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The pristine sample from the near-Earth carbonaceous asteroid (162173)
Ryugu collected by the Hayabusa2 spacecraft enabled us to analyze the pris-
tine extraterrestrial material without uncontrolled exposure to the Earth’s
atmosphere and biosphere. The initial analysis team for the soluble organic
matter reported the detection of wide variety of organic molecules including
racemic amino acids in the Ryugu samples. Here we report the detection of
uracil, one of the four nucleobases in ribonucleic acid, in aqueous extracts
from Ryugu samples. In addition, nicotinic acid (niacin, a B3 vitamer), its
derivatives, and imidazoles were detected in search for nitrogen heterocyclic
molecules. The observed difference in the concentration of uracil between
A0106 and C0107 may be related to the possible differences in the degree of
alteration induced by energetic particles such as ultraviolet photons and
cosmic rays. The present study strongly suggests that such molecules of pre-
biotic interest commonly formed in carbonaceous asteroids including Ryugu
and were delivered to the early Earth.

Hayabusa2 spacecraft successfully delivered total 5.4 g of pristine
samples, collected during two touchdown operations, from the C-type
near-Earth asteroid (162173) Ryugu on 6 December 2020". Initial ana-
lyses of the samples revealed the similarity with Ivuna-type (CI) car-
bonaceous chondrites based on spectroscopy, mineralogy, and
elemental/isotopic compositions®™. Surveys of soluble organic matter
(SOM) in the Ryugu samples have also been performed in the initial
analysis, revealing that a wide range of organic compounds such as
racemic non-protein type amino acids, alkylamines, carboxylic acids,
polycyclic aromatic hydrocarbons (PAHs), and nitrogen heterocyclic
molecules are present in the aqueous or organic extracts®®. Then, if

Ryugu had a common parent body with CI chondrites, we would
expect that other classes of organic compounds, in particular
nucleobases, to be present in the Ryugu samples, as has been
demonstrated in previous studies on the detection of uracil in the
Orgueil Cl meteorite’™.

We have recently developed an analytical method for the small-
scale detection and identification of nucleobases at parts per billion
(ppb) to parts per trillion (ppt) levels using high-performance liquid
chromatography coupled with electrospray ionization high-resolution
mass spectrometry (HPLC/ESI-HRMS)™", In the aqueous extracts from
the Murchison CM meteorite, for which intensive study of organics
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have been made since its fall in 1969, we successfully detected all five
canonical nucleobases (adenine, guanine, cytosine, thymine, uracil) at
the concentrations ranging from 4 to 72 ppb". Such highly sensitive
methods are well suited for Ryugu analyses where the available sample
mass is limited.

Here, we search for nucleobases and other classes of nitrogen (N)-
heterocyclic molecules (Supplementary Fig. 1), as well as their alky-
lated homologs, indigenous to the Ryugu samples A0106 and C0107
(Fig. 1), which were collected from the first and second touchdown
sites of the asteroid Ryugu. Such N-heterocyclic molecules including
nucleobases would be a good target for better understanding chemical
evolution as they are considered to play an important role both as
reactants and catalysts for the synthesis of further complex organic
molecules such as peptide nucleic acids and nucleotides in prebiotic
evolution™™ (Supplementary Fig. 2). The Ryugu samples (-10 mg) are
subjected to hot-water extraction at 105 °C for 20 hours, followed by
acid hydrolysis (see “Methods” section). As the most suitable reference
samples of Ryugu, we also analyze the hot water extract from the
Orgueil meteorite and its acid-hydrolysate to compare the nucleobase
contents between the Ryugu and Orgueil meteorite.

Results and discussion

Bulk properties of the Ryugu samples

The bulk elemental and isotopic analyses of both samples showed very
good similarities between Ryugu and CI chondrites™® (Fig. 2 and Sup-
plementary Table 1). The infrared reflectance spectral analysis of those
Ryugu samples indicated that the signals derived from hydrous silicate
minerals (i.e., 2.72 um for OH absorption) and organic matter (i.e.,
3.1 um and 3.4 pum for CH and NH absorption bands, respectively) were
mostly homogeneous between A0106 and C0107 (Fig. 3) and had
similar characteristics to a profile of CI chondritic features®.

Detection of uracil

Figure 4 shows mass chromatograms at the mass-to-charge ratio (m/z)
0f113.0346 Da (atomic mass unit) corresponding to that of protonated
uracil (C4H4N,0,+H") for the acid hydrolysates of the A0106 and
CO0107 extracts. Several peaks were observed above the background
level in the sample chromatograms. Since there are no peaks in the
mass chromatograms for the serpentine blank at the corresponding

Fig. 1| Sample returned from asteroid Ryugu (162173). Photographs of initial
samples A0106 (total 38.4 mg)® and CO107 (total 37.5 mg) from the asteroid Ryugu
(162173) during the 1* touchdown sampling and 2™ touchdown sampling,

i\

my/z, the observed peaks must be indigenous to the samples. Based on
the comparison with the retention times using the authentic standard
reagents of uracil and its structural isomers (2-imidazole-carboxylic
acid and 4-imidazole-carboxylic acid; hereafter 2-ICA and 4-ICA,
respectively; Supplementary Fig. 1), the observed peak at ~16 min for
the Ryugu samples is certainly derived from uracil. This peak was also
observed in the extract from the Orgueil meteorite (Fig. 4) and the MS/
MS analysis (see Methods) for the peak at -16 min showed a clear
match on the mass fragmentation pattern with that for the authentic
standard of uracil (Supplementary Fig. 3). The identification of uracil in
the Orgueil extracts further strengthens our conclusion that the
detected peak at 16 min in the Ryugu extracts is surely derived from
uracil. The simultaneous detection of uracil from the A0106 and C0107
extracts by a different separation technique using a capillary
electrophoresis-high resolution mass spectrometry (CE-HRMS)
instrument is important evidence that reliably supports the analytical
detection of uracil with HPLC/ESI-HRMS as discussed above (Fig. 5).
The concentration of uracil was 11 + 6 and 32 + 9 ppb in the A0106
and C0107 samples, respectively, which were lower than that detected
in the same extract from the Orgueil meteorite analyzed in the present
study (140 ppb, Table 1), and lower than that reported previously
(73 ppb)®, but comparable to that in CM2 chondrites (Table 1). It is
likely that acid hydrolysis may have liberated or synthesized uracil
from its derivatives or precursor(s) in the hot water extracts, as the
case for amino acids in carbonaceous meteorites®®. In fact, in the
Orgueil extract, the concentration of uracil increased by a factor 1.5
after acid hydrolysis (Table 1). Applying this factor to the Ryugu sam-
ples, the concentration of uracil before acid hydrolysis is estimated to
be 7+ 4 and 21+ 6 ppb in the A0O106 and C0107 samples, respectively.
This implies that uracil has been present in the Ryugu samples as a
labile form to some extent, which is well consistent with the detection
of uracil in the hot water extract from both Ryugu samples before acid
hydrolysis (Fig. 5). Other DNA/RNA nucleobases were not positively
identified in both the A0106 and CO107 samples. This does not
necessarily exclude a possibility that those nucleobases are present in
the Ryugu samples, but just they may be below the detection limit
under the experimental conditions employed (see Supplementary
Information for the non-detection of purine nucleobases). Note that
any cytosine which was present may have been deaminated to yield

respectively” 2. The photos were taken in the clean chamber of the curation facility
at Japan Aerospace Exploration Agency before the sample distribution. The scale
bar represents 3 mm (red line).
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Fig. 2 | Elemental compositions of the Ryugu samples. The elemental profiles of
A0106 (i.e., Ist touchdown site) and CO107 (i.e., 2nd touchdown site) for carbon (C,
wt%), nitrogen (N, wt%), and hydrogen (H, wt%). with those of reference carbo-

naceous chondrites (Cl, CM, CO, CR, and CV; Naraoka et al.® and the supplementary

Hydrogen (wt%)

information). Based on repeated measurements of very fine-grained samples, both
A0106 and C0107 were found to have similar elemental abundances (C, N, H). The
blue square stands for bulk C (5.1+ 0.4 wt%) and N (0.26 + 0.01 wt%) profiles of the
Zag clast™.

uracil upon hot water extraction for 20 h at 105 °C, followed by acid
hydrolysis for the same duration at 105 °C, as has been demonstrated
in laboratory experiments'”'®, Hence, the possibility of cytosine in the
Ryugu samples prior to workup cannot be excluded. The upper limit
for the concentrations of uracil precursors including cytosine can be
estimated from the difference in the concentration of uracil before and
after acid hydrolysis, to be 4 and 1lppb in the A0106 and
C0107 samples, respectively. There could be other formation
mechanisms of uracil in the Ryugu sample other than hydrolysis of its
chemical precursors. Since Ryugu appears to not have heated above
100 °C after aqueous alteration® and above 200 °C by radiative heating
at the -1 m depth below the surface after its orbital transition to near-
Earth orbit", formation mechanisms at relatively low temperatures
may play a role for their formation. Photochemical reactions of inter-
stellar ices which are composed of H,0, NH3, CH30H, and other simple
molecules, followed by accretion into the asteroid upon the formation
of the Solar system, may be one of the possible pathways for the
synthesis of nucleobases'?°. Nucleobases including uracil could also
be synthesized through the side-addition to pyrimidine via photo-
chemical reactions in ices” and via energetic processes to formamide
on asteroids™.

Detection of other N-heterocycles

In addition to uracil, its structural isomers 2-ICA and 4-ICA were also
identified in the chromatogram at the m/z of 113.0346 (Fig. 4). The
presence of organics with carboxyl groups is consistent with the
finding of low molecular weight organic acids in the previous report®.
Imidazoles have long been considered to act as a catalyst on the acti-
vation of organic monomers like nucleotides and amino acids™'*,
thus they are expected to play an important role on the chemical
evolution on asteroids and also on the early Earth. The concentration
of 4-ICA is in the same range of uracil, while that of 2-ICA is clearly
lower than other two isomers (Table 1). The relatively low abundance
of 2-ICA is well consistent with that observed in the Orgueil meteorite
(Table 1) and CM2 carbonaceous meteorites'. Note that imidazoles
which substituted at the 4-position of the ring are thought to form
from hydrogen cyanide (HCN) via a proposed prebiotic pathway

28
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Fig. 3 | Infrared spectra of the Ryugu samples. The raw profiles of infrared
reflectance spectra for Ryugu initial bulk samples (A0106 and C0107) within
2.0-4.0 pm. The data acquisition of this non-destructive analysis is described in the
literature?. Signals for important functional groups (OH, NH, CH) are indicated in
each band by dotted lines. The data management policy is declared in the “Data
availability” section of this report.

toward the formation of purine nucleobases®*. If this is the case on
carbonaceous asteroids, the preference of 4-ICA over 2-ICA in the
Ryugu samples and meteorites may demonstrate such a molecular
evolution pathway from HCN to purine nucleobases in a natural
environment.

We also detected pyridine-based species in the acid hydrolysate of
Ryugu samples. Figure 6 shows mass chromatograms at the m/z of
124.0393, which corresponds to the protonated ion of nicotinic acid
(C6Hs5NO,). Nicotinic acid, known as niacin a B; vitamer, and its
structural isomer isonicotinic acid were identified in the A0106 and

Nature Communications | (2023)14:1292
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Fig. 4 | Uracil (C4H4N,0,) with their structural isomers detected in Ryugu
A0106 and C0107 samples and Orgueil meteorites. Mass chromatograms at the
my/z of 113.0346 which corresponds to the protonated ion of exact mass number for
uracil in the acid hydrolysate of the hot water extracts from the A0106 and
C0107 samples. For Orgueil, mass chromatograms measured before and after acid
hydrolysis were also shown. Data for the blank sample and authentic standards are
also shown for comparison. Numbers in parenthesis represents the range for the
vertical-axis in the sample chromatograms.

C0107 samples (Table 1). These molecules were also identified in the
hot water extract and its acid-hydrolysate from the Orgueil meteorite
(Fig. 6), although their concentrations are one order of magnitude
larger than those in the Ryugu samples. These molecules have also
been identified in several carbonaceous chondrites and are more
abundant than nucleobases'*. Their structural isomer, picolinic acid
(Supplementary Fig. 1), was identified neither in Ryugu nor in carbo-
naceous chondrites (Fig. 6). This is well consistent with the distribution
of laboratory products which were formed by photochemical reac-
tions of interstellar ice analogs containing H,0, CO, CH;0H, and NH; at
10 K™ (Supplementary Fig. 4), also suggesting a contribution from
low-temperature photochemical reactions to the origin of
N-heterocycles in the Ryugu samples. Nicotinamide (CgH¢N,O),
another B; vitamer, was not detected in the acid-hydrolysates from the
A0106 and C0107 samples. However, this molecule may have been
originally present in the Ryugu samples, but would have decomposed
upon acid hydrolysis of the hot water extract. In fact, nicotinamide and
its structural isomer isonicotinamide were detected in the hot water
extract from the Orgueil meteorite before acid hydrolysis, while they
were not after the acid hydrolysis (Supplementary Fig. 5 and Table 1),
which supports our assumption above. Since nicotiniamide and iso-
nicotinamide are also present in CM2 Murchison meteorites"”, they
may also be common in CI type carbonaceous asteroids.

Alkylated homologs of uracil, as well as those of other
N-heterocyclic molecules such as pyrimidine and nicotinic acid with

A0106 Uracil

(unhydrolyzed)

)

C0107
(unhydrolyzed)

STD

| NH

Iz
©)

Migration time (min)

Fig. 5| Uracil in the hot water extracts from the Ryugu samples. Cross-validation
and high-resolution molecular identification of uracil obtained from hot water
extracts (unhydrolyzed fraction) for Ryugu A0106 and C0107 by using capillary
electrophoresis (CE) coupled with high resolution orbitrap mass spectrometry (CE-
HRMS). Data for the authentic standard is also shown for comparison. The signal of
red color represents uracil on the migration time (18.4 min).

the number of carbon atoms up to 30 were detected in the methanol
extracts from both A0106 and C0107 samples (Fig. 7 and Supple-
mentary Figs. 6 and 7). The presence of the alkylated homologs of
uracil coupled with the careful contamination control and chain of
custody of the Hayabusa2 sample”~?° strongly suggests that they are
not formed under the control of terrestrial biology but formed
through a series of abiotic processes in extraterrestrial environments.
Alkylated homologs of N-heterocyclic molecules produced by photo-
chemical reactions of interstellar ice analogs have shorter alkylchains
than that observed in the Ryugu samples and meteorites", which
strongly suggests that processes in asteroidal environments con-
tributed to elongate alkylchains in those classes of molecules.

Comparison of N-heterocycles contents between A0106

and C0107

Variations in the concentrations of N-heterocyclic molecules
including uracil between A0106 and C0107 samples may be related
to the possible differences in the degree of alteration processes
induced by energetic particles such as ultraviolet photons and cos-
mic rays since material in Chamber C may have been -1 m below the
surface of Ryugu for several million years**°. Organic molecules in
the surface materials would have experienced energetic processes
more extensively than those in the subsurface materials, which
potentially causes preferential degradation of molecules at the
surface®* (Fig. 8). In fact, laboratory experiments have demon-
strated that uracil is not strong against energetic processes such as

Nature Communications | (2023)14:1292
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Table 1| Qualitative and quantitative summary (in ppb) of uracil and other N-heterocyclic molecules identified in the Ryugu

samples (A0106, CO107) and Orgueil meteorite

AO106 co0107 Orgueil Orgueil° Murchison®  Murray® Tagish Lake*
Hydrolyzed Hydrolyzed Unhydrolyzed Hydrolyzed H,0 and HCOOH extracts H,O extracts H,O extracts H,O extracts
Uracil N+6° 329 92 140 73 15 37 4
Imidazole-2-carboxylic acid 6 9+1 12 12 - 19 14 4
Imidazole-4-carboxylic acid 17+3 19+3 136 218 - 90 99 19
Nicotinic acid 49+1 99+4 602 715 - 91 626 108
Picolinic acid n.d.? n.d. n.d. n.d. - - - -
Isonicotinic acid 49+20 62+23 237 203 = 53 307 18
Nicotinamide n.d. n.d. 214 n.d. - 10 - -
Isonicotinamide n.d. n.d. 38 n.d. - 3 - -
Picolinamide n.d. n.d. n.d. n.d. - 1 - -
*Averaged value with an error on two measurements.
°Not detected.
°Stoks and Schwartz®.
9Oba et al."".
N-heterocycles such as nicotinic acids and other five- and six-
membered N-heterocyclic molecules (Table 1). In contrast, the
M (1.1x10°) opposite is true for some polycyclic aromatic hydrocarbons (PAHs)
(14x10°) such as naphthalene and pyrene where these PAHs in the AplOé are
C0107 i more abundant than those in the C0107%. The observed difference
may be indicative of different histories which PAHs and
N-heterocycles have experienced on the asteroid Ryugu. For exam-
(7x10%) ple, PAHs could be produced as a result of surface degradation
process of precursor molecules by photolysis and/or radiolysis,
while the formation of N-heterocyclic molecules may be less effec-
Orgueil tive compared to their degradation through the same processes.
(Unhydrolysed) Further studies are necessary to elucidate variations in the con-
centrations of molecules between surface and subsurface materials
(2x10°) of the Ryugu.
Possible formation mechanisms of N-heterocycles and
Orgueil future perspective
(Hydrolysed) Naraoka et al.*® proposed that aldol condensation and formose
Blank (1.1x10%) reaction, both of which requires aldehydes such as formaldehyde,
with ammonia are a formation pathway of N-heterocyclic molecules
in carbonaceous asteroids. The source of ammonia and for-
it o maldehyde in the asteroid Ryugu would be the key factor to con-
STD . ‘1. . . o
AN OH | | 7 oH strain the validity of this assumption. In addition, HCN may also be
'\\ 7 [L/\ [j)\ used for the synthesis of nucleobases as explained above?**, So far,
h these three molecules have not been identified in the Ryugu sam-
7 [ ples. However, it is highly likely that they were present in the
~ H \ asteroid Ryugu if it is composed of comet-like materials®>* since
@ | ~— HCN, ammonia, and formaldehyde have been identified in cometary
—_——— ices* and cyanides have been detected in carbonaceous
8 10 12 14 16 18 20 29 24 chondrites*. In fact, the N-H feature has been observed in the Ryugu

Retention time (min)

Fig. 6 | nicotinic acid (C¢HsNO,) with their structural isomers detected in Ryugu
A0106 and C0107 samples and Orgueil meteorites. Mass chromatograms at the
m/z0f124.0393 which corresponds to the protonated ion of exact mass number for
nicotinic acid in the acid hydrolysate of the hot water extracts from the A0106 and
C0107 samples. For Orgueil, mass chromatograms measured before and after acid
hydrolysis were also shown. Data for the blank sample and authentic standards are
also shown for comparison. Numbers in parenthesis represents the range for the
vertical-axis in the sample chromatograms.

cosmic ray and ultraviolet photons®"*, While uracil in the subsurface
(-5 cm) on planetary bodies can be protected by the surface minerals
such as calcium carbonate, calcium sulfate, and kaolinite
from radiolysis®. Similar variation has been observed for other

samples**?, which supports the assumption above. As for the other

candidates for the source of nitrogen, molecular nitrogen (N,) may
also play a role for the synthesis of N-heterocycles regardless of its
chemically inert nature* since it has been detected in cometary
environments**. Hence, it is likely that availability of N-containing
molecules such as ammonia, HCN, and/or their precursors should
constrain the synthesis of N-heterocyclic molecules on the asteroid
Ryugu. If hexamethylenetetramine was present in Ryugu, as the case
for some carbonaceous meteorites including Murchison®, it can
play a role for the precursor of these molecules upon aqueous and/
or thermal activities in Ryugu. Another possible candidate for the
synthesis of uracil may be urea (NH,CONH,) as has been proposed
previously*. In fact, urea is abundant in carbonaceous meteorites*’.
In addition, although urea was not detected in the present study, its
presence in Ryugu was suggested in another research®. Urea can also

Nature Communications | (2023)14:1292
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Fig. 7 | Detection of CHNO molecules in the methanol extract from the Ryugu
samples. Relative peak area of alkylated analogs of CHNO molecules having a
general formula of C,H,,.4N,0, which include uracil and their structural isomers in
the methanol extracts from the A0106 (top) and C0107 (bottom) samples with
relevance to the number of carbon atoms (n =5-30) in a molecule. The horizontal
axis shows the number of carbon atoms and the vertical axis shows the sum of the
peak area at each m/z in arbitrary units.

be synthesized in photochemical reactions of representative com-
ponents in interstellar ices at low temperatures*s*’.

Sample from near-Earth asteroid (101955) Bennu is scheduled in
2023 with subsequent detailed analysis in the NASA’s Origins, Spectral
Interpretation, Resource Identification and Security-Regolith Explorer
(OSIRIS-REx)*, further elucidation of the history and prebiotic chem-
istry inscribed in the Cl-type asteroid Ryugu will be definitely impor-
tant for understanding past and ongoing chemical evolution on both
carbonaceous asteroids.

Methods

CNHSO contents and their isotopic compositions

We analyzed the elemental abundance of carbon (C, wt%), nitrogen (N,
wt%), hydrogen (H, wt%), pyrolyzable oxygen (O, wt%), and sulfur (S, wt
%) and the isotopic compositions of 62C (%o vs. VPDB), 8N (%o vs. Air),
8D (%o vs. VSMOW), 860 (%o vs. VSMOW) and &*S (%o vs. VCDT),
respectively®. For the total C, N, and S contents with their isotopic

compositions (6°C, 6N, §*S), we used an ultrasensitive nano-EA/IRMS
method (Flash EA1112 elemental analyzer/Conflo Ill interface/Delta Plus
XP isotope-ratio mass spectrometer, Thermo Finnigan Co., Bremen)®*",
For the total H and pyrolyzable O with their isotopic compositions (6D,
5%0), we used a highly sensitive TC/EA/IRMS method (Delta Plus XL
isotope-ratio mass spectrometer, Thermo Finnigan Co., Bremen)*2. Prior
to the Hayabusa2 samples, analytical validations using the nano-EA/
IRMS system were performed during the rehearsal analyses and appli-
cation studies of the carbonaceous chondrites™**.

Extraction of organic molecules from samples

We extracted organic molecules from the A0106 (13.08 mg) and C0107
(10.73 mg) Ryugu samples, as well as 10.86 mg of Orgueil meteorite (CI
type, from Denmark National Museum) with hot water at 105 °C for
20 hrs in a Ny-purged and flame-sealed glass ampoule. The water
extract from the Ryugu samples was further hydrolyzed using ultra-
pure 6 M HCI at 105°C for 20 hrs of this extract ~20% was made
available for this study. Since the majority was allocated acid-
hydrolyzed for the detection of amino acids®, nucleobases in the hot
water extract were not available for analysis with HPLC/ESI-
HRMS before acid hydrolysis. The use of the Orgueil extract was not so
constrained, so nucleobases in the hot water extract were investigated
before and after acid hydrolysis. The same procedure was repeated
using baked (500 °C in air for 3 hr) serpentine powder (17.58 mg) as a
procedural blank.

Separate aggregates of A0106 (17.15mg) and C0107 (17.36 mg)
were subjected to extractions by a series of organic solvents with an
assist of ultrasonication (15min) in the following order: hexane,
dichloromethane, and methanol. After the sonication, the liquid
extract was decanted after centrifugation (9677xg, 5 min). About 30%
of the methanol extract was allocated for the detection of nucleobases
and other N-heterocyclic molecules. For further details, please refer to
Naraoka et al.°.

Analysis of nucleobases and N-heterocyclic molecules
The acid-hydrolysate of the hot water extracts from the Ryugu
samples and the Orgueil meteorite was introduced into an HPLC/ESI-
HRMS instrument with a mass resolution of 140,000 at a mass-to-
charge ratio (m/z) of 200. The analytical system comprised an Ulti-
mate 3000 and Q-Exactive Plus (Thermo Fischer Scientific) equip-
ped with a reversed-phase separation column (HyperCarb™,
150 mm length x 1.0 mm i.d., particle size 5 um, Thermo Fisher Sci-
entific) at 40 °C and operated in positive ion mode. Validations of
analytical methods were also performed using a 1290 Infinity Il
coupled with a 6230 time-of-flight mass spectrometer (Agilent
Technologies). The eluent program for the HPLC was as follows:
solvent A (water + 0.1% formic acid) and solvent B (acetonitrile + 0.1%
formic acid)=99:1 at t=0min, followed by a linear gradient of
A:B=70:30 at 20 min, and maintained at this ratio for 25 min. The
flow rate was 50 pL/min and the column temperature was kept at
40°C. The injection volume was 5pL. The mass spectra were
recorded in positive ESI mode with an m/z range of 50-600 at the
first trial, and the range was narrowed to 111-131 in order to increase
the signal to noise ratio of the target species. The voltage was set
to 3.5kV for positive ESI. The capillary temperature was 300 °C.
MS/MS experiments were performed for the Orgueil extract
using a hybrid quadrupole-Orbitrap mass spectrometer (Q-Exactive
Plus, Thermo Fisher Scientific) with HPLC and ionization conditions
identical to those used for the full-scan analyses. The extracted
positive ion m/z (for example, for uracil, 113.03 + 0.2) was reacted
with high-energy collision N, gas to produce fragmented ions, and
the mass range of m/z 50-160 was monitored using an Orbitrap MS
with a mass resolution of ~140,000. The MS/MS measurements were
not performed for the Ryugu samples due to the unavailability of the
sample solution.
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respectively, and the length of each line is a qualitative model of the penetration
depth into the regolith. Kitazato et al.”” estimated that the current seasonal thermal
skin depth of Ryugu is up to ~1.1 metre by the model simulation, whereas the total
accumulated heat storage within the daily thermal skin depth is estimated to be ~
few centimeter scale below the surface layer”’.

The methanol extract from the Ryugu samples was introduced
into a nano liquid chromatograph (UltiMate 3000 RSLCnano, Thermo
Fisher Scientific) equipped with a reversed phase C18 column (Aurora,
250 mm length x 75 mm i.d., particle size 1.6 pum, lonOptics) and a
nanoelectrospray ion source. The eluent program for the nanoLC was
as follows: solvent A (water +0.1% formic acid) and solvent B (acet-
onitrile + 0.1% formic acid) = 99:1 at t=0-1min, followed by a linear
gradient of A:B=75:25 at t=25, and the additional linear gradient of
A:B=15:85 at ¢t =30, maintained at this ratio for 10 min. The flow rate
was 400 nL/min. The column temperature was 40 °C. The mass spectra
were recorded in positive ESI mode with an m/z range of 60.5-600 and
a spray voltage of 1.6 kV. The capillary temperature was 250 °C.

For cross-validation of the detailed analysis of nucleobases in the
Ryugu hot water extracts (unhydrolyzed fraction), we conducted the
capillary electrophoresis-high resolution mass spectrometry (CE-
HRMS) using an w Scan package method (Human Metabolome Tech-
nologies (HMT), Inc., Japan) described previously®. Briefly, CE-HRMS
analysis was carried out using an Agilent 7100 CE capillary electro-
phoresis system (Agilent Technologies, Inc., Santa Clara, CA, USA)
equipped with a Q Exactive Plus (Thermo Fisher Scientific Inc., Wal-
tham, MA, USA), Agilent 1260 isocratic HPLC pump, Agilent G1603A
CE-MS adapter kit, and Agilent G1607A CE-ESI-MS sprayer kit (Agilent
Technologies). The systems were controlled by Agilent MassHunter
workstation software LC/MS data acquisition for 6200 series TOF/
6500 series Q-TOF version B.08.00 (Agilent Technologies) and Xcali-
bur (Thermo Fisher Scientific), and connected by a fused silica capil-
lary (80 cm total length x 50 pm i.d.) with the electrophoresis buffer
(H3301-1001, HMT) as the electrolyte. The spectrometer was scanned
from m/z 60 to 900 in positive mode”. Peaks were extracted
using MasterHands, automatic integration software (Keio University,
Tsuruoka, Yamagata, Japan) in order to obtain peak information
including m/z, peak area, and migration time (MT)*.

Data availability

The raw data are available at the following databases in the Hayabusa2
Science Data Archives (DARTS, https://www.darts.isas.jaxa.jp/planet/
project/hayabusa2/). We declare that all these database publications
are compliant with ISAS data policies (www.isas.jaxa.jp/en/
researchers/data-policy/).
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