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ABSTRACT: Method development is part of the objectives of astrophysical community for characterizing the organic matter in
objects of the Solar System. In this context, we report on the development of an enzyme-catalyzed stereoselective hydrolysis, inspired
from the proteomics discipline, which has enabled the indirect detection of peptide sequences in extraterrestrial samples. A proof of
concept has been performed on a Murchison extract. We showed that our approach can successfully highlight L- and D-amino acids
involved in peptide bonds. While we showed that some D-amino acids must have been involved in peptide bonds, we cannot at this
stage conclude on the indigenous or exogenous nature of these biopolymers. However, our strategy constitutes the first step towards
the direct UPLC-MS evidence of peptide sequences in extraterrestrial samples. It should thus participate to deepen knowledge on the

molecules available in the Solar System, hence providing new clues on their chemical history, especially on Earth.

Many organic molecules present in comets or asteroids may
have been delivered to the Earth during the early phases of the
planet formation all along the first hundred million years of the
Solar System '. Molecular identification has become a key chal-
lenge in astrobiology in order to understand their potential role
in the emergence of life 23 Within this framework, numerous
building blocks of living systems such as amino acids, sugars
and nucleobases have been highlighted in various extraterres-
trial environments *®. In contrast, the direct or indirect detec-
tion of macromolecules such as peptides, that would represent
a major advance for understanding the origin of organized mo-
lecular systems on the early Earth, remains challenging.

Until now, gas chromatography coupled to mass spectrome-
try (GC-MS) represents the technique of choice for amino acids
and other water-soluble compounds analysis in extraterrestrial
objects °. For allowing the detection of these molecules, sam-
ples have to undergo several chemical pre-treatments, typically
consisting in an acid hydrolysis (usually with hydrochloric acid,
HCI) followed by a derivatization reaction to enhance com-
pounds volatility or detectability >'*!!. However, such pro-
cesses impose rather harsh conditions which are likely to de-
grade organic compounds (fragmentation reactions, oxidation,
rearrangements, racemization), hence giving incomplete infor-
mation on the structure of the molecules present in the native

sample. Therefore, the presence of peptide sequences in such
extraterrestrial samples cannot be deduced from this analytical
procedure.

Here, we present a new strategy designed to highlight, with-
out ambiguity, amino acids involved in peptide bonds within
extraterrestrial samples. For this purpose, we transferred a pro-
teomics approach based on the use of aminopeptidase M (APM,
EC 3.4.11.2 '21%) which catalyzes stereoselectively the stepwise
removal of L-a-amino acids from the N-terminal end of pep-
tides '*15. APM stereoselectivity has already been used with
success to differentiate neuropeptides containing D-amino acids
from those including only L-residues in tissue extracts '8,
Very recently, an APM-based protocol has also enabled to indi-
cate L to D-amino acids isomerization in peptides of the central
nervous system in animals '°. In this work, we propose a varia-
tion of this approach with the aim to search for peptide se-
quences in meteorites. In contrast to HCI hydrolysis which in-
duces the release of amino acids from a wide variety of precur-
sors, peptide sequences can be probed through the generation of
free L-amino acids as the result of the stereoselective enzyme-
catalyzed cleavage of peptide bonds (Figure 1).

After optimization of the standard enzymatic conditions (en-
zyme/peptides ratio, pH and temperature, Figure S1), we

1



checked the selectivity of APM for N-terminal L-homochiral
peptide bonds in comparison to the standard HCI1 hydrolysis
protocol. For that purpose, we evaluated the hydrolysis rate of
L-homochiral peptides and other potential amino acid precur-
sors, such as esters and diketopiperazines already reported in
meteorite extracts 7.
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Figure 1. Enzymatic versus chemical strategy to highlight peptide
sequences in meteorite water extract.

Thus, various amino acid precursors were incubated in phos-
phate buffers (pH 6.9) for 4 h at 30 °C with or without APM
and the mixtures were analyzed by UPLC-HRMS (Table S2,
Figures S2-S3). In parallel, standard solutions were also sub-
mitted to the standard 6 M HCI hydrolysis for 24 h. In the ab-
sence of the exopeptidase, partial hydrolysis was recorded with
the whole tested molecules including peptides of various
lengths, the protected peptide Ac-Ala-Ala-Ala-OMe, the piper-
azine-2,5-dione and the phenylglycine methyl ester (Table S2).
This partial hydrolysis was attributed to the presence of formic
acid added in the mixture after 4 h of incubation to be consistent
with the conditions employed in enzymatic experiments. When
incubated with APM for 4 h, unprotected peptides were almost
totally consumed as the result of the enzyme-catalyzed peptide
bonds cleavage (Table S2, entries 1-5).

This result was confirmed by the appearance of significantly
higher quantities of free amino acids compared to the experi-
ment in which peptides were not submitted to enzymatic hy-
drolysis (Figure S4). In contrast, such an increase hydrolysis
rate was not observed with the other amino acid precursors
when incubated with APM (Table S2, entries 6-8). On the other
hand, all the compounds were hydrolyzed after HCI treatment
(Table S2, entries 1-8, Figures S2-S3). Surprisingly, the oc-
tapeptide (Table S2, entry 5) was not totally hydrolyzed either
with APM or HCI. This result can be explained by the folding

of such a hydrophobic peptide in water which reduces the ac-
cessibility of peptide bonds to either chemical reagents or en-
Zymes.

This benchmark experiment has thus confirmed the selectiv-
ity of APM for hydrolysis of N-terminal L-homochiral peptide
bonds while the non-selective acid hydrolysis can generate free
amino acids from a wide variety of precursors. Furthermore,
these results indicated that APM could be useful to highlight
selectively amino acids bound in the form of peptides in extra-
terrestrial objects. Indeed, if peptide sequences are present,
samples submitted to APM digestion should produce higher
amounts of free amino acids than when treated under neutral
hydrolysis conditions (Figure S4).

In order to investigate this hypothesis, we applied the prote-
omics-based strategy to detect peptide bonds in a meteoritic ex-
tract. We decided to work on the Murchison meteorite, consid-
ered as the reference for meteorites rich in organic compounds
38 This meteorite has indeed revealed a wide variety of molec-
ular building blocks of life, including several amino acids found
in the proteins of living organisms and one dipeptide, glycyl-
glycine, which remains the sole dipeptide identified with confi-
dence so far?'. Increases of amino acids amounts detected when
Murchison samples were submitted to strong acid hydrolysis
102124 gupported the presence of acid-labile precursors with am-
ide or ester bonds, as well as complex peptide like structures 2.
However, the lack of selectivity of these acidic conditions did
not allow concluding on the presence of peptides in the meteor-
1te.

We thus analyzed the sample with a recently published UPLC
configuration which has enabled the separation of a wide range
of compounds, including amino acids 2. This chromatographic
setup was combined with a Triple Quadrupole mass spectrom-
eter working in the targeted MRM mode. Meteorite water ex-
tract was aliquoted and dried. One aliquot was then placed in
phosphate buffer at 30°C. Amino acids composition was rec-
orded straightaway and after 4 h of incubation with or without
APM (Murchison t=0h, t=4h and t =4 h APM respectively,
Figure 2, Table S3). In parallel, another aliquot was submitted
to 6 M HCl hydrolysis for 24 h (Murchison HCl hydrolysis, Fig-
ure 2).
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Figure 2. Evolution of the signals of amino acids in Murchison wa-
ter extracts. The internal standard, i.e. trimethionine was added to
the sample just before UPLC-MRM MS analysis. The star fitted to
amino acid’s names meant that their area was divided by 5 just to
be shown on the same scale as the other amino acids.



In these experiments, fourteen proteogenic amino acids and
isomers were detected with confidence in the meteorite’s sam-
ples in the same ppb concentrations as reported previously 27
31, Whereas proline, histidine and arginine have already been
identified in Murchison after HCI hydrolysis %, they have been
rarely found free in meteorites. Furthermore, in contrast to ear-
lier studies, we noted a rather low amount of glycine and alanine
compared to the other amino acids. Such results could be at-
tributed to variability across meteorite samples, the absence of
chemical derivatisation in our analytical protocol compared to
those described in the literature *, and the use of liquid chro-
matography and electrospray ionisation that could have en-
hanced the matrix effect of non-derivatised molecules present
in complex heterogenous mixtures 3>*, However, with such a
non-common relative distribution of amino acids as well as the
detection of histidine **, we could have not excluded a terrestrial
contamination of the Murchison extract. On the other hand,
since the main objective of our study was to demonstrate the
suitability of the proteomics-based strategy for peptide bonds
detection, a potential contamination appeared not problematic
for pursuing our investigations.

We then assessed the amino acids signals in samples incu-
bated in the absence of APM, in the presence of APM and in
the presence of HCI (Figure 2). We noticed that after 4 h in the
buffer, the signals of all amino acids increased significantly
with different rates (Murchison t = 0 h vs Murchison t = 4 h,
Figure 2). This indicated the presence of amino acids precursors
with water-sensitive chemical bonds in the meteorite extract.
We next measured the amount of amino acids after 4 h of incu-
bation with APM. To avoid misinterpretation, we also verified
that the increase in amino acids observed with the enzyme was
not due to APM auto-hydrolysis (t = 4 h APM, Figure 2). In
comparison to the experiments conducted without the enzyme,
the quantities of alanine, serine, valine and isomers, threonine,
leucine and isomers, aspartic acid, lysine, histidine, phenylala-
nine and arginine found in Murchison were 1.1 to 1.9-fold
higher (Murchison t =4 h vs Murchison t =4 h APM in Figure
2). As expected, the exopeptidase had a moderate effect com-
pared to the HCI conditions which generated a significant in-
crease of amino acid’s concentrations (except arginine and ly-
sine) (Murchison t =4 h APM vs Murchison HCI hydrolysis in
Figure 2). Thus, this assay showed that, except for arginine
which was released through APM auto-digestion, the rise in
amino acids signals in the presence of APM was the conse-
quence of the enzyme-catalyzed cleavage of peptide bonds. In
comparison, in the acidic hydrolyzed meteorite extract, all
amino acids precursors, either peptidic or not, were unselec-
tively hydrolyzed.

To get a proof of presence of peptide sequences in the Mur-
chison extract, we then exploited the stereoselectivity of APM.
Indeed, although the enzyme exhibits a broad affinity towards
most amino acid residues (except proline which resists to hy-
drolysis) 2%, its kinetics of peptide bonds hydrolysis is greatly
affected by the absolute configuration of the two N-terminal res-
idues (Figure S5a). Indeed, we showed that APM preferentially
cleaved peptide bonds between two consecutive L-amino acids
without any racemization (Figure S6)1*'36, Therefore, the
treatment of meteoritic extract with APM should significantly
enhance the concentrations of L-amino acids if peptide bonds
are present in the sample while the amounts of D-enantiomers
should only slightly vary.

To test this hypothesis, we developed a chiral UPLC-MRM
MS method based on the work of Konya and colleagues *’ to
enable the enantiomeric separation of amino acids in a very
short time analysis (except proline and histidine) (Figure S8.
Thereafter, we confirmed the stereoselectivity of APM for the
hydrolysis of L-homochiral peptide bonds with three of the tri-
alanine stereoisomers (L-Ala-L-Ala-L-Ala, D-Ala-D-Ala-D-Ala
and L-Ala-D-Ala-L-Ala) used as model peptides. In these exper-
iments, the L-homochiral tri-alanine was indeed totally digested
by the exopeptidase within 4 h while the two other isomers were
only partially consumed (Figure S5b). Similar results were ob-
tained when L- and D-homochiral penta-alanine were incubated
together in isomolar concentration with APM. These outcomes
confirmed that APM hydrolyses faster N-terminal L-homochiral
peptide bonds.

Once we have verified that the meteorite’s extraction condi-
tions (100 °C for 20 h) did not generate neither peptide cleavage
nor racemization (Figure S7), the Murchison extract was incu-
bated with or without APM in phosphate buffer for 4 h and the
amount of L- and D-amino acids was investigated in each case
using our chiral analytical method. The L- and/or D-enantiomers
of alanine, serine, valine, threonine, leucine, aspartic acid, glu-
tamic acid, phenylalanine, arginine, lysine, proline and histidine
were detected in the sample (Figure S8). Isoleucine, alloisoleu-
cine, and the non-biogenic isovaline were also detected.
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Figure 3. Monitoring of amino acid MS signals after HCl and APM
hydrolysis. Signals of L-amino acids (a) and D-amino acids (b) in
Murchison in the absence of APM (Murchison t = 4 h), in the pres-
ence of APM (Murchison t =4 h APM), and after HCI hydrolysis
(Murchison HCl hydrolysis) (data from deconvoluted peaks, Figure
S4). Note that MS signals were not proportional to amino acids
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concentrations since it depended on amino acids MS response co-
efficients. For each amino acid enantiomer, error bar was obtained
by multiplying its signal value by its variation coefficient calcu-
lated from the injection of the 48/52, 50/50, 52/48 standard solu-
tions.

We next focused our attention on the amino acids for which
both enantiomers presented resolved chromatographic peaks
(alanine, valine, threonine, leucine, aspartic acid and phenylal-
anine in Figure S8). Their MS signals obtained under each con-
dition (without APM, with APM or HCI) were deconvoluted
(Figure S8). MS signals values were extracted and presented in
Figure 3.

For these six amino acids, the signals of both enantiomers in-
creased significantly when Murchison extract was submitted to
HCI hydrolysis in comparison to the non-treated sample (2.9-
fold and 4.2-fold for D- and L-alanine, 1.1-fold and 1.6-fold for
D- and L-valine, 1.6-fold and 1.8-fold for D- and L-threonine,
2.5-fold and 2.8-fold for D- and L-leucine, 1.5-fold and 1.3-fold
for D- and L-aspartic acid, and 4.8-fold and 5.1-fold for D- and
L-phenylalanine; Murchison t = 4 h vs Murchison HCI hydroly-
sis). These data demonstrated that both D- and L-amino acids
were indeed present in the form of precursors, peptidic or not.
On the other hand, the enzyme generated a rise of the amount
of all L-enantiomers (1.4-fold for L-alanine, 1.3-fold for L-va-
line, 1.3-fold for L-threonine, 2.1-fold for L-leucine, 1.03-fold
for L-aspartic acid, and 1.6-fold for L-phenylalanine; Murchison
t =4 h vs Murchison t =4 h APM). Hence, our results revealed
that these six amino acids were involved in peptide bonds pre-
sent in the meteorite extract prior to their APM-catalyzed hy-
drolysis. The MS signals of D-alanine, D-valine, D-threonine,
and D-aspartic acid were similar with or without APM. On the
other hand, increases of D-leucine (1.8-fold) and D-phenylala-
nine (1.3-fold) amounts were observed in the sample treated
with the exopeptidase. While such increases were lower than
those recorded for their corresponding L-enantiomers, these two
D-amino acids must have been included in peptide sequences
since their releases were catalyzed by APM. This result consti-
tutes the first indirect proof of presence of extra-terrestrial pep-
tide bonds involving non-proteogenic D-amino acids in the
Murchison meteorite.

These sets of experiments clearly demonstrated the interest
of this proteomics-based strategy for indicating L- and D-amino
acids specifically involved in peptide sequences within a mete-
orite extract. Thus, it opens a new pathway to explore molecules
included in minor bodies, for instance through the investigation
of other enzymatic systems. Combined with isotope analysis,
this chemo-bio analysis could enable the search for extraterres-
trial peptides in objects of the Solar System. Applied on pep-
tides containing non terrestrial a-amino acids (e.g. isovaline) or
with other peptidases, this strategy will then help in deepening
the knowledge on the organic matter that may have seeded the
early Earth and later triggered the emergence of life.
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