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Abstract

Amino acids have been identified in extraterrestrial materials such as meteorites and returned samples from
asteroids and comets. Some of these amino acids or their precursors may have formed on icy interstellar dust
grains or at a later phase when these grains became incorporated into larger parent bodies. In this work, we
simulated parent body aqueous alteration of the residues from irradiated interstellar ice analogs in the presence of
relevant minerals (pulverized serpentinite and Allende meteorite). We tracked the change in amino acid
abundances as a function of hydrothermal processing time and examined how these differed based on the presence
of minerals. We find that the presence of minerals and their mineralogy can have a significant impact on the
formation and destruction of amino acids during simulated aqueous alteration experiments. Key Words: Parent
body processes—Extraterrestrial amino acids—Aqueous alteration. Astrobiology 24, 1220-1230.

1. Introduction

hemistry in the molecular cloud that formed our solar
system likely played an important role in shaping the
primordial inventory of organic compounds (Hagen et al.,
1979; Herbst and van Dishoeck, 2009; Oberg, 2016;
Materese et al., 2021). In this environment, gases condensed
to form icy mantles around sub-micrometer-sized grains
while being subjected to ambient radiation. The condensa-
tion of molecules onto icy grains in conjunction with the
input of energy via radiation facilitated the formation of
complex organic molecules that would not have readily
formed in the gas phase. Over time, some of these icy grains
became sequestered into larger bodies. In these larger bodies,
ices and more complex organic radiolysis products may have
been subjected to hydrothermal alterations (Kebukawa et al.,
2017; Vinogradoff et al., 2020b; Qasim et al., 2023), further
altering their composition.
Carbonaceous chondrites provide a window into the chem-
ical inventory of the early solar system, and their contents

were likely influenced by a combination of inheritance from
the materials from the Solar Nebula, including icy grains and
parent body processes such as aqueous alteration. Amino
acids are among the myriad of compounds detected in
extracts from carbonaceous chondrites (Burton et al., 2012;
Cobb and Pudritz, 2014; Elsila et al., 2016; Glavin et al.,
2018) and are of particular interest for their astrobiological
relevance. Amino acids have also been detected in the room
temperature residues of laboratory ice photolysis (Briggs
et al., 1992; Bernstein et al., 2002; Mufoz Caro et al., 2002;
Nuevo et al., 2007, 2008; de Marcellus et al., 2011) and parti-
cle radiation experiments that simulate the chemistry of icy
grains (Kasamatsu et al., 1997; Takano et al., 2007; Hudson
et al., 2008, 2009).

Notably, the distribution of amino acids and amines in
these residues is not consistent with what has been detected
in meteorites. It has been hypothesized that the amino acids
in meteorites may be produced by a combination of ice radi-
ation chemistry and hydrothermal processes in the parent
body (Chang and Bunch 1986; Shock and Schulte 1990;
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Aponte et al., 2017a; Aponte et al., 2017b). Consequently,
although some amino acids in meteorites may have been
directly inherited from the radiation chemistry on icy grains,
hydrothermal alteration of organic material in parent bodies
likely played an important role in the distribution of amino
acids found in meteorites.

Looking at amino acid synthesis from a “top-down” per-
spective starting with complex precursors, Vinogradoff et al.
(2018), Vinogradoff et al. (2020a), and Vinogradoff et al.
(2020b) investigated the hydrolysis of hexamethylenetetr-
amine (HMT) as a potential source for amino acid synthesis
in asteroids during aqueous alteration. Notably, HMT and its
derivatives are known to be among the most abundant prod-
ucts identified in residues when ices that contain C, H, O,
and N are irradiated (Bernstein et al., 1995; Cottin et al.,
2001; Muiioz Caro and Schutte, 2003; Oba et al., 2017;
Materese et al., 2020) and could be considered a simplified
analog of these residues. Vinogradoff et al. (2020a) and
Vinogradoff et al. (2020b) analyzed the hydrolysis of HMT
under conditions designed to simulate asteroidal aqueous
alteration. Specifically, HMT was hydrolyzed in water at
150°C alone and in water mixed with phyllosilicate minerals
(Al- or Fe-rich smectites) for up to 31 days. Their results
demonstrated that hydrolysis of HMT in the presence of Al-
rich smectites appeared to promote the formation of amino
acids, while similar hydrolysis in the presence of Fe-rich
smectites suppressed their formation. Overall, these findings
suggest that the presence of minerals could play a key role in
the synthesis of organic compounds in asteroids.

In contrast, Kebukawa et al. (2017) and Elmasry et al.
(2021) simulated amino acid formation from a “bottom-up”
framework operating through base-catalyzed formose reac-
tions, starting with a solution of simple precursor molecules
(H>CO, NH3, H,0O and glycolaldehyde in the former experi-
ments only). In Elmsry et al. (2021), amino acids were also
synthesized from their precursor mixture alone and in the
presence of minerals, namely olivine, Na-montmorillonite, or
serpentine, at 150°C for up to 7 days. Their findings suggest
that the presence of minerals provided a short-term boost (up
to 3 days depending on the mineral) to the formation of amino
acids from simple precursors relative to those formed in their
absence, but later enhanced amino acid decomposition by the
end of their experiments on day 7.

In our previous work, we performed simplified experi-
ments to examine hydrothermal alterations of complex
organic residues generated from ice radiolysis experiments
(Qasim et al., 2023). In these experiments, we irradiated com-
monly observed interstellar gas mixtures, and their residues
were recovered, dissolved in water, divided, subjected to
processing at varying temperatures and times, and sampled at
several intervals up to 30 days to monitor changes in their
amino acid and amine contents. The results of these experi-
ments suggest that, although inheritance of amino acids and
amines from the residues was still an important factor after
30 days, hydrothermal processing had a measurable influence
on their abundances (Qasim et al., 2023).

The work presented here expands on our prior experiments
by including minerals relevant to carbonaceous chondrites dur-
ing the hydrothermal processing to test whether their presence
has an impact on the production or destruction of amino acids.
Specifically, our samples included pulverized samples of the
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Allende meteorite (a CV3 chondrite that consists mostly of oli-
vine) and serpentinite (a metamorphic rock dominantly com-
posed of serpentine minerals). The hydrothermal processing of
our samples was conducted with and without the presence of
these minerals to evaluate their impact on the abundance of
amino acids over time.

2. Experimental Methods

All glasswares discussed throughout this methods section
were first cleaned by rinsing with Milli-Q ultrapure water
(hereafter “water”; 18.2 M2, <3 ppb of total organic carbon)
and then baked in a furnace at 500°C in air overnight.

2.1. Allende and serpentinite removal of organics

Samples of the Allende meteorite (Smithsonian Institu-
tion) and serpentinite (Lancaster County, PA, USA) were
first crushed and then cleaned by placing roughly 1 g of each
material in short pipettes tampered with quartz wool. The
mineral samples were rinsed in sequence by using three pip-
ette volumes of HPLC-grade methanol and water. The meth-
anol-water rinses were dried and heated at 500°C for 16 h to
remove organic matter. Then, the pyrolyzed residue (com-
posed of mostly water-soluble salts) was redissolved in
water. These organic-free solutions were added back to the
mineral samples and were then dried using centrifugal rota-
tion at reduced pressures (Labconco CentriVap) and room
temperature for 72 h. The mineral powders were tested for
their organic content by using pyrolysis gas chromatography
coupled with mass spectrometry, which showed the absence
of soluble organics and organic macromolecules.

2.2. Allende and serpentinite surface area measurements

Specific surface area measurements were made on the
pulverized Allende and serpentinite samples by using a
Quantachrome Nova 2200e surface area and pore size
analyzer.

Approximately 1 g of each sample was used during the test,
and each sample was degassed under vacuum prior to the sur-
face area measurements. To avoid thermal alteration of the
samples, they were held at room temperature, under vacuum,
for 18 h during degassing. Allende and serpentinite samples
were held at liquid nitrogen temperatures and exposed to
nitrogen gas at different ratios of the nitrogen saturation pres-
sure, and the specific surface area was determined by perform-
ing a Brunauer—-Emmett-Teller (BET) isotherm analysis
(Brunauer et al., 1938; Sing, 1998) of the adsorption data. In
this analysis, five adsorption points within the so-called “linear
region” were measured where the ratio of the equilibrium
pressure to the saturation pressure (p/py) ranges from 0.05 to
0.3. The adsorption measurements for both samples provided
good fits to these BET plots, and the specific surface area of
the Allende sample was measured at 1.65 m*/g, while the ser-
pentinite sample was 1.41 m?/g. These results suggest that the
overall surface areas of the Allende and serpentinite powders
in our samples were very similar.

2.3. X-ray diffraction analyses of Allende and serpentinite

The compositions of the mineral samples were determined
by X-ray diffraction analyses on a Bruker D8 Discover X-
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ray diffractometer. The patterns were acquired on the fine
powders from 2 to 70°20 (Cu Ko radiation, / = 1.54059 A),
and quantitative mineralogy was obtained by Rietveld refine-
ment methods using the MDI (Materials Data Incorporated)
Jade analysis software. The Allende meteorite sample was
composed of 72 wt. % olivine and 28 wt. % clinopyroxene
(Fig. 1). The serpentinite was dominantly serpentine miner-
als of about 87 wt. % (lizardite/antigorite), 7.5 wt. % olivine,
1.5 wt. % magnetite, 1 wt. % hydrotalcite, and 3 wt. % bruc-
ite (Fig. 1).

2.4. Radiolysis experiments

All ice radiolysis steps were conducted in a high-vacuum
chamber (~2 X 1077 torr at room temperature, ~6 X 1078
torr at 25K). The vacuum chamber is attached to a gas mani-
fold with multiple inlet ports, which allows each compound
in the ice mixture to remain isolated until it is condensed
onto the substrate. The vacuum chamber is coupled to a Van
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FIG. 1. The compositions of the rocks used for simulated
hydrothermal processing as determined by X-ray diffraction
analysis.

MATERESE ET AL.

de Graaff accelerator, which is capable of irradiating sam-
ples with 0.9 MeV p*.

Ice films were generated through vapor deposition of
gases onto a clean aluminum foil substrate (heated in air to
500°C for 24 h prior to use) that was attached to a closed-
cycle helium cryocooler with a copper gasket and cooled to
20K. All sample ices, H202C02:CH30H:HC15N (20:4:2:1),
were grown for ~ 3 h to a thickness of 15 pm using methods
described by Qasim et al. (2023). Nitrogen-15 labeling of
the HCN was used to ensure that any amino acids produced
during radiolysis or during later hydrothermal processing
could be differentiated from possible sources of contami-
nation. All reactants except for HC'’N were obtained com-
mercially: H,O (Fisher Chemical, HPLC grade), CO,
(Matheson, 99.8%), and CH3;OH (Sigma-Aldrich, HPLC
grade). To obtain HCISN, we used the method described by
Gerakines et al. (2004). Briefly, HC'°N gas was synthesized
by the reaction of a mixture of KC'>N (Sigma-Aldrich, 98%
15N) and stearic acid [CH3(CH,);COOH, Sigma-Aldrich,
reagent grade] powders in roughly equal molar ratio. The
mixture was heated to 350 K under vacuum and held at that
temperature until the reaction was complete. The reaction
yielded HC'°N and CO, gases, which were collected in a
bulb. The bulb was then cooled to 77 K by liquid N, and
then warmed to 178 K in an acetone slush bath and the CO,
was pumped away.

After deposition, the samples were irradiated with 0.9
MeV p* to a dose of ~10 eV/molecule. The radiation
received by our samples simulates a radiation dose that ice
grains would experience prior to sequestration into a larger
planetary body (107 years; average lifespan of a dense
molecular cloud; Moore et al., 2001; Blitz and Shu, 1980;
Behr et al., 2020) prior to sequestration into a larger plane-
tary body. An equivalent dose was used in our previous
work (Qasim et al., 2023). After irradiation, the samples
were gradually warmed to 300 K at a rate of 1.5 K/min to
slowly release volatiles, which left behind refractory organic
residues. The foils containing these residues were quickly
recovered, transferred to prebaked glass vials, and immedi-
ately stored in a —80°C freezer prior to use in the simulated
hydrothermal processing experiments. In total, six residues
were generated using the same conditions. These six residues
allowed subsequent hydrothermal processing experiments to
be performed in duplicate.

Two control samples were created: (1) ice without radia-
tion and (2) radiation without ice. These controls were used
to mitigate potential contamination in the radiation and ice
formation steps.

We note that HCN was chosen as our nitrogen source in
our initial ices unlike the NH; used in our previous experi-
ments. This choice was made in the hopes of generating
some larger amino acids that could be identified and quanti-
fied in our initial unprocessed samples and to discern
whether there was any change in the relative initial abundan-
ces of o~ versus f-amino acids. Ultimately, the substitution
of HCN for NH; did not yield anything of note.

2.5. Hydrothermal processing experiments

The vials that contained residues from the radiolysis
experiments were extracted from the —80°C freezer and
warmed to room temperature. To each vial, 1 mL of methanol
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(Fisher Chemical, HPLC grade) was added, and the samples
were sonicated for 10 min. The liquid contents of each vial
were transferred to prebaked 10 x 32 mm vials (Supelco) that
contained 10 uL of 6M HCI (Tama Chemicals Co., Ltd., ultra-
pure) to preserve volatile amines that could potentially form
amino acids in the subsequent hydrothermal processing steps.
Four 200 pL aliquots of each sample were transferred to pre-
baked 13 x 100 mm borosilicate tubes (Kimble). After all sam-
ples were divided and transferred to the borosilicate tubes, they
were dried at reduced pressures for 24 h to remove methanol.
Depending on the sample type, water and Allende, water and
serpentinite, or water alone were added to the sample tubes.
Sample tubes were attached to a vacuum manifold, and the
samples were frozen in liquid nitrogen and degassed three
times by using a freeze—-pump-thaw cycle. Finally, samples
were flame-sealed under vacuum as described in the work of
Pavlov et al (2022) and returned to the —80°C freezer until
needed. The first of these four tubes was designated to receive
no hydrothermal processing beyond being dissolved in water
at room temperature and then immediately refrozen at —80°C
until analysis. The remaining three tubes were used for hydro-
thermal processing at 125°C for 2, 7, and 30 days, respectively.
All four tubes corresponding to a particular residue’s sample
(i.e., 0,2, 7, and 30 days) were then designated for one of three
possible hydrothermal processing conditions: (1) in 200 pL of
water only, (2) in 200 pL of water with 50 mg pulverized
Allende powder, and (3) in 200 pL of water with 50 mg pulv-
erized serpentinite. The temperature and duration of the experi-
ments were chosen to match our previous experiments in
Qasim et al. (2023).

An additional three sets of blank experiments (four sam-
ples each, for 0 days, 2 days, 7 days, and 30 days) were
created where 200 pL of ultrapure water was pipetted into
a sample tube with no additional minerals, with 50 mg of
pulverized Allende, or 50 mg of pulverized serpentinite.
These procedural blanks were designed to test for amino
acid contamination, especially any contamination that
could have come during residue transport, drying, and
setup, or from sample separation (tube breaking) before
analyses.

The pH of the samples was controlled primarily by the
added minerals and was measured prior to the addition of the
residues using pH paper. The starting pH of water alone was
7.0, mixtures of water with pulverize Allende was 7.9, and
water with pulverized serpentinite was 9.0. No buffers were
added to artificially control the pH so that the analysis could
focus directly on the influence of the minerals surfaces and
ions they released into the solution.

Samples were heated in a laboratory oven at 125°C for
2, 7, or 30 days without interruption. After heating, sam-
ples were immediately returned to the —80°C freezer until
analysis. The samples referred to as “0O days” remained in
the freezer undisturbed until analysis. After all hydrother-
mal processing experiments were complete, all sample
tubes were carefully broken open, liquids were pipetted
out, and transferred to baked 12 X 32 mm recovery tubes.
An additional 0.5 mL of water was pipetted into the sample
tube and transferred to the recovery tubes twice to recover
as much residual material as possible. No acid hydrolysis
was performed on the samples after simulated aqueous
alteration.
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2.6. Liquid chromatography-mass spectrometry analysis
after hydrothermal processing

All commercially purchased reagents used were acquired
from Sigma-Aldrich, Fisher Scientific, Acros Organics,
Combi-Blocks, Bachem, Tokyo Chemical Industry, and
Waters Corporation. Amino Acid Hydrolysate H from
Waters was utilized along with stock amino acids prepared
by dissolving individual analyte crystals (purities ranged
from 96% to 100%) in ultrapure water. Stock amino acid
standard solutions were made with concentrations ranging
from 0.01 to 1M. This standard set included the 20 protein
amino acids, plus the nonprotein amino acids, f-Alanine
7-ABA, f-ABA, -AlB, o-AIB, and a-ABA (Supplementary
Fig. S1; Supplementary Table S1).

The portions of the water extract allocated for amino acid
analyses were dried under vacuum and then derivatized with
AccQ-Tag using previously described methods (e.g., Vinog-
radoff et al., 2020b). Each sample was resuspended in ultra-
pure water, and 10 uLL was used for AccQ-Tag derivatization,
which was performed as follows: (1) adding 70 pL sodium
borate buffer, 10 pL. sample, and 20 pL. AccQ-Tag derivatiza-
tion agent to a total recovery vial, (2) heating at 55°C for 10
min, and (3) injecting 1 pL into the liquid chromatography—
mass spectrometry. Standards that consisted of a set of eight
calibrators of amino acids were prepared in water and proc-
essed identically to the samples.

The derivatized amino acid extracts were analyzed via the
commercial Waters AccQ-Tag protocol on a Xevo TQS-
Micro triple quadrupole mass spectrometer equipped with an
electrospray ionization source (positive ion mode) using
multiple reaction monitoring (MRM) mode. The Xevo TQ-S
Micro capillary voltage was set to 1.0 keV, the sampling
cone was set to 40°C, the source temperature was set to
150°C, the cone gas flow was set to 50 L/h, the desolvation
temperature was set to 500°C, and the desolvation gas flow
was set to 1000 L/h. Samples were introduced via a Waters
Acquity H-Class plus Ultra High Precision Liquid Chroma-
tography (UHPLC) with a fluorescence detector.

UHPLC separations were performed by using an
AccQ-Tag Ultra C18, 1.7 pm. 2.1 x 150 mm column. Amino
acid target analytes were eluted by using the following gradi-
ent: 0-2.49 min: 0-10% eluent B, 2.49-7 min: 10-20% elu-
ent B, 7-7.99 min: 20-50% eluent B, 8-8.99 min: 100%
eluent B, 8.99-9 min: 100-0% eluent B, 9—10 min: 0% eluent
B. The autosampler temperature was maintained at 25°C, the
injection volume was 1 pL, the eluent flow rate was held at a
constant 0.7 mL minfl, and the column was maintained at
55°C. The fluorescence detector was operated with an excita-
tion wavelength of 266 nm and an emission wavelength of
473 nm.

Selected MRM transitions were used for amino acid
quantifications (Supplementary Table S1). A linear least-
square model was fitted to each amino acid in the standard
calibration set, and these calibration curves were used to
quantify the analytes in the samples. A sample of pure
water that was carried through the same preparation and
analytical procedures as the samples was used as a blank to
determine the procedural and laboratory backgrounds. All
derivatized extracts were analyzed in triplicate, and the
average blank-corrected amino acid concentrations of the
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samples were determined from the standard calibration set
and the extracted sample mass.

Sarcosine was not included in the original standard set,
but its analysis was included post hoc. For sarcosine identifi-
cation, we spiked the 1364 Allende 30-day sample with a
sarcosine standard to verify an identical retention time of the
standard to the suspected sarcosine peak observed in the
sample (Supplementary Fig. S2). For sarcosine quantifica-
tion, we used a calculated coefficient to normalize the sarco-
sine standard peak area to the f-alanine peak area at a
concentration of 25 ptM. We then used the normalized stand-
ard peak areas to structure a sarcosine calibration curve and
calculate the associated concentrations.

3. Results

Five amino acids, glycine, serine, o-alanine, f-alanine,
and sarcosine were detected in our samples, and the concen-
trations are reported in Table 1. The first four amino acids
were the most abundant amino acids detected in our previous
work (Qasim et al. 2023), but no attempt was made to detect
or quantify sarcosine in the previous study. The only source
of nitrogen in our original ices was '°N-labeled HCN so the
m/z peak associated with the '°N-isotopologue of each
amino acid was used for identification and quantification. As
an additional check, the m/z peaks associated with the 4N-
amino acid isotopologue were also measured (Supplemen-
tary Fig. S3), and in all cases, the [ISN] was at least twice
the [**N]. This result eliminates the possibility that a signifi-
cant portion of the m/z associated with '"N-amino acids
could have been natural levels of '>C from unintentional
amino acid contamination.

'>N-amino acids were not detected in either of the proce-
dural blanks—nonirritated ices and the irradiated “no ice”
controls. Glycine, serine, f-alanine, and sarcosine were not
detected in any of the samples from our blank experiments.
Although "“N-g-alanine was not detected in any of the 0-day
samples, it was detected in the 2-, 7-, and 30-day blank sam-
ples at concentrations roughly an order of magnitude lower
than what was detected in the nonblank samples. Notably, the
concentrations of '*N-x-alanine in the blank samples are nearly
identical regardless of the presence of minerals, which suggests
that the minerals are not the source of this contamination.

It is normal for some variation to occur between samples
despite the significant efforts taken to ensure that experimen-
tal conditions were identical for ice deposition, radiolysis,
and residue recovery. Sample recovery is far easier and more
efficient from the sample vials that contain only water rela-
tive to those that contain water and minerals. This effect is
demonstrated by the fact that, for each amino acid, the 0-day
concentrations observed in the water-only samples are all
larger than those observed for the samples containing miner-
als. The 0-day concentrations of amino acids recovered from
the samples containing Allende are slightly lower, but
mostly within the margin of error (for all but sarcosine)
when compared to the concentration of those recovered from
samples containing serpentinite. This is consistent with the
Allende powder’s marginally larger 1.65 m*/g surface area
compared with serpentinite’s 1.41 m?/g. Because of these
natural variations and differences in sample recovery, we
examined the percent change (A%) relative to their 0-day
values (Fig. 2) to best understand how the amino acid
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concentrations evolve during hydrothermal alteration. Over-
all, hydrothermal processing had a significant impact on
the abundance of amino acids in our samples, but the
effects varied significantly based on the specific amino
acids in question and on the presence of minerals. The
abundance of each amino acid studied regardless of the
presence of minerals (with the possible exception of serine
in water alone) increased significantly between the unpro-
cessed (0 days) and those exposed to 2 days of hydrother-
mal processing. This was likely mostly driven by the
hydrolysis of amino acid precursors present in the residue.
After two days, the change in the abundances of the amino
acids varied much more significantly based on amino acid
type and the presence of minerals.

3.1. Glycine

The A% [(2 days, 7 days, or 30 days)/(0 days)] of glycine
appears to significantly increase after 2 days of hydrothermal
processing (Fig. 2A). The A% of glycine appears to increase
somewhat more in samples containing pulverized Allende or
serpentinite than it does in water alone for 2 days, but large
error bars for water and serpentinite make this difficult to
confirm. After 7 days, the abundance of glycine remained
unchanged, within the margin of error, up to the end of the
experiment at 30 days. Overall, the abundance of glycine is
relatively stable throughout the experimental time frame. By
the end of the 30-day experiments, the abundance of glycine
appears largely unaffected by the presence or absence of
minerals in the sample tube.

3.2. Serine

Unlike glycine, the A% of serine varies significantly as a
function of both hydrothermal processing time and the pres-
ence and identity of minerals in the sample tube (Fig. 2B).
For samples containing only water, the abundance of serine
remains largely unchanged from its initial level within the
margin of error throughout the experiment. In contrast, when
the sample contained pulverized Allende powder, the abun-
dance of serine at 2 days increased nearly threefold. After
that, it remained near the 2-day abundance at day 7 before
declining to about 150% of its initial value at 30 days.
When samples contained serpentinite, the abundance
stayed the same, or increased slightly after 2 days of
hydrothermal processing; however, it then consistently
declined to only a small fraction of its initial abundance by
the end of the experiment.

3.3. a-Alanine

For all samples, at the end of 2 days regardless of the
presence of minerals, the A% of o-alanine initially
increases in a similar fashion by two-fold or more from its
initial abundance. After this initial increase (Fig. 2C), the
abundance of «-alanine continues to rise indistinguishably
within the margin of error for the remainder of the experi-
ment for samples containing only water and samples con-
taining pulverized Allende. In contrast, after 2 days the
abundance of o-alanine in samples containing serpentinite
steadily declined throughout the rest of the experiment
back to its initial abundance by day 30.
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FIG. 2. Change in product abundances after aqueous alteration of the residues for (A) glycine, (B) serine, (C) x-alanine,
(D) p-alanine, and (E) sarcosine. All values are normalized to their initial (0 days) values (see the “Methods™ Section).

3.4. -Alanine

At the end of 2 days, the A% of f(-alanine initially increases
by over 200% for samples containing pulverized Allende and
serpentinite powders and increases by approximately 150%
with a relatively large margin of error for samples containing
only water. After 2 days, the abundance of f-alanine steadily
decreases for the remainder of the experiment for all samples
at a similar rate within the margin of error (Table 1, Fig. 2D).
The lower f-alanine abundances with increasing aqueous
processing were also observed from our previous work
(Qasim et al., 2023) and was explained at least in part by the
lack of o-f-nitriles in the residue synthesis.

3.5. Sarcosine

The A% of sarcosine appears to significantly increase
after 2 days of hydrothermal processing (Fig. 2E) and
then does not appear to experience significant changes
with additional processing. The notably A% of sarcosine
does appear to increase somewhat after 2 days, for sam-
ples containing pulverized Allende than for samples con-
taining serpentinite or water alone, but all converge on
the same concentration at the end of the 30 days. Notably,
sarcosine is one of the most abundant amino acids
detected in our samples, sometimes exceeding the abun-
dance of glycine.
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4. Discussion

In almost all cases with the possible exceptions of glycine
and serine in water alone, the abundance of each amino acid
increases significantly from its initial O-day value to the 2-
day samples. These data suggest that, initially, the synthesis
of amino acids is strongly favored. The relative abundances
of amino acids changed over time for samples that contained
water alone, which shares some similarities to the results of
Qasim et al. (2023), but there are some differences in the
amino acid abundances. Although we observed the same
general trend of glycine >> serine > x-alanine > ff-alanine,
there are differences in how their abundances evolved over
time. In the work of Qasim et al. (2023), at the end of 2 days
at 125°C, the A% of glycine was somewhat unchanged but
grew significantly by day 7, followed by a subsequent
decline. In contrast, in the current experiments, the A% for
glycine in all samples grew modestly by 2 days and
remained mostly unchanged for the duration of the 30-day
experiment. Another difference is that the A% of f-alanine
declines significantly at the end of 30 days in the current
experiment, while in the previous study, it had returned to
roughly its initial value after an initial increase after the
same duration. The observed variation in the abundances of
some amino acids in this, and our previous work, may be
caused by a difference in the initial ice compositions
between experiments. Specifically, in the current experi-
ments, HCN replaced NH; from the prior experiments as the
sole source of nitrogen. Note that the abundance of sarcosine
was not quantified in our previous work and, therefore, no
direct comparison can be made.

One possible source of amino acid synthesis is the hydro-
lysis of complex molecules such as HMT and its derivatives,
which as previously mentioned are often among the most
abundant products of the irradiation or photolysis of inter-
stellar ice analogs. Indeed, Hulett (1971) demonstrated that
glycine, o-alanine, and serine respectively were the three
most abundant amino acids produced by the hydrolysis of
HMT under acidic conditions. However, synthesis from
HMT is likely only part of the explanation for the changes in
amino acids observed in our experiments. In the work of
Vinogradoff et al. (2018), HMT abundance was tracked
throughout their 150°C hydrolysis experiments and was no
longer detected between their 7- and 20-day samples. This
suggests that, if HMT plays a role in amino acid synthesis in
our samples, its influence may no longer be significant some-
time after 7 days. As previously stated, Vinogradoff et al.
(2020a) and Vinogradoff et al. (2020b) examined the forma-
tion of amino acids from HMT with and without the addition
of Al- and Fe-rich smectites (phyllosilicates), and significant
differences in amino acids abundances were observed
between this study and Vinogradoff et al. (2020a) and
Vinogradoff et al. (2020b). First, serine was not detected in
their samples at above blank levels, while it was the second
most abundant amino acid in ours. Although a trend of gly-
cine > o-alanine > ff-alanine was observed in their experi-
ments, their abundances all gradually increased for the entire
31-day duration of their experiments (with and without the
presence of smectites) while, in contrast, we generally
observed the largest increases in abundance after just 2 days
followed by minimal-to-modest increases or even declines.
Interestingly, although Vinogradoff et al. (2020b) observed
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that Al-rich smectites appeared to promote amino acid for-
mation and Fe-rich smectites appeared to suppress amino
acid formation, a decline in the abundance of amino acids
with increased hydrothermal processing time was not
observed in any of their experiments. This stands in contrast
with our results (Fig. 2), where after 2 days the presence of
the serpentinite appears to promote the destruction of serine
and o-alanine.

Although the starting materials of our samples are dissimi-
lar from the simple precursor studied by Elmasry et al.
(2021), there are some notable similarities between our
results. First, the presence of olivine or serpentine in their
samples appears to promote the formation of glycine, serine,
and «-alanine after up to day 3 of their experiments. Our 2-
day samples (Fig. 2) are consistent with this trend, though it
is important to be mindful of the margin of error. Interest-
ingly, by 7 days the presence of either olivine or serpentine in
samples discussed in Elmasry et al. had a minimal impact on
glycine abundance relative to their 3-day values, a finding
similar to our results. Notably, there are also significant dif-
ferences in our results as well, namely the presence of serpen-
tinite appears to have a negative impact on the abundance of
serine, a result that was not observed by Elmasry et al.
(2021). Another significant difference with regard to Elmasry
et al. (2021) is the continual decline in the abundance of
p-alanine regardless of the presence of minerals in our
samples.

The abundances of serine, x-alanine, and possibly f-ala-
nine are enhanced in Allende powder relative to serpentinite,
at least for the first 7 days (Fig. 2). These observations may
be related to two independent, though not mutually exclusive
factors: (1) the polarity and/or water solubility of the amino
acids and (2) the charge of the mineral surfaces in the
Allende and serpentinite powders during aqueous process-
ing, that is, the release of ions to solution due to mineral dis-
solution, the formation/destruction of reaction sites on the
mineral.

Mineral dissolution affects the pH of the sample and sur-
face charge which can impact the organic chemistry that
occurs in solution. The presence of serpentinite in water cre-
ated alkaline initial conditions (pH = 9.0), and the serpentine
fraction was likely negatively charged during the experi-
ment, as Mg2+ was released to the solution (Li et al., 2023).
The presence of pulverized Allende created slightly alkaline
conditions (pH = 7.9), and the surfaces of the olivine and
pyroxene were likely slightly negatively charged, as they
also would have released metal cations such as Mg?* to solu-
tion, as well as Si in the form of as SiO,(aq) (Hénchen et al.,
2006; Wogelius and Walther, 1991).

The higher charge surfaces of the serpentine in the serpen-
tinite sample may have preferentially adsorbed polar organic
compounds such as amino acids as compared to the surfaces
of the olivine and pyroxene in Allende. This effect may also
partially explain the trends in the amino acid abundances
over time in the serpentinite experiments. For example, the
solution concentrations of the less polar (and relatively more
water soluble) glycine show a less pronounced decline over
time than the more polar (but relatively less water soluble)
serine, which may be more effectively adsorbed to the
charged mineral surface. Adsorption of amino acids or other
organic compounds in solution to mineral surfaces could
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catalyze chemistry through hydrolytic breakdown from reac-
tions with surface OH (Kleber et al., 2021). Additionally,
amino acid adsorption could hinder their recovery and
extraction for analysis, which in turn could alter their appa-
rent abundances. This effect, however, cannot explain the
decline in abundance of x-alanine in samples containing ser-
pentinite relative to those containing pulverized Allende or
water alone. It is also possible that the cations released to
solution due to partial dissolution of the mineral samples
may have affected the abundances of amino acids detected.
Cations such as magnesium can form chelates or other com-
pounds with amino acids, which could impact their detec-
tion. However, it is challenging to invoke a chelating
mechanism that would be specific to «-alanine and none of
the other amino acids studied here. Mineral-driven differen-
ces in pH between the samples likely also played a role in
the efficiency of amino acids synthesis or destruction.

Amino acid synthesis from nitriles likely plays an impor-
tant role in our samples, especially with HCN as part of the
reactant ices. Strecker synthesis, Michael addition, Maillard
reaction, and HCN polymerization are all potentially impor-
tant mechanisms for this synthesis. Like the findings of our
previous work, the greater abundance of o-alanine versus
f-alanine suggests that the Strecker synthesis may play a
more significant role than Michael addition.

In current experiments, we observed a decrease in f-ala-
nine concentration with increasing hydrothermal processing
time. Unlike our previous work (Qasim et al. 2023), we used
HC"N in the present study as one of the starting materials
for the synthesis of the irradiated residue, thus, we expected
that amino acids, especially f-alanine, would form from the
Michael addition to o-f-unsaturated nitriles. Our results sug-
gest that o-f-unsaturated nitriles may be present during ice
irradiation and the first days of hydrothermal processing;
however, the rapid decrease of f-alanine with aqueous altera-
tion is challenging to explain. This is of particular interest
because of the larger f-alanine contents observed in meteor-
ites with increasing aqueous alteration (Glavin et al., 2011,
2020). Thus, it could be argued that the concentration of
f-alanine in meteorites may not be fully affected by aqueous
processing but by the availability of starting materials such as
o-f-unsaturated nitriles during the accretion of the parent
body.

5. Conclusion

Our results suggest that the presence of minerals during
aqueous alteration could have a significant impact on the
abundances of amino acids inherited from the accretion of
interstellar dust grains or synthesized in situ. Simulated
hydrothermal processing in the presence of serpentinite
appears to have a significant negative impact on the abun-
dances of the amino acids serine and alanine relative to sam-
ples containing water alone. In contrast, the presence of
pulverized Allende meteorite has a positive impact on the
serine abundance relative to samples containing water alone,
and a neutral-to-mildly positive impact on the abundances of
all other amino acids detected in our experiments. These
results also suggest that amino acid abundances may vary
based on localized mineral inclusions.
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Abbreviations Used

ABA = aminobutyric acid

AIB = aminoisobutyric acid

BET = Brunauer—-Emmett—Teller

HMT = hexamethylenetetramine
HPLC = high-performance liquid chromatography
MRM = multiple reaction monitoring

UHPLC = Ultra High Precision Liquid Chromatography
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