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ABSTRACT:

Gas chromatography (GC) is a separation technique commonly developed for targeted in situ analyses in
planetary space missions. It is coupled with low-resolution mass spectrometry to obtain additional structural
information and allow compound identification. However, ground-based analyses of extraterrestrial samples
have shown the presence of large molecular diversities. For future targeted in situ analyses, it is therefore
essential to develop new technologies. High resolution mass spectrometry (HRMS) is currently being spatialized
using FT-orbitrap-MS technology. In this contribution, the coupling of gas chromatography with FT-orbitrap-
MS is studied for targeted amino acid analyses. The method for enantioselective separation of amino acids was
optimized on a standard mixture comprising 47 amino acid enantiomers. Different ionization modes were
optimized, chemical ionization with three different reactive gases (NHs, CH4 and NHs/CH,) and electron impact
ionization at different electron energies. Single ion and full scan monitoring modes were compared, and
detection and quantification limits were estimated by internal calibration under the optimized conditions. The
GC-FT-orbitrap-MS demonstrated its ability to separate 47 amino acid enantiomers with minimal co-elution.
Furthermore, due to the high mass resolution and accuracy of FT-orbitrap-MS, with mass extraction, the S/N is
close to zero, allowing average LOD values of 10~ "M, orders of magnitude lower than conventional GC-MS
techniques. Finally, these conditions were tested for enantioselective analysis of amino acids on an analog of a
pre-cometary organic material showing similarities to that of extraterrestrial materials.

Keywords: amino acids, GC-FT-Orbitrap-MS, gas chromatography, high-resolution mass spectrometry,
cometary ice analogs.

1. INTRODUCTION

The understanding of the origin of the solar system is partly linked to the characterization of the organic content
of comets or asteroids. These interplanetary bodies are indeed considered to have evolved little since the
formation of the solar system and thus possess a primitive organic content **. To characterize this organic
matter, ground-based or space observations are possible, but are limited to the identification of molecules either
in the gas phase “° or to the surface characterization mainly by infrared spectroscopy '°. However, space
missions have been designed to visit interplanetary bodies in order to obtain a more precise characterization of
their organic content *°. In several of these missions, the basic components of biomolecules, such as amino acids,
are searched for. For example, the Rosetta mission analyzed a cometary environment in situ and detected various
organic molecules such as the simplest amino acid: glycine, using mass spectrometers **. However, as meteorite
analyses revealed ', the molecular content of these bodies is much more diverse than what is suggested by these
in situ analyses. Indeed, in some meteorites, up to 90 different amino acids have been observed . It is therefore
necessary to develop alternative technologies allowing an unambiguous identification of the targeted molecules.

In this context, the National Centre for Space Studies (CNES) is transferring the orbitrap technology for space
mission, the cosmorbitrap ***°. Indeed, high resolution mass spectrometry has shown its ability to decipher the
impressive molecular diversity contained in the soluble or insoluble organic fractions of meteorites 2%,
Furthermore, gas chromatography (GC) is currently used as a separation technic for in situ analyses, and was on
board of various space missions usually coupled with low resolution mass spectrometry . Since 2015, the
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FT-Orbitrap mass spectrometer has been coupled to gas chromatography via an electron impact ionization source
2128 This new technology could thus be an alternative to the GC-MS systems of previous space missions.
However, before developing such a coupling for space exploration, it is important to define the potential interest
of this technology compared to previous systems. GC-FT-Orbitrap-MS was previously used to analyze volatile
organic compounds generated by the weathering of pre-cometary ice analogs %. This work demonstrated the
importance of the high resolution of the mass spectrometer in compound identification. Indeed, in the laboratory,
it is possible to experimentally simulate the evolution of a cometary ice, which provides molecular compounds
that are considered as analogs of those present in cometary environments *. These experimental simulations
allow to test the efficiency of the analytical methodologies developed for space analytical tools, and to estimate
the interest to develop new analytical tools for space missions as in the case of the coupling between a gas
chromatography and a FT-Orbitrap-MS.

In this contribution, we further investigated the potential of a GC-FT-Orbitrap-MS, determining the optimal
parameters for targeted amino acid analyses. Using amino acid standard mixtures, the resolution was first
optimized to obtain optimal enantioseparation. We then determined the optimal electron impact and chemical
ionization parameters to obtain the best ionization yields. Moreover, the sensitivity of the GC-FT-Orbitrap-MS
was defined using an internal calibration. The optimal conditions were finally applied to the search for amino
acids in an organic residue analog to pre-cometary organic matter. The results obtained were compared to
previous analyses of amino acids in similar samples, as well as to analytical instruments using the same
separation technology, GC x GC—-TOF-MS, and liquid chromatography coupled to FT-Orbitrap-MS.

2. MATERIAL AND METHODS
2.1 Chemicals and solutions

For amino acid analyses, each amino acid was prepared individually and then mixed together in 0.1 M
hydrochloric acid (HCI) (required for derivatization) to obtain a stock solution of 10~ * M (Table 1). Serial
dilutions were prepared for calibration curves. The 0.1 M HCI solution was prepared by diluting 6 M HCI (for
amino acid analysis ampoule, Merck) in ultra-pure water produced by a Direct-Q® 3 UV water purification
system. All amino acids and chemicals used were from Sigma-Aldrich, Fluka, or Acros Organics.

2.2 Derivatization procedure

For GC analyses only, derivatization was performed to make the amino acids volatile, and this method of
sample preparation is already used for space missions, demonstrating its feasibility *%*.  Amino acid
solutions were derivatized into their N (O, S)-ethoxy-carbonylheptafluorobutylester (ECHFBE) derivatives
according to the protocol developed by Meinert et al. **. We choose this protocol because it was optimized for
a-alkyl and a-dialkyl amino acid %. In a conical reaction flask (Reactivial, Thermo Scientific™), a 50 pL
volume of aqueous amino acid solution in 0.1 M HCI (derivatization is done in acid condition) reacted with 19
pL of 2,2,3,3,4,4,4-heptafluoro-1-butanol and 6 pL of pyridine. After 15 s of stirring, 5 puL of ethyl
chloroformate were added and the resulting solution stirred vigorously for 15 seconds. The ECHFBE derivatives
were extracted with a 10~ > M methyl laurate (internal standard) chloroform solution. Only, the organic phase
containing the ECHFBE derivatives was then transferred into 1 mL GC vials equipped with 100 pL inserts for
GC-FT-Orbitrap-MS analysis. Note that this derivatization method does not provide identical yields among
different amino acid groups, especially discriminating o, a-dialkyl amino acids as well as y-amino acids *. This
derivatization method does not generate a racemization process %, verified with the pure D and L
enantiomers of 2-ABA.

2.3 Synthesis of organic residues analog to pre-cometary organic material

A pre-cometary organic analog was formed from an ice including H,0, **CH,OH and NHs in proportion of
3:1:1. The corresponding gas mixture was deposited in a stainless steel chamber on a cold finger at low pressure
(10~ " to 10~ ® mbar) and low temperature (77 K) forming an ice analog to the ones observed in dense molecular
clouds on silicate grains. The ice formation was concomitant to its irradiation with a dihydrogen UV lamp
(mainly emitting at 121 nm) to simulate stellar radiation. After 72 h of deposition and simultaneous irradiation,
the photoprocessed ice was slowly heated up to 300 K to obtain an analog of pre-cometary organic matter. To be
analyzed, the residue was recovered in ultrapure MilliQ water. The solution was then dried and recovered in 0.1
M HCI to be hydrolyzed during 24 h at 110 °C. *C-labeled methanol is used to overcome the problem related to
potential contamination with natural **C-amino acid.
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2.4 GC-FT-Orbitrap-MS configuration

Analyses were performed by a Trace 1310 gas chromatograph (GC) coupled to a Q-Exactive Orbitrap™ mass
spectrometer (MS) from Thermo Fisher Scientific. Injections were performed with an auto-sampler (Al 1310
from Thermo Fisher) in splitless mode (splitless time: 1 min) with an injector temperature of 230 °C. Helium
was used as carrier gas with a flow rate of 1 mL min~ * and a purge rate of 5.0 mL min~ . The GC injector has
been modified to receive a pyrolysis system (Multi-Short Pyrolyzer EGA/PY3030 D from Frontier Lab) that can
only use split liners. Verifications were performed to validate the absence of potential impacts on our operational
conditions using a split liner for splitless analysis. Amino acids were separated on two Chirasil-L-Val columns
(for each column 25 m x 0.25 mm x 0.12 um film thickness, Agilent) connected with a Valco connector. The
duration of the oven temperature program was 90 min with a solvent delay of 14 min. The optimized temperature
program was as follows: 40 °C for 1 min, then increased to 80 °C with a slope of 10 °C min~ * during 10 min
then 2 °C min~ * to reach 190 °C with an isotherm during 20 min. The transfer line was set at 250 °C. The m/z
range was 50—400 with a FWHM resolution fixed at 60 000, a target AGC value at 10° and a max IT at 200 ms.
Two ionization modes have been tested and optimized with electron energy at 70 eV: electron impact and
chemical ionization. For the latter, three different reactant gases were tested in positive and negative mode,
ammonia, methane and ammonia-methane mixture (10/90), with an ionization source at 300 °C and a reactant
gas flow rate of 1.5 mL min~ ' in the ion volume. For the electron impact ionization, the ionization source
temperature was set at 250 °C. Analyses in selected ion monitoring (SIM) were performed with the Orbitrap cell
at a FWHM resolution of 60 000, an optimized target AGC of 5.10*, a max IT of 200 ms and a mass to charge
isolation window of 0.4. In order to optimize the GC method for a good compromise between resolution
and analysis time, some parameters were optimized. The choice of the analytical column chirasil L-Val
was made and justified by Meinert et al . The length of the column as well as the temperature gradient
were optimized in order to obtain a resolution of the amino acids and their enantiomers while minimizing
the analysis time.

2.5 GC x GC-TOF-MS configuration

The enantioselective GC x GC-TOF-MS analyses **** were carried out using a Pegasus IV D instrument
coupled to a reflectron TOF-MS (LECO corp.) operating at 100 Hz storage rate, with a 50-400 amu mass range,
a microchannel plate detector voltage of 1.8 kV, and a solvent delay of 12 min. Sample aliquots of 1 pL were
injected with an automatic liquid sampler (Agilent 7693A) in splitless mode. The injector and ion source
temperatures were kept at 230 °C and the transfer line at 240 °C. The column set consisted of a Chirasil-L-Val
primary column (25 m length x 0.25 mm inner diameter, 0.12 pm film thickness, Agilent-Varian, Santa Clara,
California, US) coupled to a DB Wax secondary column (1.6 m length x 0.25 mm inner diameter, 0.1 pm film
thickness, Agilent) via a siltite p-union. Helium was used as a carrier gas at a constant flow of 1 mL min™. The
primary oven was operated as follows: 40 °C for 1 min, 10 °C.min"* to 80 °C (10 min hold time), and 2 °C.min"*
to 190 °C (10 min hold time). The secondary oven operated with a constant positive temperature offset of 35 °C,
the thermal modulator hot jets temperature offset was set at 15 °C and the modulation period was 6 s. The data
were processed using Leco corp. ChromaTOF® software.

2.6 LC-FT-Orbitrap-MS configuration

Accela Ultra-Performance Liquid Chromatography (UPLC) pumps were interfaced with a High-Resolution Mass
Spectrometer (Q-Exactive, Hybrid Quadrupole-Orbitrap Mass Spectrometer, Thermo Fisher Scientific, Waltham,
MA, USA). Amino acids enantiomers were separated on a chiral Crownpak CR (+) column (150 mm x 4.0 mm,
5 um, Chiral Technologies, Europe). A guard column Crownpak CR (10 mm X% 4.0 mm, 5 pum, Chiral
Technologies) was fitted to the analytical column. Elution was carried out at 600 pL min~* with water:methanol
(95:5) with 0.5% trifluoroacetic acid (Sigma-Aldrich) during 20 min. The UPLC oven temperature was held at
30 °C. Compound ionization was performed by heated electrospray ionization (HESI) in positive mode. Mass
spectrometer capillary voltage was set at 2.8 kV, the capillary temperature was held at 400 °C and aux gas heater
temperature at 300 °C. The desolvation line temperature was held at 250 °C. Sheath gas flow, aux gas flow and
sweep gas flow were set at 40, 30 and 0 u.a. respectively®,

2.7 Amino acid database generation and calibration curves for GC-FT-Orbitrap-MS

Analyses were performed using the Xcalibur software (Thermo Scientific). The data obtained in TIC were
processed with Qual Browser Xcalibure (Thermo Scientific). For each amino acid, mass extraction was
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performed on the TIC data. A GC-FT-Orbitrap-MS database was obtained by injecting each achiral amino acid
(e.g. glycine, sarcosine or B-alanine) as well as racemic mixture for chiral amino acids individually (except
for DL-2-ABA for which the enantiomers were injected individually) at a concentration of 10~ * M, to
determine their retention times and fragmentation pattern. Thanks to the database, a SIM method was edited with
a characteristic ion for each amino acid and a retention time window with a minimum of one minute around their
respective retention time (Table S1). In post analyses, a Gaussian type smoothing was applied to compensate for
the overlap of several masses in the same retention time window. This database established the probability of
correlation with the experimental spectra based on the retention time and the fragmentation profile using the 30
most intense m/z for each amino acid.

Quantification was obtained by integrating the characteristic ion of each amino acid (AA) divided by the peak
integration of the internal standard (AIS), AA/AIS. The determination of LOD, LOQ and linearity of the
calibration curves were obtained by the NeoLiCy® software (VWR). This software is designed for statistical
evaluation applied to any type of analytical method. It includes ready-to-use models for the configuration of
statistical tests and their associated calculations. The LOD and LOQ are calculated as follows: LOD =3 x¢6/
S, and LOQ =10 x o / S, where S is the slope of the calibration curve and o is the standard deviation of the
response. Calibration curves were performed with seven concentrations ranging from 5 x 10~ " to 1 x 10~ ® M,
in triplicate of sample preparation and duplicate of injection. Moreover, the data processed by NeoLiCy
indicated that the linearity is no longer verified beyond four range points. It was thus chosen to work on the four
lowest concentrations based on the sensitivity of each amino acid (Table S2).

3. RESULTS
3.1 Chromatographic separation, high resolution, and mass accuracy

The implemented chromatographic method allowed for resolving almost all forty-seven amino acids (Figure 1,
and Table 2), with only three coelutions being observed. Co-elution concerns L-norleucine/L-B-leucine, D-
methionine/D-glutamic acid, and L-methionine/L-glutamic acid. However, because of the high resolution of the
mass spectrometer, it is possible to discern these co-eluting analytes (Table 2). The high mass accuracy provided
by the Orbitrap technology allows for the unambiguous identification and quantification of each amino acid due
to the precision of the mass to charge ratio (m/z) and, consequently, an average error of less than 2 ppm in the
stoichiometric formula assignment (Table 2). Moreover, this precision in mass allows to greatly reduce the signal
to noise ratio when working by mass extraction (Figure 1), with a measured noise of 6 x 105 (absolute intensity)
by mass extraction compared with 1 x 108 in full scan.

3.2 Optimization of the ionization source parameters for optimal chemical or electron impact ionizations

In addition to the fragmentation pattern obtained with the EI ionization mode that directly informs on the
chemical structure of an unknown molecule, the detection of the molecular ion can support analyte identification,
especially for compounds absent in the database. In this section, the chemical and electron impact ionizations
were optimized to define the best parameters providing molecular ion detection for several amino acids. Electron
impact was tested by modifying the electron energy. Chemical ionization was used with several reactant gases in
positive and negative modes.

3.1.2 lonization by electronic impact (EI)

At 70 eV amino acid fragmentation is privileged and hence molecular ions are not detected for most of the amino
acids, and if detected represent only minor peaks in the spectra. To verify the possibility of observing the
molecular ion using lower El ionization, three ionization energies were tested: 50 eV, 30 eV and 10 eV. Figure 2
shows the results obtained for two amino acids, sarcosine, which is representative of the behavior of the set of
amino acids, and cysteine, which shows a particular behavior. Even at these electron energies, the molecular ions
were not observed (Figure 2). Fragmentation remained essentially the same, with a considerable decrease in
fragment intensity with the decrease of the electron energy. Consequently, even at lower electron energy, the El
ionization mode is not valuable to obtain the molecular ion of amino acids.

3.1.3 lonization by chemical ionization (CI)

Chemical ionization, as a softer ionization mode than El, ionizes first a reactant gas that then ionizes the target
molecules. The compounds of interest undergo proton transfer (positive mode, PCI) or electron removal
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(negative mode, NCI). Three types of reactive gases were tested in positive and negative mode: ammonia,
methane and a mixture of ammonia/methane (90/10).

To determine the optimal CI mode for molecular ion detection, area and peak intensities of the molecular ions
were obtained by their mass extraction. Our results indicate that the highest intensities are obtained with PCI
NH3/CH,4 (Table 3). However, for a-amino acids, similar sensitivities are obtained with NCI NHj3, with the
exception of DL-proline, probably due to its cyclic secondary amine (Table 3). In NCI, the other reactant gases
do not show improved results. Moreover, independent of the ionization gas used in negative mode, less
satisfactory results were obtained because of increased peak tailing and the constant presence of the m/z 177,
whose origin has not been identified yet, but biases the results.

Table 3 shows that the molecular ion is generally the most intense ion in the spectra in the NH; and NHa/CH,
PCls. NH; provides additional information for the validation of amino acid identification by the presence of the
[(M+H)+NH;]" adduct, which is generally the second most intense ion. Only cysteine deviates from the overall
behavior because in none of the NCI or PCI modes the molecular ion is the peak base. Furthermore, with this
amino acid the highest intensity of the molecular ion is observed in El. This deviation from other amino acids is
certainly due to the presence of the thiol (SH) function.

Overall, the EI mode is not effective for the search of amino acids by their molecular ions. Only the PCI NH;
and NH3/CH, modes allow for an identification of all amino acids by their molecular ion, with the PCI NH;
mode presenting an additional advantage that is the NH; adduct. Therefore, we have chosen the PCI NH; mode
for further method optimization including the ionization source temperature as well as the flux of ionizing gas
NH;. We found the optimized ionizing gas flow to be between 1.5 mL min~ ' and 2 mL min~ ' and the
optimized ion source temperature to be 300 °C. Nevertheless, the overall sensitivity of the EI mode is higher
than any of the CI modes tested, independent of the reactant gas/mixture used (Table S4). As the fragmentation
pattern obtained in EI mode offers valuable information for compound identifications, we thus focus our method
development on the EI mode at 70 eV for the rest of the study.

3.3 Limits of detection and quantification using El ionization mode at 70 eV

To evaluate the detectability of amino acids with a GC-FT-Orbitrap-MS, the limits of detection (LOD) and
quantification (LOQ) were determined. The mass accuracy provided data almost free of noise. The estimations
of the LOD and LOQ were thus not calculated according to the usual signal-to-noise ratio method but based on
the calibration method using the NeoLiCy® software (see Materials and Methods).

Due to the difference in derivatization yields, the LOQ and LOD values vary by one order of magnitude among
the amino acids. A ranking was made to classify the amino acids based on their detection threshold into lowest,
intermediate and uppermost ones. Thirteen amino acids present an average LOD of 1.98 x 10~ ' M, with
sarcosine presenting the lowest detection limit of 1.50 x 10~ ’ M. The least detectable amino acids present an
average LOD of 2.18 x 10~ ® M (Table 4). These values are one to two orders better than amino acids analyzed
by other GC-MS techniques ***°, and only one to two orders of magnitude above GCxGC-MS analyses *®,

3.4 Single ion monitoring vs. full scan monitoring

To compare the SIM acquisition mode with the full scan mode followed by mass extraction data processing, the
same mixture of amino acids at the same concentration was injected successively in full scan and in SIM. Data
were then treated as the area of the characteristic fragment ion over the area of the m/z 87.04401 ion of the
internal standard methyl laurate at 10~ ° M. Compared to the full scan, SIM facilitates the search for amino acids
with high LOD values as well as those exhibiting similar fragmentation profiles and retention times, as it is the
case for GABA and 5-AVA in our mixture. However, the overlapping retention time windows in SIM mode
(Table S1) due to co-elution or low resolution for some amino acids meant that the peaks did not have a mass
specific to only one amino acid and thus could not be integrated directly. This problem was solved by working in
mass extraction.

The comparison of SIM results to those of the full scan mode shows that due to the targeted analysis including
derivatization and extraction procedures greatly minimizing any matrix effects, the advantage of SIM over the
full scan mode is not decisive. Furthermore, because of the high resolution, the accuracy of the extracted mass in
full scan mode limits the noise intensity. Therefore, the contribution of the SIM acquisition mode is
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inconclusive, as the A,/As ratio in mass extraction is similar or even significantly better in full scan acquisition
(Table 5).

Consequently, for analyses of samples including unknown amino acids, we found that the optimal conditions for
a GC-FT-Orbitrap-MS method are (i) the El as ionization mode at 70 eV in (ii) full scan with mass extraction of
the base peak. If necessary, especially if the detected compounds are absent in the database, the PCI-NH; mode
can be used to obtain information on the molecular ions, if the sensitivity is sufficient. Finally, the NCI- NH;
mode can directly inform on the presence of a-amino acids.

4. DISCUSSION
4.1 Application of optimized conditions to the detection of amino acids in a pre-cometary analog

A pre-cometary analog was formed at low temperature (77 K) and pressure (10~ ' mbar) from an ice analog
containing H,0:**CH;OH:NHj in ratio 3:1:1 irradiated at 121 nm during 72 h. The photo-processed ice was then
heated up to 300 K to obtain an organic residue, which is considered as an analog to pre-cometary material. The
resulting organic residue was hydrolyzed during 24 h at 100 °C in 6N HCI, and amino acids were searched for in
the resulting sample. The analysis of the residue was carried out with the GC-FT-Orbitrap-MS in full scan with
the EI mode at 70 eV after carrying out the ECHFBE derivatization. Data were then treated by mass extraction.
The theoretical masses of the characteristic amino acid mass fragments were calculated by considering *C
isotopes related to the amino acid backbone and the respective *2C derivatization chemical groups (Table 6). The
amino acid identifications in the residue were based on their retention times as well as their fragmentation
profiles compared with those established in the amino acid database (Table S3).

Among the numerous amino acids present in such ice analog residues, 32 amino acid enantiomers were
identified in this study using the database established with GC-FT-Orbitrap-MS (Table 6 and Figure 3). Among
these, the proteinogenic amino acids such as alanine, glycine, proline, serine, valine and aspartic acid were
identified as well as some non-proteinogenic ones. Chiral amino acids are detected as racemic mixtures. Amino
acid quantification was performed to determine the abundances of each identified amino acid (Table 6). Glycine
and alanine are the most abundant amino acids, with concentration of 5.36 x 10~ * M and 9.30 x 10~ ° M,
respectively. Furthermore, amino acid concentrations decrease with the increase in molecular weight of the
amino acids. For instance, the concentration of valine drops down to 4.7 x 10~ 8 M. These results corroborate
previous amino acid analyses in such samples, where the abundances of amino acids in the residue decreases
approximately with increasing carbon number *.

Compared with previous experiments, in 2002, from an ice composed of H,O:CH;0OH:NH;:CO:CO, in ratio
2:1:1:1:1, Mufoz-Caro et al. identified 16 amino acids with a chiral GC-MS analyses and a similar sample
pretreatment *. Even with a different initial ice composition, ratios related to glycine, the most abundant amino
acid detected in all analyses, present a similar trend (Table 6). Other analyses performed on such organic
residues present the same amino acid evolution **, but with lower diversities, especially when liquid
chromatography technics are used *"***°. Only GCxGC—TOF-MS analyses provide the detection of a same
amino acid diversity with amino acid identification ranging from 24 to 29 amino acids depending on the
derivatization procedure used **!. GC-FT-Orbitrap-MS for amino acid targeted analyses offer thus comparable
identification and quantification results to previous works.

4.2 GC-FT-orbitrap MS amino acid analysis of pre-cometary analog compared to GCxGC-TOF-MS and
UPLC-FT-orbitrap

To compare the identification procedure between different analytical instruments, the same residue as the one
analyzed with GC-FT-Orbitrap-MS was analyzed with GCxGC-TOF-MS and UPLC-FT-Orbitrap-MS. It has to
be noted that for the GC-FT-Orbitrap-MS and GCxGC-TOF-MS methods, the same derivatization
procedure is used, while with UPLC-FT-Orbitrap-MS, the samples are injected without derivatization. As
displayed in Table 7, identifications with UPLC-FT-Orbitrap-MS is less straight-forward than with GC-MS.
Whereas in GC-MS, whatever are the technique used, 24 to 32 amino acid enantiomers present in the database
were identified unambiguously, with UPLC-FT-Orbitrap-MS only 17 unambiguous identifications are obtained.
These differences are mainly due to the poor resolution in LC compared to GC (Figure 4), the matrix effect that
decreases the detectability of UPLC compared to GC that uses selective derivatization as well as the absence of
reference standards for unambiguous identification. Since several amino acids present isomers that partially co-
elute, their identification is problematic. Figure 4 displays the case of alanine isomers. No co-elution is observed

6
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with GC-FT-orbitrap-MS, whereas L-alanine and B-alanine co-elute in the UPLC-FT-Orbitrap-MS analysis.
While GC-FT-Orbitrap-MS in EI mode allowed for the unambiguous identification of L-alanine and B-alanine,
UPLC-FT-Orbitrap-MS in ESI mode did not allow for their identification as they share the same molecular ion
(Figure S1). However, MS/MS can also be performed with UPLC-FT-Orbitrap, thus providing structural
information and allowing the discrimination of isomers. However, for this strategy to be efficient, higher amount
of pre-cometary analog material should be available.

5. CONCLUSION

In this contribution, we investigated the interest of coupling gas chromatography to high-resolution mass
spectrometry, a FT-Orbitrap-MS, presenting a resolution of 60 000 at m/z 200. This system was tested for the
characterization of derivatized amino acids in a laboratory produced sample analog to pre-cometary organic
matter. lonization modes were first tested and optimized. The molecular ion was only obtained with enough
intensities in the positive chemical ionization mode with NH3 or CH,/NH3 (90/10) reactant gas. Interestingly, the
negative chemical ionization mode using NHs as a reactant gas provided the molecular ion specifically of a-
amino acids. The electron impact mode remains the most sensitive ionization mode, offering LOD and LOQ
values in the range of 2 x 10~ " M and 6 x 10~ " M, respectively. We observed a variability in the LOD values as
a consequence of the difference in amino acid selectivity of the derivatization method used. GC-FT-Orbitrap-MS
results were compared with two other analytical instruments: GCxGC-TOF-MS and UPLC-FT-Orbitrap-MS.
Same compound identifications as GCxGC-TOF-MS are observed, while with UPLC-MS chromatographic
resolution is weaker than with GC-MS, making amino acid identifications more challenging due to increased co-
elution of amino acid isomers. Hence, identification of targeted amino acids using UPLC-MS without
derivatization tend to be more limited than with GC-MS methodologies.

From all these considerations, it appears that the GC-FT-Orbitrap-MS is an attractive system for targeted
analyses of amino acids in unknown samples. The EI mode directly provides information on the chemical
structures, enhancing compound identification, while the optimized resolution enables the separation of
enantiomers and isomers. Furthermore, the high resolution of the orbitrap allows to perform mass extraction in
full scan that provides a S/N near zero, allowing high sensitivities. It also provides formula attribution to ions of
fragment pattern with error lower than 2 ppm, giving crucial information for identification of compounds in
samples. GC-FT-Orbitrap-MS is thus a powerful system for the targeted analysis of compounds in samples
presenting a high organic molecular diversity as demonstrate with the searched for amino acids in pre-
cometary analogs.
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FIGURES AND TABLES

Table 1 - Amino acids of the standard solution.

Amino acid group Amino acids

N-alkyl sarcosine, N-ethylglycine

a-amino acids

DL-2-ABA, DL-alanine, DL-allo-isoleucine, DL-asparagine, DL-aspartic acid,
DL-cysteine, DL-glutamic acid, glycine, DL-isoleucine, DL-leucine, DL-



methionine, DL-norleucine, DL-norvaline, bL-phenylalanine, DL-proline,
DL-serine, DL-valine
a, a-dialkyl amino acids 2-AIBA

f3-amino acids B-alanine, DL-3-AIBA, DL-3-ABA, DL-B-leucine
y-amino acids y-aminobutyric acid (GABA)
d-amino acid 5-aminovaleric acid (5-AVA)
diamino acids DL-2,3-DAPA, DL-2,4-DABA

437

438  Table 2 - Average retention time of 47 amino acids, theoretical m/z ratios of the base peak and their average
439  error at the theoretical value in ppm. Are also reported the stoichiometric formula of the base peak and the part
440 of the derivatization agent is marked in orange.

o Amino acids Retention time” Theoretical m/z error °

N ECHFBE & (min) Base peak formula m/z (ppm) +-
1 sarcosine 22.20 0.22 C,HsN, 116.07061 1.10
2 N-ethylglycine 25.54 0.16 C3H7N; 130.08626 1.12
3 2-AIBA 30.30 0.02 C3H7N; 130.08626 1.38
4 D-alanine 32.08 0.08

5 L-alanine 33.27 0.07 CoHsN, 116.07061 0.95
6 glycine 34.67 0.17 CiH3N; 102.05496 0.88
7 D-2-ABA 35.71 0.08

10 L 2-ABA 36.82 0.07 C3H7N; 130.08626 0.85
9 proline 36.47 0.18 C4H7N; 142.08626 0.70
8 D-valine 36 0.07

11 L-valine 36.93 0.06 CaHoNy 144.10191 0.82
12 B-alanine 37.28 0.14 CiH3N; 102.05496 0.97
13 3-AIBA 37.87 0.12 CiH3N; 102.05496 1.03
14 D-3-ABA 39.15 0.06

15 L-3-ABA 39.43 0.06 C,HsN; 116.07061 0.99
16 39.77 0.07

18 | isoleucine isomers ? 40.70 0.06

19 41.02 0.07 CsHq1N; 158.11756 1.02
21 41.77 0.07

17 D-norvaline 40.52 0.08

20 L-norvaline 41.61 0.07 CaHoN 144.10191 101
22 D-leucine 43.08 0.08

23 L-leucine 44.20 0.07 CiHsN, 1020549 109
24 D-norleucine 45.15 0.11

26 L-norleucine 46.11 0.09 CsHulN, 158.11756 0.94
25 D-B-leucine 45.48 0.12

27 L-B-leucine 46.11 011 | Gt 342.05708 0.93
28 GABA 46.42 0.06 CsHq 284.05184 0.98
29 D-aspartic acid 50.58 0.14

30 L-aspartic acid 50.95 0.13 CoHalsy 342.05708 1.14
31 5-AVA 52.06 0.01 C4HgN; 298.06725 0.48
32 D-serine 56.14 0.15

33 L-serine 56.57 0.14 CiH:N 114.05485 1.05
34 D-asparagine 57.44 0.18

35 L-asparagine 57.66 0.01 CsHaN, 14106585 0.94
36 D-methionine 58.41 0.45

38 L-methionine 59.17 0.39 CiHN 10104713 103
37 D-glutamic acid 58 .41 0.20

39 L-glutamic acid 59.17 0.16 CiHiN 84.04459 0.68
40 D-phenylalanine 61.04 0.20

41 L-phenylalanine 61.55 0.17 CiH; 91.05423 1ol
42 D-cysteine 63.64 0.04

43 L-cysteine 63.99 0.05 C;H,ONS 102.00081 1.04
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441
442
443
444

445
446
447
448
449

450
451
452

44 D-2,3-DAPA 72.37 0.19

45 L-2,3-DAPA 73.28 0.17 CHaN 102.05496 1.10
46 D-2,4-DABA 76.52 0.02
47 L-2,4-DABA 76.87 0.01 CaHeN 128.07061 0.84

® Due to the lack of individual standards the four sterecisomers of isoleucine (DL-isoleucine and pL-allo-
isoleucine) were not identified.

® Averages on retention times are obtained from 11 values.

® m/z error = (measured-theory/theory)x10°.

Table 3 - Performance of different chemical ionization modes and gases used. The percentage of the molecular
ion derived from the abundance of the molecular ion in one mode divided by the sum of the abundances of all
studied ionization modes for the same amino acid. Only D-amino acids are represented for simplicity, except for
the four forms of isoleucine (DL-isoleucine and DL-allo-isoleucine). Amino acids with a molecular ion mass
((M+H)") greater than 400 m/z could not be detected due to the mass range of the method of 50-400 amu.

. . NCI PCI El
Amino acids
ECHFBE CH, NH; NH3/CH, CH, NH; NH3/CH, (70eV)
relative % | relative % | relative % | relative % | relative % | relative % | relative %
sarcosine 0.01 8.06 0.44 2.59 16.61 51.35 20.93
N-ethylglycine 0.02 12.57 0.47 2.64 25.59 49.61 9.11
alanine 0.40 43.50 0.75 3.16 13.20 39.00 -
glycine 0.23 14.89 0.44 5.55 10.38 42.14 26.36
valine 0.03 50.50 1.54 1.01 13.21 33.71 -
proline 0.00 3.33 0.15 2.57 30.74 59.42 3.78
leucine 0.39 29.44 1.30 2.10 17.01 48.58 1.18
1 0.31 39.50 1.34 0.98 16.48 41.40 -
isoleucine 2 0.33 38.96 1.51 1.13 17.07 41.01 -
3 0.40 44.45 1.55 0.91 15.35 37.34 -
4 0.39 44.23 1.70 1.03 15.57 37.08 -
cysteine 0.95 5.91 1.99 2.13 5.91 2.59 80.52
2-ABA 0.43 52.09 1.19 1.86 11.01 33.42 -
norvaline 0.44 40.33 1.28 2.04 15.45 40.07 0.39
norleucine 0.50 33.14 1.57 2.07 15.00 46.34 1.39
B-alanine - 0.16 - 1.80 19.49 37.26 41.29
B-leucine - - - 1.71 33.71 64.15 0.42
3-ABA - - - 1.61 28.59 55.42 14.38
3-AIBA - 0.98 - 151 25.46 52.93 19.12
GABA - - - 0.00 24.28 61.56 14.16

- 1 not identified

Table 4 — LOD and LOQ determined for each amino acid, ranked from lowest to highest detection threshold.

Ag‘C'gOFaBCédS LOQ (x10- " M) | LOD (x10- 7 M)
sarcosine 4.99 1.50
isoleucine & |1 5.04 1.66
allo- 2 5.70 1.88
isoleucine 3 5.42 1.79
isomers 4 7.04 2.32
norleucine D 5.19 L7l

L 6.45 2.13
valine D 5.91 1.95
L 6.83 2.26
norvaline D 6.19 2.04
L 6.70 2.21
2-ABA D 6.35 2.10
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453

454
455
456

L 6.76 2.23

leucine D 6.76 2.23
L 6.96 2.30

DL-proline 6.97 2.30
phenylalanine D 7.99 2.64
L 11.2 3.69

alanine D 9.47 3.12
L 9.91 3.27

N-ethylglycine 11.8 3.55
B-alanine 12.6 4.02
3-AlIBA 22.4 6.71
aspartic acid 313 103
25.1 8.28

glycine 26.7 8.82
B-leucine D 39.0 12.9
L 39.2 12.9

D 42.3 14.0

23DAPA 202 133
serine D 64.4 21.3
L 58.8 19.4

methionine D 701 231
L 60.6 20.0

D 79.9 26.4

S-ABA L 75.1 24.8

Table 5 — Comparison of amino acid response obtained from SIM to full scan mode for the 43 amino acid
standards at a concentration of 10~° M. Mass extraction is used with SIM when the mass windows overlap,
which prevents an identification of the amino acid with the corresponding characteristic mass.

AJAs EM/Full scan vs EM/SIM
m/z of SIM with
Amino acids ions used for | Full scan w_lth mass SIM mass AJAs s
SIM or mass extraction (x10" Y) |extraction average (x10" Y %o
extraction (x10~ Y (x10- %) (x10~ 1
sarcosine  |116.07061 12.2 11.9 13.1 12.6 0.45 4
N-ethylglycine {130.08626 5.99 7.40 8.29 7.14 1.15 16
2-AIBA 130.08626 0.19 0.38 0.453 0.32 0.13 41
. D 7.72 8.23 8.77 8.24 0.52 6
alanine 1116.07061 |~ 8.10 883  9.13 861 052] 6
glycine 102.05496 4.42 6.67 7.00 5.71 1.29 23
D 9.50# 7.06 8.28 1.22 15
2-ABA 130.08626 L 11.8f# 5.83 8.81 2.98 34
DL-proline  |142.08626 405 17.2 28.8 11.7] 40
. D 11.21# 5.76 8.46 2.70 32
valine - 1144.10191 130 453 878] 425 48
B-alanine 98.02358 1.18 |# 0.83 1.00 0.18 18
3-AlIBA 102.05496 4.49 3.62 3.79 4.14 0.35 8
D 0.64 |# 0.29 0.46 0.18 38
3-ABA 116.07061 L 0.52 |# 0.21 0.37 0.16 43
1 3.34 1.25 1.24 2.29 1.05 46
. . 2 3.54 1.26 1.33 2.44 1.10 45
isoleucine  158.11756 5.44 2.00 2.05 374] 170| 45
4 6.01 2.41 2.30 4.16 1.86 45
. D 11.2 5.73 6.00 8.60 2.60 30
norvaline 144.10191 |~ 11.7 6.00]  6.39 0.06] 267 29
leucine 158.11756 D 8.90 6.31 6.71 7.81 1.09 14

12



457
458

459
460
461
462

L 9.02 6.69 6.96 7.99 1.03 13
norleucine  (158.11756 1;:8 2:22 2:22 81.(1)62 i:gg ég
p-leucine (34205708 |> igé O(j_sfg 05?982 0(51133 i
GABA 284.05184 0.059 0.093 0.11 0.082 0.023 28
T e e o
5-AVA 298.06725 0.039 0.057 0.064 0.052 0.012 23
serine_14.05496 5 Y A L
asparagine  (69.04477 E ;é? 8?2 132 06_7966 22
phenylalanine [91.05423 IE_) ;22 23; 22(2) 3227..10 gég 22
cysine 506207 ] 1 Y N M
23DAPA_[10205496 P Y T N
24DABA 2807061 P Toi o7 —a7slveol oiel i3

#amino acids that cannot be integrated due to poorly resolved or coeluted amino acid masses.

Table 6 — Amino acids identified in the residue with the theoretical mass of the *C-labeled ECHFBE amino acid
base peaks. In orange are noted the atoms corresponding to the derivatization agent. Also displayed are the
concentrations of some identified amino acids. Number of mass fragments used for amino acid identification

Table S3. n.g: not quantifiable.
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% %
Theoretical mass of relative | relative
t Amino acid Base peak base peak Concentration to to
N°| Amino Acids R | stoichimetric | ECHFBE amino glycine [ glycine
(min) f ; (M) —
ormula acid This Mufioz-
2c Bc Caro
work 2002
1 sarcosine 22.15| C;3H;NO, CoHsN, 116.07061 | 118.07732 2.09x10" ° 3.9 5.71
2 | N-ethylglycine |25.52| C4HgNO, CsH/N, 130.08626 | 133.09632 [ 1.12x10" ° 0.21 1.91
3 . D [32.05 9.27x10" ° 17.29 19.3
7 alanine 3323 CsH/NO, C,HsN; 116.07061 | 118.07732 9.33%10- " 17 a1 20
5 glycine 34.65| C,HsNO, CiH3N; 102.05496 | 103.05831| 5.36x10™ * 100 100
6 D |35.69 2.41x10™ ° 0.45
7 2-ABA 3679 C4;HgNO, CsH7N; 130.08626 | 133.09632 5 07x10- " 0.39
8 DL-proline 36.5 CsHgNO, C4H/N; 142.08626 | 146.09968 | 2.74x10™ ' 0.05 0.06
9 . 35.97 ng 0.61
10 valine 3 6.9 CsH1;NO, C4HgN; 144.10191 | 148.11533 o 061
11 B-alanine 37.27| C;3H;NO, CiH3N, 102.05496 | 103.05831 [ 2.05x10" ° 3.82 4.29
12 3-AIBA 37.87| C4HyNO, CyH3N, 102.05496 | 103.05831 nq
13 D [39.15 1.67x10" ° 3.12
2 3-ABA 13943 C,HgNO, C,HsN, 116.07061 | 118.07732 162x10" " 3.02
15 1 |39.76 nq
16| . . 2 [40.71 ng
17 isoleucine 3 12104 CsH13NO, CsHq1Ng 158.11756 | 163.13433 nq
18 4 |[41.78 ng
19 . D [40.49 ng
20 norvaline T 2158 CsH;NO, C4HgN, 144.10191 | 148.11533 nq
21 . D [43.11 ng
> leucine 2217 CsH13NO, CiH3N; 102.05496 | 103.05831 n
23 . D 45.1 ng
o2 norleucine 7605 CeH1sNO, | CsHyN; 158.11756 | 163.13433 ™
25| aspartic D |50.52 nq 1.4
26 acid 5089 C,H/NO, | C3HuN; 342.05708 | 345.06715 ™ 107
27 . D [56.14 1.10x10" ° 2.05 3.29
og| serine 5656 C3H/NO3 C,H4N; 114.05496 | 116.06167 149%10- " > 78 3.86
29|  23- D 7231 6.43x10™ ° 1.20 20
30| DAPA - 737 CsHgN,0, CH;3N 102.05496 | 103.05832 6.28%10-° 11 20
31 2,4- D [76.22 ng
2| DABA 7679 C4H1oN20; CsH:sN 128.07061 | 131.08068 nq
463
464  Table 7 - Targeted amino acid identifications in a pre-cometary organic analog H,0:"*CH;OH:NH; (3:1:1) using
465  the three analytical techniques.

. . GC (ECHFBE) GCxGC (ECHFBE) UPLC
Amino acids - -
FT-Orbitrap-MS TOF-MS FT-Orbitrap-MS
sarcosine id id id
N-ethylglycine id id id
2-AlIBA nd # und
D-alanine 3 id id id
L-alanine 4 id id und
Glycine 5 id id id
D-2-ABA 6 id id und
L-2-ABA 7 id id und
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DL-proline 8 id id id
D-valine 9 id id und
L-valine 10 id id und
B-alanine 11 id id und
3-AIBA 12 id id und
D-3-ABA 13 id id und
L-3-ABA 14 id id und
D-isoleucine 15 id nd 8
L-isoleucine 16 id nd 8
liDsoa:!L?cine 17 id nd '
:_sc?lle!ﬁcine 18 id nd i
D-norvaline 19 id id und
L-norvaline 20 id id und
D-leucine 21 id nd 8
L-leucine 22 id nd #
D-norleucine 23 id nd a
L-norleucine 24 id nd 8
B-leucine nd # #
GABA nd # und
D-aspartic acid | 25 id id id
L-aspartic acid | 26 id id id
5-AVA nd id und
27
DL-serine - id id id
28
D-asparagine nd nd id
L-asparagine nd nd id
DLglutamic nd id und
phenylalanine nd nd und
D-2,3-DAPA 29 id id a
L-2,3-DAPA 30 id id 8
D-2,4-DABA 31 id id 8
L-2,4-DABA 32 id id a

466 # tentatively identified only due to low S/N and consequently poor spectral match. ® no standard available for
467 confirmation. id: identified in the database. nd: not detected. und: undetermined due to coelution.

468
469
470
471
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473 Figure 1 — Reconstructed chromatogram obtained after mass extraction of the base peaks of each individual
474  amino acid (Table 2) present in the standard mixture at 5 x 10~ ®> M. Amino acid identification is given in Table
475 2. Analysis performed with EI mode at 70 eV.

476
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479
480
481

Figure 2 - Evolution of the intensity of the observed fragment ions as a function of the ionization energy, (A) for

sarcosine (molecular ion at 343.06491 au, base peak at 116.07035 au), which is representative of the majority of
amino acids, and (B) for cysteine (molecular ion at 374.02915 au, base peak at 256.02027 au), which has a

particular fragmentation pattern compared to the other amino acids.
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Figure 3 — Reconstructed chromatogram obtained after mass extraction of the base peaks of each individual
amino acid (Table S3). Amino acids identified in a pre-cometary analog using GC-FT-Orbitrap-MS after 24 h
acid hydrolysis and subsequent derivatization. The derivatization procedure is presented in the Material and
Method section.
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Figure 4 — Chromatograms displaying the analyses of alanine enantiomers (D-alanine 3 and L-alanine 4) and
alanine isomers, sarcosine (1) and B-alanine (11), in the residue and the reference standards with A) GC-FT-
Orbitrap-MS after derivatization procedure and B) UPLC-FT-Orbitrap-MS without previous
derivatization. The MS spectra of compounds L-alanine (4) and B-alanine (11) are reported in Figure S1 for the
UPLC-ESI-Orbitrap-MS and GC-EI-FT-Orbitrap-MS analyses.
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amino acids, and (B) for cysteine (molecular ion at 374.02915 au, base peak at 256.02027 au), which has a

particular fragmentation pattern compared to the other amino acids.

SUPPLEMENTARY INFORMATION

Table S1 - Retention time window and fragment ions (m/z) used in the SIM mode for each amino acid.

Retention time
Compounds Mass (m/z) window (min)
sarcosine 116.07061 22.5-26.0
N-ethylglycine 130.08626 26.0—32.0
2-AIBA 130.08626 26.0—-32.0
alanine 116.07061 32.0—35.2
glycine 102.05496 35.2-36.3
2-ABA 130.08626 36.2—-37.8
proline 142.08626 37.1-38.1
\valine 144.10191 36.2—38.6
jB-alanine 98.02358 38.2—-39.0
3-AIBA 102.05496 38.6—39.2
3-ABA 116.07061 39.5-41.0
isoleucine 158.11756 40.0-45.1
norvaline 144.10191 40.9-42.8
leucine 158.11756 40.0-45.1
norleucine 158.11756 45.6—-47.2
B-leucine 342.05708 45.8-47.2
GABA 284.05184 46.0-47.5
aspartic acid 254.00439 50.9-52.4
5-AVA 298.06725 52.7-53.5
serine 114.05496 56.6—57.7
asparagine 69.04477 57.5-59.5
methionine 101.04713 58.5—60.5
glutamic acid 84.04459 57.5-59.5
phenylalanine 91.05423 61.4—62.7
cysteine 85.98207 64.0—64.8
2,3-DAPA 102.05496 72.6—74.5
2,4-DABA 128.07061 76.2-79.0
IS methyl laurate 87.04401 39.5-40.3

Table S2 — Concentration range used to estimate the LOD and LOQ of amino acids using GC-FT-Orbitrap-MS.

Concentration (M)

5x10" '-25x10" °

75x10" -

10~ ©

5 x 10" ®-7.5x
10" ©

2x10"6-10"°%
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506

507
508
509

sarcosine
N-ethylglycine
DL-alanine
glycine
DL-proline
DL-valine
DL-isoleucine
DL-allo-isoleucine
DL-leucine
DL-phenylalanine
DL-2-ABA
DL-norvaline
DL-norleucine

DL-3-AlIBA

DL-aspartic acid

DL-asparagine

B-alanine DL-methionine
DL-B-leucine DL-serine
DL-3-ABA DL-2.3-DAPA

Table S3 — List of masses (m/z) used for compound identification of amino acids in the organic residue of pre-
cometary analog to pre-cometary matter. Number of mass fragments used for amino acid identification: a: 5, b:

4,c:3,d:2,e: 1.
# | Amino Acids RT Masse used for compound identification in residue vs standards
(min) B3C residue T2C standard
1 | sarcosine? 22.15 | 118.07725 (100), 272.04258 | 116.0705 (100), 270.03585 (33.5),
(35.7),  90.04606  (9.62), | 88.03924 (10.61), 72.08076 (9.85),
74.08753 (8.54), 228.05285 | 226.04592 (4.75)
(4.93)
2 | N-ethylglycine® | 25.52 | 133.09634 (98.58), 59.06853 | 130.0862 (100), 58.06516 (38.08),
(37.4), 287.06167 (24.73), | 284.05137 (33.4), 86.09637 (18.79),
87.09977 (17.58), 103.05829 | 102.05488 (13.6)
(12.84)
3 | p-alanine® 32.05 | 118.07719 (100), 272.04249 | 116.07055 (100), 270.03595 (30.15),
—F (30.19), 72.0355 (8.14), | 70.02879 (17.88), 72.08079 (8.58),
4 | L-alanine 33.23 | 7408753 (7.79) 117.07388 (5.26)
5 | glycine® 34.65 | 103.05822 (100), 257.02336 | 102.05491 (100) ,256.0202 (75.64),
(77.36), 213.03368 (11.32), | 56.01312 (14.96), 212.03032 (9.92),
57.01649 (7.02) 264.00902 (9.27)
6 | D-2-ABA? 35.69 | 133.09636 (100), 61.07526 | 130.08616 (100), 58.06515 (32.23),
3 (35.61), 103.05832 (19.27), | 284.05133 (18.09), 84.04437 (11.43),
7| L-2-ABA 36.79 | 87 05448 (15.64), 287.06172 | 102.0549 (7.08)
(15.51)
8 | pL-proline 36.5 | 146.09967 (3.26), 72.07187 | 142.08615 (100), 70.0651 (36.39),
(0.25), 116.06167 (0.14) 114.05493 (18.53), 296.05136 (15.38),
98.0964 (12.39)
9 | p-valine ® 35.97 | 148.11534 (42.53), 120.08408 | 144.10175 (100) ,116.0705 (71.08),
— (27.61), 103.01746 (21.99) 101.0107 (29.15), 98.06 (26.21),
10 | L-valine 36.9 256.0201 (15.78)
11 | p-alanine 37.27 | 273.04611 (10.53), 103.05829 | 270.03559 (100), 115.06269 (68.9),
(8.21),  117.06945  (8.21), | 102.05486 (65.84), 98.02357 (57.56),
101.03375 (7.13), 72.03548 | 70.02875 (49.51)
(4.79)
12 | 3-AIBA*® 37.87 | 103.0583 (100), 87.05446 | 102.05487 (100), 84.04435 (74.81),
(58.7), 116.05272  (36.36), | 112.03922 (55.09), 158.08103 (33.04),
162.09454 (21.59), 132.08858 | 130.04984 (29.1)
(20.84)
13 | D-3-ABA° 39.15 | 118.07736 (47.05), 288.06496 | 116.07052 (100), 284.05138 (73.05),
S (20.26), 72.0355 (15.93) 227.02995 (36.09), 70.02878 (34.88),
14 | L-3-ABA 39.43 270.03583 (30.51)
15 | isoleucine forme | 39.76 | 163.13424 (1.86), 103.0175 | 158.11741 (100), 101.0107 (61.1),
19 (1.66) 102.05489 (44.75), 283.00722 (28.36),
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510
511

16 iS(d)Ieucine forme | 40.71 130.08623 (23.04)
2
17 isgleucine forme | 41.04
3
18 isgleucine forme | 41.78
4
19 | p-norvaline ? 4049 | 14811529 (40.01), 74.08755 | 144.10174 (100), 72.08076 (25.05),
__ (8.48), 258.02713  (5.05), | 256.02012 (13.33), 100.11199 (10.86).
20 | L-norvaline 41.58 1 120.0841 (4.13) 116.07053 (8.62)
21 | b-leucine ° 4311 | 10305821 (3.74), 163.13434 | 158.11737 (100), 102.05486 (92.64),
___ (1.84) 112.07561 (19.77), 256.02014 (17.91).
22 | L-leucine 44.17 101.01071 (12.18)
23 | b-norleucine ° 451 | 163.13427 (9.04) 158.11737 (100), 86.09637 (28.4),
__ 112.07562 (17.19), 102.05489 (14.69).
24 | L-norleucine 46.05 114.12767 (12.4)
25 | D-asparticacid© | 50.52 | 255.00804 (100), 345.06689 | 254.00453 (100), 342.05658 (6058),
_ (69.69), 273.04604 (41.25) 270.03593 (35.4), 296.01504 (20.64).
26 | L-aspartic acid 50.89 228.02527 (17.84)
27 | D-serine® 56.14 | 1160616 (100), 88.03037 | 86.0236 (100), 114.05491 (97.06),
__ (7353), 103.04934 (29.3), | 256.02023 (27.2), 101.0107 (25.44).
28 | L-serine 56.56 | 25802706 (27.82) 314.02556 (24.72)
29 | D-2.3-DAPA? 7231 | 10305833 (100), 87.04643 | 102.05489 (100), 85.03961 (79.61),
. (75.88), 159.06752 (45.38), | 157.06066 (44.89), 313.04148 (35.27).
30 | L-2.3-DAPA 732 | 316.05186 (34.79) 101.01069 (28.47)
31 | D-24-DABA’ 7622 | 11807713 (9.88), 131.08076 | 128.07066 (100), 116.07064 (64.37),
; (7.28) 101.01078 (45.24), 129.04208 (28.62).
32 | L-2.3-DABA 76.79 99.05531 (26.96)
# | Amino Acids RT Masse used for compound identification in residue vs standards
(min) 13C residue 12C standard
1 | sarcosine ® 2215 | 118.07725 (100), 272.04258 | 116.0705 (100), 270.03585 (33.5),
(35.7),  90.04606  (9.62), | 88.03924 (10.61), 72.08076 (9.85)
7408753 (8.54), 228.05285 | 226.04592 (4.75)
(4.93)
2 | N-ethylglycine© | 25.52 | 133.09634 (98.58), 59.06853 | 130.0862 (100), 58.06516 (38.08),
(37.4), 287.06167 (24.73), | 284.05137 (33.4), 86.09637 (18.79).
87.09977 (17.58), 103.05829 | 102.05488 (13.6)
(12.84)
3 | D-alanine? 32.05 | 11807719 (100), 272.04249 | 116.07055 (100), 270.03595 (30.15),
_ (30.19), 720355  (8.14), | 70.02879 (17.88), 72.08079 (8.58).
4 | L-alanine 33.23 | 74 08753 (7.79) 117.07388 (5.26)
5 | glycine® 34.65 | 103.05822 (100), 257.02336 | 102.05491 (100) ,256.0202 (75.64),
(77.36), 213.03368 (11.32), | 56.01312 (14.96), 212.03032 (9.92).
57.01649 (7.02) 264.00902 (9.27)
6 | D-2-ABA°® 3560 | 133.09636 (100), 61.07526 | 130.08616 (100), 58.06515 (32.23),
; (35.61), 103.05832 (19.27), | 284.05133 (18.09), 84.04437 (11.43),
7| L-2-ABA 36.79 | 87 05448 (15.64), 287.06172 | 102.0549 (7.08)
(15.51)
8 | pL-proline ° 365 | 146.00967 (3.26), 72.07187 | 142.08615 (100), 70.0651 (36.39),
(0.25), 116.06167 (0.14) 114.05493 (18.53), 296.05136 (15.38).
98.0964 (12.39)
9 | D-valine 35.97 | 148.11534 (42.53), 120.08408 | 144.10175 (100) ,116.0705 (71.08),
__ (27.61), 103.01746 (21.99) 101.0107 (29.15), 98.06 (26.21).
10 | L-valine 36.9 256.0201 (15.78)
11 | p-alanine ® 37.27 | 273.04611 (10.53), 103.05829 | 270.03559 (100), 11506269 (68.9),
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512

513
514
515
516

517

518
519
520

(821), 117.06945  (8.21), | 102.05486 (65.84), 98.02357 (57.56),
101.03375 (7.13), 72.03548 | 70.02875 (49.51)
(4.79)
12 | 3-AIBA® 37.87 | 1030583 (100), 87.05446 | 102.05487 (100), 8404435 (74.81),
(58.7), 116.05272  (36.36), | 112.03922 (55.09), 158.08103 (33.04),
162.09454 (21.59), 132.08858 | 130.04984 (29.1)
(20.84)
13 | D3ABA® 30.15 | 118.07736 (47.05), 288.06496 | 116.07052 (L00), 284.05138 (73.05),
- (20.26), 72.0355 (15.93) 227.02995 (36.09), 70.02878 (34.88),
14| L-3-ABA 39.43 270.03583 (30.51)
15 | isoleucine 1 ° 30.76 | 163.13424 (1.86), 1030175 | 15811741 (100), 101.0107 (6L.1),
B (1.66) 102.05489 (44.75), 283.00722 (28.36),
16 | isoleucine 2 40.71 130.08623 (23.04)
17 | isoleucine 3 ° 41.04
18 | isoleucine 4 ° 41.78
19 | p-norvaline ° 4049 | 14811529 (40.01), 74.08755 | 14410174 (100), 72.08076 (25.05),
. (8.48), 258.02713  (5.05), | 256.02012 (13.33), 100.11199 (10.86),
20 | L-norvaline 41.58 1 120.0841 (4.13) 116.07053 (8.62)
15 | D-leucine ° 4311 | 10305821 (3.74), 163.13434 | 158.11737 (100), 102.05486 (92.64),
___ (1.84) 112.07561 (19.77), 256.02014 (17.91),
L-leucine 4411 101.01071 (12.18)
16 | D-norleucine ° 451 | 163.13427 (9.04) 158.11737 (100), 86.09637 (28.4),
— TR 112.07562 (17.19), 102.05489 (14.69),
uct : 114.12767 (12.4)
17 | D-asparticacid° | 50.52 | 255.00804 (100), 345.06689 | 254.00453 (100), 342.05658 (60.58),
I (69.69), 273.04604 (41.25) 270.03593 (35.4), 296.01504 (20.64),
L-aspartic acid 50.89 228.02527 (17.84)
18 | D-serine ? 56.14 | 1160616 (100), 88.03037 | 86.0236 (100), 114.05491 (97.06),
s oo | (7353), 10304934 (20.3), | 256.02023 (27.2), 1010107 (25.44),
' S0 | 258.02706 (27.82) 314.02556 (24.72)
10 | D23DAPA® | 7231 | 10305833 (100), B87.04643 | 102.05489 (100), 85.03961 (79.61),
. (75.88), 159.06752 (45.38), | 157.06066 (44.89), 313.04148 (35.27),
20 | L-2,3-DAPA 732 | 316.05186 (34.79) 101.01069 (28.47)
21 | D-24DABA® | 76.22 | 11807713 (9.88), 131.08076 | 128.07066 (L00), 116.07064 (64.37),
55 1 133 DABAT = (7.28) 101.01078 (45.24), 129.04208 (28.62),

99.05531 (28.36)

Table S4 — Intensities of base peaks (obtained by mass extraction of the base peak) for selected amino acids,
according to the three ionization modes (PCI NH3, NH3/CH, and El at 70 eV), at a concentration of 5 x 107> M.
For sarcosine, proline, leucine and 3-ABA, PCI: molecular ion ((M+H)+), except for cysteine (M+H)+:

376.0448025).

PCI NH, PCI NH4/CH, El (70eV)
sarcosine | 1.79 x 107 (344.07273) 5.53 x 107 (344.07273) 1.35 x 10° (116.07060)
proline 5.05 x 107 (370.08734) 9.77 x 107 (370.08734) 3.90 x 10° (142.08626)
leucine 2.60 x 10° (386.11913) 7.51 x 10°(386.11913) 1.09 x 10° (102.05495)
3-ABA 6.4 x 10° (358.08783) 1.20 x 10°(358.08783) 8.33 x 107 (116.07060)
cysteine 1.13 x 10° (342.05676) 3.02 x 10°(342.05676) 3.47 x 10°(85.98217)

Table S5 - Representative FWHM resolution observed for different fragments of N-ethylglycine. The orbitrap
resolution was set at 60 000 at m/z 200. The particularity of the orbitrap technology is its higher resolution at low

m/z.
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N-ethylgycine
Mass resolution
(FWHM)
130.08621 81367
58.06516 121271

284.05145 53354

m/z
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525 Figure S1 — Mass spectra of p-alanine (A) and L-alanine (B) obtained with the electron impact ionization with
526 GC-FT-orbitrap-MS, compared to the ones obtained with the electro-spray ionization mode with the UPLC-FT-
527 orbitrap-MS (C). This comparison shows that the EI mode provides additional structural information compared
528 to the ESI mode. Even with co-elution with the EI mode associated to the HRMS of the orbitrap, compound
529 identification would be possible.

25



