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Supplementary Discussion 

Bulk analysis of the samples A0106 and C0107 

Figure 1 shows photographs of initial samples for A0106 and C0107 collected from the 

1st touchdown site and 2nd touchdown site, respectively1,2. Following up on the description of 

surface sample (A0106)3, the subsurface Ryugu sample (C0107) contained 3.58 ± 0.47 wt% (n = 

4; sample weight of each measurement = 126.3 ± 56.7 µg) of total carbon with the isotopic 

composition (δ13C = +1.22 ± 10.0‰, n = 4), 1.06 ± 0.10 wt% (n = 3; average weight = 373.0 ± 

137.5 µg) of total hydrogen (δD = +269 ± 13‰, n = 3), 0.14 ± 0.01 wt% (n = 4; sample weight = 

126.3 ± 56.7 µg) of total nitrogen (δ15N = +36.8 ± 3.6‰, n = 3), and 5.5 ± 0.7 wt% (n = 5; sample 

weight = 20.6 ± 5.4 µg) of total sulfur (δ34S = -1.10 ± 1.62‰, n = 5). The concentration of 

pyrolyzed oxygen was 13.4 ± 1.0 wt% (n = 3; sample weight = 373.0 ± 137.5 µg) with the isotopic 

composition for δ18O = +12.1 ± 1.2‰ (n = 3). Evaluating the elemental ratios, we find that the 

weight (wt%)-based elemental ratios converge as follows: C/N ratio = 26.0 ± 2.4, O/H ratio = 

12.7 ± 0.4, C/S ratios = 0.66 for Ryugu C0107. The isotopic differences between A0106 and 

C0107 for CHNSO indicated that slight isotopic heterogeneity was found in the samples from the 

first and second touchdown sites. The assessment of sample heterogeneity must also take into 

account potential regional differences between two touchdown sites2. The data profiles shown in 

Figure 2 are compiled from the following references3–19. 

 

Importance of nitrogen (N) for intramolecular electron conjugation 

 Since the valence of atomic nitrogen (N) is three, the remaining electron always form 

the lone electron pair (≡N:) in N-heterocyclic molecules (see Supplementary Fig. 1). The electron 

conjugation systems in nitrogen-containing compounds have a versatile role in molecular 

evolution in that they also have a significant impact on secondary molecular formation, molecular 

diversity, and molecular yield20. The Supplementary Fig. 2 shows the “pyrimidine (C4H4N2)” 

molecule of the uracil skeleton discussed in this report with the electrostatic density as ground 

state. It is emphasized here that a hexagonal reference of “cyclohexane (C6H12)” consisting only 

of a carbon backbone, has no electrostatic electronic conjugation system. Therefore, 

intramolecular electron conjugated systems that encapsulate nitrogen atoms contribute to 

potential diverse reaction systems and have important molecular evolutionary implications21,22. 

 

Previous assessments for the possible contribution of terrestrial nucleobases 

Stoks & Schwartz23 concluded that the detected uracil was indigenous to meteorites 



since the uracil-to-thymine ratio in meteorites was clearly different from that in biogenic products. 

Martins et al.24 performed a compound-specific carbon isotopic analysis of nucleobases in the 

HCOOH extract from the Murchison meteorite. The reported δ13C values were +44.5 and +37.7‰ 

for uracil and xanthine, respectively, implying their extraterrestrial origin. However, due to the 

possible contribution from other meteoritic organic molecules to the measured δ13C values, it 

remains uncertain whether the reported δ13C values are derived from nucleobases or not25. 

Callahan et al.25 proposed the indigeneity of the detected nucleobases based on the detection of 

purine and 6,8-diaminopurine in the same meteorite, both of which are rare in terrestrial samples. 

In addition, structural diversity typically observed for organic compounds in meteorites might be 

suggestive of their extraterrestrial origin25. Based on those pioneering findings, Oba et al.26 

detected various nucleobases in meteorites including Murchison. Since the amino acids such as 

alanine detected in the same specimen of the Murchison were racemic, the indigenous amino acids 

should be abiotic in origin27, which suggests that the nucleobases in the same specimen are also 

abiotic in origin. This is a valuable opportunity to make first-hand observations on the molecular 

evolution of prebiotic amino acids and nucleobases28. 

 

Search for purine nucleobases in the Ryugu and Orgueil extracts 

 We detected uracil in both the Ryugu and Orgueil samples using a HypercarbTM 

separation column, which is suitable for the detection of pyrimidine nucleobases26 (Figure 4). 

However, the detection of purine nucleobases is not the case probably due to the strong interaction 

between purine nucleobases and the stationary phase of the Hypercarb column26. Hence, any 

purine nucleobases were not detected in the initial analysis of the Ryugu samples at the m/z range 

of 50–600. Although purine nucleobases may be detected if we use a different analytical column 

(InertSustain PFP, GL Science)26, due to the limitation on the sample volume, we could not search 

for these molecules using this column. On the other hand, purine nucleobases may be present in 

the Orgueil extract as has been reported in Callahan et al. 25 (20 ppb for guanine and 7 ppb for 

adenine). However, any purine nucleobases were not detected in the Orgueil extract after acid 

hydrolysis even when a PFP column was used. A rough estimate for the detection limit of purine 

nucleobases was 1 ppb under the present analytical conditions where ~10 mg of samples was used. 

Since the concentrations of purine nucleobases reported in Callahan et al. 25 were higher than the 

detection limit, they are likely to be detected in the present study. The non-detection in the present 

study may be attributable to the heterogeneous distribution in Orgueil meteorite and/or different 

extraction methods (hot water extraction in the present study vs. formic acid extraction in 



Callahan et al.25 ). 

 

A rough estimate for the relative abundance of the alkylated N-heterocyclic molecules 

depending on their carbon numbers 

Fig. 7 and Supplementary Fig. 7 show variations in the sum of peak area at the m/z 

corresponding to alkylated homologues of N-heterocyclic molecules (Supplementary Fig. 6). 

Under the present analytical precision (within 3 ppm), a monoisotopic mass (e.g. 113.0346) is 

linked to a single molecular formulae (C4H4N2O2+H+). Assuming that the ionization efficiency is 

unity among the same classes of molecules, the variations in the sum of peak area are equivalent 

to those in the concentration of molecules. Note that the peak area of a certain compound (e.g., 

alkylimidazole) cannot be compared with others (e.g. alkylpyridine) since their ionization 

efficiencies would not be unity. In addition, some of N-heterocyclic molecules may have their 

structural isomers (e.g., uracil and imidazole carboxylic acids), which cannot be distinguished on 

the mass chromatograms due to the low peak resolutions. In that case, the sum of peak area 

represents the sum of these structural isomers. 

Even under those situations, they can be compared with those in other samples, which 

may be helpful for discussing the formation/alteration histories on the parent body. In principle, 

the variations in the peak are for N-heterocyclic molecules are similar between A0106 and C0107 

(Fig. 7, Supplementary Fig. 7). However, small but not negligible discrepancy is observed 

between the two samples. Although both samples are similar in that each N-heterocycle shows 

unimodal or bimodal distribution with relevance to their carbon numbers, there is a slight 

difference in the distribution. For example, alkyloxazole shows the highest peak at the carbon 

number of C15 for A0106 but at C13 for C0107 (Supplementary Fig. 7). As a general trend, the 

molecular size seems to be larger for A0107 than C0107. Assuming that A0106, which is surface 

materials, experiences more extensive alteration processes than C0107 by external energies (Fig. 

8), the larger size of N-heterocyclic molecules may be the result of such processes. UV and cosmic 

ray often cause bond dissociation of molecules to yield smaller reactive radicals. If such radicals 

are present nearby, they could recombine to form larger species. In contrast, such processes would 

simply result in the dissociation of N-heterocyclic molecules. In case N atoms are released upon 

degradation, it is anticipated that PAHs are formed accordingly. This story is consistent with the 

larger abundances of PAHs in the A0106 than in the C010729, but further investigation must be 

necessary to conclude. 

 



 

Supplementary Figure 1. Molecular structures of N-heterocyclic molecules targeted in the 

present study. Uracil and its structural isomers, 2-imidazole-carboxylic acid and 4-imidazole-

carboxylic acid, nicotinic acid and its structural isomer isonicotinic acid were detected in the acid-

hydrolysate of the hot water extracts from the Ryugu samples. In the methanol extract, alkylated 

homologues of uracil (CnH2n-4N2O2), pyrimidine (CnH2n-4N2), nicotinamide (CnH2n-6N2O), oxazole 

(CnH2n-3NO), pyrrole (CnH2n-3N2), imidazole (CnH2n-2N2), and nicotinic acid (CnH2n-7NO2) were 

expected to be present where n represents the number of carbon atoms in a molecule. 

  



 

 

Supplementary Figure 2. Molecular structure and electrostatic potential in the ground state 

of pyrimidine (C4H4N2) and cyclohaxane (C6H12). Due to its variations in the electron densities, 

N-heterocyclic molecules generally possess higher reactivity than corresponding cyclic 

hydrocarbons which do not have any electron conjugation in its structure. 

 



 

Supplementary Figure 3. MS/MS measurements of uracil standard reagents and the acid 

hydrolysate of the Orgueil extract. Extracted mass chromatograms of (A) the uracil standard 

reagent and (B) the acid hydrolysate of Orgueil extract in the MS/MS measurements. The m/z of 

113.0346 represents the parent ion, and that of 96.0080 and 70.0290 represents its fragment ions. 

The fragmentation patterns are referred to Oba et al.26. The observed mass fragmentation patters 

at 16 min in the Orgueil CI meteorite are well consistent with those of the authentic standard of 

uracil. 

 

 



 

 
 

Supplementary Figure 4. Nicotinic acid and isonicotinic acid in organic residues synthesized 

in laboratory. Both nicotinic and isonicotinic acids were identified in organic residues produced 

by the photolysis of interstellar ice analogues composed of H2O, CO, CH3OH, and NH3 at 10 

K26,30. Analytical conditions were different from those applied in the present study. See Oba et 

al30. Picolinic acid was not positively identified. The nicotinic acid/isonicotinic acid ratio was 

~3.2 in this product. The number on the top right represents the relative intensity at the 

chromatogram. 
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Supplementary Figure 5. Nicotinamide and isonicotinamide detected in the Orgueil extract. 

LC/HRMS chromatograms at the m/z of 123.0553 which corresponds to the exact mass number 

for the protonated ion of nicotinamide and its structural isomers in the hot water extract and its 

acid hydrolysate from the Orgueil meteorite. Data for the blank sample and authentic standards 

are also shown for comparison. Numbers in parenthesis represents the relative intensity at each 

chromatogram. The observed peak at ~26 min on the mass chromatograms for the Orgueil extract 

was confirmed to be different from picolinamide by MS/MS measurements. 

  



 

 

Supplementary Figure 6. Detection of CnH2n-4N2O2 molecules from the extract of A0106. 

Mass chromatograms at the m/z corresponding to CnH2n-4N2O2 molecules with the carbon number 

(n) of 4 to 15. Alkylated analogues of uracil and imidazole-carboxylic acids are represented by 

this molecular formula. Numbers on the left indicate the relative intensities for each 

chromatogram. 

  



 

 

Supplementary Figure 7. Relative abundance of alkylated CHNO molecules in the A0106 

and C0107 samples. Comparison of the sum of peak area at the m/z ratio corresponding to the 

alkylated homologues of CHNO molecules having a general formula CnH2n-2N2, CnH2n-3N, CnH2n-

3NO, CnH2n-6N2O, CnH2n-7NO2, and CnH2n-4N2 (n = 5 to 30), which include imidazole, pyrrole, 

oxazole, nicotinamide, nicotinic acid, and pyrimidine, respectively, between A0106 and C0107 

samples. The horizontal axis shows the number of carbons (Cn-) and the vertical axis shows the 

sum of peak area at each m/z. 

  



Supplementary Table 1. Raw data for the elemental and isotopic compositions of Ryugu grains 

C0107 shown in Figure 2.  

 

*The concentration of pyrolyzed oxygen (i.e., thermally released oxygen, except for anhydrous 

silicate minerals). The isotope ratios of light elements are shown in each international standard 

scale. 

Note: The raw data for A0106 have been shown in ref. 3. 

  

Ryugu C0107 Shape Weight (ug) 1σ Carbon (wt%) 1σ δ 13C (‰ vs. VPDB) 1σ Nitrogen (wt%) 1σ δ 15N (‰ vs. Air) 1σ  weight C/N ratio 1σ

C0107_Initial Bulk_#1 small grains 45.0 3.36 -7.4 0.12 27.0

C0107_Initial Bulk_#2 small grains 130.5 3.24 -1.3 0.13 39.0 24.0

C0107_Initial Bulk_#3 small grains 160.0 3.47 -2.1 0.14 32.6 24.1

C0107_Initial Bulk_#4 small grains 169.6 4.27 15.7 0.15 38.8 28.9

Average (n  = 4) 126.3 ±56.7 3.58 ±0.47 1.22 ±10.0 0.14 ±0.01 36.8 ±3.6 26.0 ±2.4

Shape Weight (ug) 1σ Hydrogen (wt%) 1σ δD (‰ vs. VSMOW) 1σ Oxygen (wt%)* 1σ δ 18O (‰ vs. VSMOW) 1σ  weight O/H ratio 1σ

C0107_Initial Bulk_#5 small grains 527.6 1.12 255 13.8 11.0 12.3

C0107_Initial Bulk_#6 small grains 327.2 1.10 281 14.1 12.0 12.8

C0107_Initial Bulk_#7 small grains 264.2 0.94 270 12.3 13.4 13.0

Average (n  = 3) 373.0 ±137.5 1.06 ±0.10 269 ±13 13.4 ±1.0 12.1 ±1.2 12.7 ±0.4

Shape Weight (ug) 1σ Sulfur (wt%) 1σ δ 34S (‰ vs. VCDT) 1σ  weight C/S ratio

C0107_Initial Bulk_#8 small grains 29.8 5.77 -2.5 -

C0107_Initial Bulk_#9 small grains 18.5 5.25 1.7 -

C0107_Initial Bulk_#10 small grains 16.2 5.07 -1.5 -

C0107_Initial Bulk_#11 small grains 17.8 4.76 -2.0 -

C0107_Initial Bulk_#12 small grains 20.6 6.49 -1.2 -

Average (n  = 5) 20.6 ±5.4 5.47 ±0.7 -1.10 ±1.62 0.66Ave./Ave
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