can be distinguished from each other by using EI
mass spectrometry. The mass spectra measured for these two
dipeptides are drastically different (Supporting Information,
Supplementary Figures S10 and S11).
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Figure 4. LIAD/El mass spectra of (@) GV, (b) GA, (c) AF, (d) VGG, (e) AGG, (f) FGG, and (g) FGGF

A key difference is the observation of the losses of COOH
and C; Hg for LG (also observed for leucine) but not for IG (nor
for isoleucine). On the other hand, both isoleucine and IG
produce a fragment ion C4Hy that is not observed for either
leucine or LG. These findings suggest that EI mass spectrom-
etry may allow differentiation of leucine and isoleucine resi-
dues in peptides.

Conclusions

LIAD has been previously shown to be an invaluable tool for
the analysis of a variety of nonvolatile and thermally labile
molecules [4, 6, 19]. The application of LIAD coupled with EI
for the measurement of previously unattainable EI mass spectra
for nonvolatile hydrochloride salts of amino acids and for
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nonvolatile thermally fragile peptides is demonstrated here.
The validity of LIAD/EI was first demonstrated by comparing
LIAD/EI mass spectra measured for several net-neutral amino
acids to previously published EI mass spectra generated for the
same amino acids desorbed thermally. The mass spectra were
remarkably similar. The same is true for the mass spectra
measured for the hydrochloride salts of the basic amino acids
histidine and lysine, with the exception of observation of a
characteristic HCI™® fragment ion for the salts. However, the
hydrochloride salt of arginine behaved quite differently, which
is explained by its unusually basic side chain.

LIAD/EI mass spectra were also measured for nine small
peptides. These MS experiments were found to yield different
information than traditional peptide sequencing methodologies
based on CAD of protonated peptides that typically yield b-
and y-type ions. El-induced fragmentation predominantly pro-
duces a-type ions, similarly to EID on protonated peptides [18].
Furthermore, drastically different mass spectra were measured
for isomeric dipeptides LG and IG, suggesting that this ap-
proach may allow the distinction of leucine and isoleucine
residues in peptides. Unlike EID, which requires singly pro-
tonated peptide ions and MS/MS experiments, LIAD/EI is
applied to neutral peptides and does not require MS/MS exper-
iments. These features make LIAD/EI unique among the mass
spectrometric techniques used to characterize peptides.
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