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Abstract: Thermochemolysis of seven nucleobases—adenine, thymine, uracil,
cytosine, guanine, xanthine, and hypoxanthine—in tetramethylammonium hydroxide
(TMAH) was studied individually by pyrolysis gas chromatography mass spectrometry in
the frame of the Mars surface exploration. The analyses were performed under conditions
relevant to the Sample Analysis at Mars (SAM) instrument of the Mars Curiosity Rover
and the Mars Organic Molecule Analyzer (MOMA) instrument of the ExoMars Rover. The
thermochemolysis products of each nucleobase were identified and the reaction
mechanisms studied. The thermochemolysis temperature was optimized and the limit of
detection and quantification of each nucleobase were also investigated. Results indicate
that 600°C is the optimal thermochemolysis temperature for all seven nucleobases. The
methylated products trimethyl-adenine, 1, 3-dimethyl-thymine, 1, 3-dimethyl-uracil,
trimethyl-cytosine, 1, 3, 7-trimethyl-xanthine (caffeine), and dimethyl-hypoxanthine,
respectively, are the most stable forms of adenine, thymine, uracil, cytosine, guanine, and
xanthine, and hypoxanthine in TMAH solutions. The limits of detection for adenine,
thymine, and uracil were 0.075 nmol; the limits of detection for guanine, cytosine, and

hypoxanthine were higher, at 0.40, 0.55, and 0.75 nmol, respectively. These experiments
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allowed to well constrain the analytical capabilities of the thermochemolysis experiments
that will be performed on Mars to detect nucleobases.
Keywords: Nucleobases, Thermochemolysis, Derivatization, Pyrolysis, GC-MS,

Tetramethylammonium hydroxide (TMAH), SAM, MOMA
1. Introduction

Searching for the biochemical precursors at the Mars surface is one of the main
goals of the Sample Analysis at Mars (SAM) and Mars Organic Molecule Analyzer
(MOMA) experiments onboard the Curiosity and ExoMars 2020 rovers, respectively.
Among the chemical compounds, organic molecules are of particular importance and key
species include carboxylic acids, amino acids, and nucleobases. Seven nucleobases are of
particular importance in terrestrial biology. Five — adenine (A), guanine (G), thymine (T),
cytosine (C), and uracil (U) — are contained within DNA and/or RNA. These nucleobases
build codons, and each codon corresponds to an amino acid. Two others — xanthine (X)
and hypoxanthine (HX) — are important metabolic intermediates. Here we show that if
these seven nucleobases were present in Martian samples, they could be detected in situ by
instruments on current Mars rover missions even at low concentrations.

Low concentrations of nucleobases have been identified in carbonaceous chondrite-
type meteorites[1-10] . Callahan [11] analyzed the component of five different martian
meteorites after formic acid extraction, purification and concentration followed by liquid
chromatography-mass spectrometry. However, no nucleobases or nucleobase analogs were
observed above their detection limit of 1 ppb in any of the martian meteorite samples
studied [13]. These laboratory studies of carbonaceous chondrites and martian meteorites
provide a solid baseline for future searches for nucleobases on the martian surface.

Though Basiuk and Douda [12] investigated the recovery rate of underivatized
adenine, guanine, cytosine, and uracil after sublimation at temperatures between 400°C and
1000°C using a laboratory furnace under a N2 or COz atmosphere. Results indicated that
the temperature range from 500-600°C represented the best compromise between the
thermal decomposition and volatilization rate, suggesting that thermal introduction of
nucleobases is a viable strategy for sample analysis. Pyrolysis-Gas Chromatography-Mass
Spectrometry (Pyr-GC-MS) is one of the operational modes used to detect the organic
compounds as part of the SAM and MOMA experiments. Unlike sublimation, pyrolysis
does not preserve the initial organic compounds, some derivatization solvent should be

used, such as N,N-tert-butyl-dimethylsilyl-trifluoroacetamide =~ (MTBSTFA) and



dimethylformamide (DMF) and tetramethylammonium hydroxide (TMAH) will be used on
MOMA and SAM to protect polar compounds released from the pyrolysis experiment.
MTBSTFA and DMF have been proved as good derivatization solvent. For example,
Glavin [13] detected the adenine, thymine, uracil, cytosine, and xanthine (interpreted as a
product of guanine degradation) in the extract of Escherichia coli strains (E. coli)
inoculated with serpentine samples. Results showed that sublimation coupled with
chemical derivatization using MTBSTFA and DMF as the derivatization solvent, with GC-
MS analysis, could detect nucleobases in Martian soil analogs. TMAH works as a
methylation agent boosting the cleavage of macromolecules, thereby methylating the
products released from sample pyrolysis, and giving rise to improved detection by GC-MS.
For example, thymine can react with TMAH [14,15]. TMAH thermochemolysis can
provide much more important information about organic compounds of different samples
[16-20], such as amino acids [21-26], aliphatic and aromatic carboxylic acids [27], natural
water, soil samples, and kerogen [28,29]. TMAH derivatization can increase the volatility
of the nucleobases by decreasing the polarity of the labile molecules, which makes it easier
to identify nucleic acids in the complex mixtures [14].

However, the classical process of offline thermochemolysis requires several steps,
including the process of solvent derivatization, the thermochemolysis products extraction,
and the supernatant drying under a flow of N> to remove solvent or separate derivatives
prior to GC-MS analysis [30,31]. At present, these steps are too technically complex to be
fully automated for in situ analysis in space, especially for the detection of organic
compounds on Mars. Therefore, a simpler “on-line” thermochemolysis method suited to
such an application has been implemented for SAM and MOMA. 500 uL of 25% TMAH
in methanol and 15 pL of TMAH are stored in the SAM oven [32] and MOMA
derivatization capsules [33], respectively. The TMAH thermochemolysis process needs to
be tested and optimized according to the analysis conditions of the SAM and MOMA
experiments, i.e. by contacting the sample and the TMAH directly in contact inside the
pyrolysis furnace without any further sample processing. The results of TMAH
derivatization are affected by the experimental conditions, such as TMAH concentrations,
pyrolysis temperature, and volume of TMAH (which in turns affects pH) [24,34] . TMAH
thermochemolysis, however, has rarely been considered for the analysis of nucleobases
based on the SAM and MOMA missions, thus the experimental conditions as well as the
direct TMAH thermochemolysis process in SAM and MOMA conditions have yet to be

optimized.



In this study, the TMAH thermochemolysis products of seven nucleobase standards
and mixtures pyrolyzed at different temperatures were analyzed individually by Pyr-GC-
MS. The derivatizations of all nucleobases at the optimal pyrolysis temperature, as well as
the limit of detection (LOD) and limit of quantification (LOQ) of the nucleobases were
determined. In addition, the thermochemolysis mechanisms of all nucleobases in TMAH
were analyzed. This data is the first of its kind, benchmarking whether it would be possible
to detect all or some of the studied nucleobases with the in situ TMAH thermochemolysis
experiments on the SAM and MOMA experiments of the Mars Science Laboratory and
ExoMars 2020 space missions. However, it should be noted that on Mars the nucleobases

are contained in a solid matrix from which they will have to be extracted.
2. Experiments

2.1 Materials and methods

In this study, individual solutions of adenine (Sigma, purity > 99%), thymine
(Fluka, purity > 99%), uracil (Alfa Aesar, purity > 99%), cytosine (Fluka, purity ~ 97%),
guanine (Fluka, purity > 99%), xanthine (Alfa Aesar, purity > 99% ) and hypoxanthine
(Sigma, purity > 99%) were prepared by diluting the pure solid nucleobases in TMAH
solutions (25% by weight in methanol, Sigma-Aldrich). The concentration of each
nucleobase and their mixtures used in this study are shown in Table 1. TMAH was always
in excess compared to the nucleobase, with a minimum of six molecules of TMAH for
three methylation sites in the case of cytosine. Naphthalene-d8 (Sigma-Aldrich, isotopic
purity: 99 atom % D) was used as an internal standard. All of the samples were stored in

the refrigerator at 3°C.
2.2 Pyrolysis-GC-MS and methods

During the pyrolysis experiments, several amount of each nucleobase solution was
pyrolyzed at 400°C, 500°C, and 600 °C, and 0.1 pl of the mixture of seven nucleobases in
solution were pyrolyzed at 600°C. The pyrolysis experiments were performed with an
EGA/PY-3030D micro-oven pyrolyzer (Frontier Lab), installed on the Split/SplitLess (SSL)
injector of a gas chromatograph (Trace GC Ultra, Thermo Scientific) coupled to a
quadrupole mass spectrometer (ISQ LT, Thermo Scientific). An Optic 4 injector (GL
Sciences) was used for the low temperature analyses (injection at 250°C and 300°C). It
was connected to a GC (Trace GC Ultra, Thermo Scientific) coupled to a quadrupole mass

spectrometer (DSQ II, Thermo Scientific). The GC was equipped with a Zebron ZB-5HT



Inferno column (30 m x 0.25 mm i.d. X 0.25 pm film thickness) with a 5 m integrated
guard column. The temperature programming of the column started at 50°C, was held for 5
min, then heated at a rate of 6°C.min’’ up to 240°C, then raised to 300°C at a rate of
10°C.min"! and held for2 min. Helium was used as the carrier gas, with the helium flow
rate in the column at 1.5 mL min™'. The split flow was 50 mL min™!. The temperature of the
SSL injector was 280°C. The masses were scanned between m/z 40 and m/z 500. The
ionization energy was 70 eV. These conditions are similar to those on SAM and MOMA

since it can be used to analyze whether or not it will be able to detect nucleobases on Mars.

2.3 Quantification of all nucleobases

A solution of naphthalene-d8 in dichloromethane was prepared at a concentration
of 0.05 mol-L!, and 0.4 pl of naphthalene-d8 internal standard solution was added in each
solution of the nucleobase. A standard solution of all seven nucleobases (A, G, T, U, C, X,
and HX) at a concentration of 0.01 mol-L! was prepared with the mix of TMAH (25% by
weight in methanol) and H2O in the same volume. For the calibration curve of guanine,
different amounts of guanine (0, 15, 20, 40, 80, 120 nmol) were injected; for the other six
nucleobases, 0, 5, 10, 15, 20, 30, 50 nmol were injected. The main peaks of each
nucleobase (m/z = 177, 154, 140, 153, 194, 194, 164) were chosen respectively as target
products for A, T, U, C, G, X, and HX quantification.

In order to analyze the mixtures of all nucleobases, a new GC temperature program
was used. The initial column temperature was set at 40°C and held for 2 min, followed by
a ramp of 3°C min! up to 200°C. The temperature raised to 300°C at a rate of 6°C min’!
and maintained at this temperature for 2 min. The split ratio was set at 20:1. All of the
nucleobase solutions were sampled in a clean capsule (pre-cleaned at 1000°C for 30 sec)
and dried completely with a stream of nitrogen. Then 3.0 ul of TMAH was added. All
points were repeated more than three times. The quantification curves of all nucleobases

were used to quantify the corresponding nucleobase.

3. Results and Discussion

3.1 Optimization of the thermochemolysis for nucleobases

To determine the optimal temperature of TMAH thermochemolysis by direct Pyr-
GC-MS analysis, each of the seven nucleobases diluted in TMAH was pyrolyzed at 400°C,
500°C, and 600°C.



3.1.1 Adenine

2.5 nmol of adenine dissolved in TMAH was injected successively at 400°C, 500°C,
and 600°C, and all derivatives of adenine were analyzed. The chromatograms obtained are
given in Figure 1A. At 500°C, 3-methyl-adenine was not detected. The five peaks 5, 6, 7, 8
and 9 were methylated derivatives of adenine which cannot be detected at 400°C, however,
their exact tautomeric forms cannot be determined. The major peak is N, N, 9-trimethyl-
adenine (or N, N, 9-trimethyl-9H-purin-6-amine, peak 2), and its three labile hydrogen
sites are fully methylated at every tested temperature. At this amount of adenine (2.5 nmol),
these two compounds were detected from 400°C to 600°C. However, it should be noted
that the intensity of all peaks increased strongly with the increase of pyrolysis temperature,
and the optimal detection temperature of adenine in TMAH thermochemolysis was 600°C.
According to our previous work, when the temperature is higher than 600°C, TMAH can
be degraded. This gives rise to more byproducts [35], which are degradational to the
thermochemolysis of nucleobases in TMAH; hence 600 °C is considered the optimal
temperature for TMAH thermochemolysis experiments. Some siloxane peaks were
detected in the thermochemolysis products of seven nucleobases at different temperatures,
there are also siloxane in the blank experiments. Thus, these siloxanes may originate either
from the thermal degradation of the septum of the GC injector or from the degradation of
the stationary phase of the column caused by the corrosive effect of TMAH, or both.

Figure 1B shows the chromatograms of different amounts of adenine
thermochemolyzed at 600°C. For the 0.125 nmol adenine solution (Figure 1B(a)), three
different methylated derivatives of adenine were identified, with low intensity peaks: a
dimethylated form (peak 2: N, 9-dimethyl-adenine) and two kinds of trimethylated
tautomeric forms (peak 3: N, N, 9-trimethyl-adenine, and peak 4: N, N, 3-trimethyl-
adenine). No additional peaks were observed for an injection of 0.25 nmol (Figure 1B (b)).
There were six adenine related peaks in addition to the three mentioned previously when
2.5 nmol of adenine was analyzed (Figure 1B (c)). Peak 1 is 7-methyl-adenine, which
corresponds to the methylation of adenine. The other five products could not be
unambiguously attributed to specific derivatives of adenine. However, if the peaks with the
highest m/z values represent the molecular ion (and not the fragment of a heavier molecule),
the chromatographic data of five peaks correspond to a dimethyl derivative of adenine
(peak 5: m/z 163) and four trimethylated tautomeric forms (peaks 6, 7, 8 and 9: m/z 177).
The mass spectra corresponding to peaks 5 to 9 are given in Figure S1( see the

supplementary material ) . All of the corresponding retention times, and the masses of the



molecular ions and main fragments are given in Table 2. It should be noted that there are
some other peaks on the chromatograms that are not related to adenine.
3.1.2 Thymine and Uracil

Once thermochemolysis occurs, there are similar derivatized pyrimidine bases
between thymine and uracil since they differ only by the presence of an additional methyl
group at carbon position 5 in the thymine (i.e. 5-methyl-uracil, see Figure 2). Thymine and
uracil solutions at a concentration of 2.6x10” mol-L"!in TMAH were analyzed by Pyr-GC-
MS.

Since the compounds respond well to that concentration (high signal intensity),
there was no need to inject a larger amount of thymine and uracil. The chromatograms of
thymine and uracil obtained at 400°C, 500°C, and 600°C are shown in Figure 2,
respectively. 1, 3-dimethyl-thymine (1, 3, 5-trimethyl-2, 4 (1H, 3H) -pyrimidinedione) was
the only compound derived from thymine detected at a retention time of 21.5 min. The
only derivative of uracil was 1, 3-dimethyl-uracil (1, 3-dimethyl-2, 4 (1H, 3H) -
pyrimidinedione) at a retention time of 20.4 min. The molecular ion masses of 1, 3-
dimethyl-thymine and 1, 3-dimethyl-uracil and their major fragments are shown in Table 2,
respectively.

For thymine and uracil, the thermochemolysis temperature had no effect on the
number of derivatives detected, since only the canonical form was observed. However, the
signal intensities of thymine and uracil were stronger at a higher pyrolysis temperature (i.e.
600°C), suggesting a high reaction rate. The optimal temperature for analysis of thymine
and uracil pyrolysis products is 600°C, same as the case of adenine. As for adenine,

siloxane peaks, coming from the column bleeding or septum decomposition, were detected.
3.1.3 Cytosine

Cytosine solution at a concentration of 0.3 mol-L! in TMAH was analyzed by Pyr-
GC-MS. Because injection of 0.3 and 2.5 nmol of cytosine in TMAH gave no
chromatographic response, 15 nmol of cytosine in TMAH was used to prevent a possible
decrease in the response of the cytosine derivatization at a lower temperature. Compared
with the nucleobases studied above, the cytosine solution was much more concentrated.
The difficulty of detecting cytosine is probably due to the high polar primary amino group.
The analysis of amines is particularly problematic with Pyr-GC-MS not only because of

their adsorption on the transfer line and the liner of the pyrolyzer, but also because of their



interaction with the stationary phase of the chromatographic column (5% diphenyl/95%
dimethyl polysiloxane), which results in significant spreading peaks.

The chromatograms of 15 nmol cytosine pyrolyzed at 400°C, 500°C, and 600°C are
shown in Figure 3. Whatever the pyrolysis temperature, the same molecules were detected,
including N, N, N-trimethyl-cytosine corresponding to the canonical form of the three
methylated cytosine, and 2-O-methyl-cytosine corresponding to an enol form of the
cytosine methylated on the oxygen atom site. Besides, peak 2 (m/z = 139), peaks 3 and 5
(m/z = 153) correspond to a dimethyl and trimethyl forms of cytosine, respectively. All of
the cytosine derivatives in TMAH are summarized in Table 2. The mass spectra
corresponding to peak 2, 3, and 5 are given in Figure S2 (see the supplementary material),
respectively. The spectrum of peak 5 spreads over several minutes, and may overlap with
other coeluted tautomers; however, according to the mass spectra, the main compound is
trimethyl-cytosine. In summary, the major peaks correspond to two tautomeric forms of
trimethyl-cytosine: N, N, N'-trimethyl-cytosine, which is the canonical form of the fully
methylated cytosine, and another trimethylated tautomeric form.

As in the case of thymine, the thermochemolysis temperature of cytosine had no
effect on the number of functionalized derivatives detected; six methylated derivatives of
cytosine were observed at 400°C, 500°C, and 600°C, respectively. However, from a
quantitative point of view, the intensity of cytosine peaks is higher at 600°C than that at

other temperatures. Hence, 600°C is the optimal temperature.

3.1.4 Guanine

11 nmol of guanine in TMAH solution was injected to study the effect of
thermochemolysis temperature. The chromatograms of guanine thermochemolyzed at
400°C, 500°C, and 600°C are shown in Figure 4. 1, 3, 7-trimethylxanthine (caffeine) was
identified using the NIST database when guanine is thermochemolyzed at 500°C and
600°C. The other peaks were identified from the m/z ratios of their supposed molecular
ions, including dimethyl-guanine (peak 2, m/z 179), three tautomers of trimethyl-guanine
(peaks 3, 5 and 9, m/z 193) and four tautomers of tetramethyl-guanine (peaks 4, 6, 7 and 8,
m/z 207). The mass spectra corresponding to peaks 2 to 9 are given in Figure S3 (see the
supplementary material). Some other compounds are also detected with lower intensity,
such as glycocyamine (RT=20.0 min) and mesalamine (RT=21.3 min).

The intensity of peaks generally increased with the increase in temperature.

However, Peak 9 (trimethyl-guanine) was observed only at 400°C while peaks 1, 4, and 6



were not detected at 400 °C. Peak 1 corresponds to the methylated xanthine from the
degradation of guanine as mentioned before, which probably occurs at temperatures above
400°C. Peaks 4 and 6 correspond (according to the m/z ratios of the molecular ion) to two
tautomers of tetramethylated guanine. Trimethyl-guanine (peak 9) certainly coeluted with
peak 7 at a higher temperature than 400°C. All detected compounds of guanine can be seen
in Table 2.

Compared with adenine and cytosine, guanine is the third nucleobase with a
primary amine moiety that can decrease the effectiveness of GC-MS analysis dramatically.
At low temperatures of 250°C and 300°C, no thermochemolysis products of guanine in
TMAH solutions were detected. Thus, we conclude that thermochemolysis reactions barely
occur at temperatures lower than 400°C to 600°C. However, it was difficult to analyze

guanine because of the numerous derivatives and the spread and often coeluted peaks.
3.1.5 Xanthine

2.2x107* mol-L! of xanthine in TMAH was used. Like thymine and uracil, xanthine
responded well at the lower concentration. The chromatograms of xanthine obtained at
400°C, 500°C, and 600°C are shown in Figure 5. The only derivative of xanthine detected
was 1, 3, 7-trimethylxanthine (caffeine; TR = 28.90 min at 600°C), which is the
trimethylated form of xanthine, with a mass of the molecular ion of 194 g.mol’!. As shown
in Figure 5, the signal intensity increased with the increase of thermochemolysis

temperature, and the optimal analysis temperature was 600°C.
3.1.6 Hypoxanthine

The chromatograms of hypoxanthine in TMAH solutions obtained at the pyrolyzed
temperature of 400 °C, 500 °C and 600 °C are given in Figure 5. There are two derivatives
of hypoxanthine, 1, 7-dimethyl-hypoxanthine (the main peak, at a retention time of 29.60
min at 600 °C) with relatively higher intensity and dimethyl-hypoxanthine tautomer (at a
retention time of 31.52 min at 600 °C) with lower intensity. There were virtually no
compounds released at 400 °C; the derivative compounds were only detectable above 500
°C. Some nucleobases—such as thymine, uracil, xanthine, and hypoxanthine, which were
completely methylated on their intracyclic nitrogen (trimethyl substitutions of xanthine,

dimethyl substitutions of hypoxanthine)—were detectable at low concentration.



3.2 Thermochemolysis patterns

All derivatized compounds detected are listed in Table 2. It can be seen that most of
the derivatized compounds are the methylated products of the seven nucleobases. However,
the nucleobases exist in different tautomeric forms because of the presence of @ bonds and
non-binding doublet. Tautomerism of the nucleobases is manifested by the delocalization
of © electrons and the displacement of a hydrogen atom, thus the protons move from one
site to another and transform from a functional group into another within the same
molecule. There are two kinds of prototropic tautomerisms in nucleobases, one is the keto-
enol tautomerism, where the ketone form is in equilibrium with the enol form (C=C with
OH functional group in the vinyl position) and imine-enamine tautomerism, where the
enamine forms (ethylenic alpha amine) and is in equilibrium with the ketimine form.
Imine-enamine tautomerism is involved in all the above-mentioned nucleic bases. In all
cases, different tautomeric forms of the same molecule coexist in an equilibrium that can
be displaced towards one or the other, depending on pH, temperature, and solvent (with the
pH value of dependent on the solvent). As a result, the position of the methylation sites
varies with labile protons moving within the molecule. The proton is substituted by the
methyl group and acquires the stable form. Hence, there are different methylation forms of
nucleobases besides the canonical form.

For adenine, there are three possible methylation sites: one is at the N9 position,
and the two others are at the N10 position, as shown in Figure 6. During the TMAH
thermochemolysis process, dimethyl and trimethyl-adenine were detected. As shown in
Figure 1A, the peak intensity of N, N, 9-trimethyl-adenine, which is the methylated
products of the N9H form of adenine, was the highest. This is because the N9H tautomeric
form is the major form of adenine and the N7H and N3H tautomeric forms are minor forms
[36,37], however, the formation and observation of the 7(H) and 3(H) tautomers may be
facilitated in the solution phase [38]. The N, 9-dimethyl-adenine form was the second
highest peak at 600°C, which is also the methylated derivative of the N9H form of adenine.
According to Fonseca Guerra [37], the natural N9H form of adenine was the most stable
tautomer of the twelve systems studied and the stability of the N3H form of adenine was
preceded only by the N9H form. Hence, the methylated derivatives of the N7H form of
adenine were also detected during the TMAH thermochemistry process. 7-methyl-adenine
and N, N, 3-trimethyl-adenine are the monomethyl substitution and trimethyl substitution,

respectively. The content of trimethyl substitution products was higher than that of
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monomethyl substitution or dimethyl substitution, which demonstrates that the trimethyl
substitution products are more stable than other substitutions.

For thymine and uracil, only the methylated canonical forms were detected during
the TMAH thermochemolysis. Although the keto form, enol form, and keto-enol
tautomerism of thymine and uracil have been reported before [39—43], the canonical
tautomer is thermodynamically more stable than all enol and dienol forms. Therefore, the
canonical tautomer is the main thermochemolysis product of thymine and uracil in TMAH
solution as shown in Figure 2. There are two active sites (secondary amine) on the thymine
and uracil at N1 and N3 position, and they are replaced by a methyl group during TMAH
thermochemolysis, as shown in Figure 6. The absence of methylation of the enolactic
tautomeric forms of thymine and uracil is explained by the keto-enolic thermodynamic
equilibrium shifted very strongly in favor of the ketone form. Therefore, 1, 3-dimethyl-
thymine and 1, 3-dimethyl-uracil are detected, which are the most stable methylated
products of thymine and uracil, respectively.

For cytosine, various tautomeric forms have been detected in different studies [44].
These are mainly amino-oxo, imino-oxo and amino-hydroxy forms of cytosine. The
computational investigations have obtained different results via different methods. The
amino-hydroxy tautomer was found to be the most stable in the gas phase, and the
canonical amino-oxo form seemed to be the most stable one under aqueous solvation [45—
47]. In TMAH solutions, methylated cytosine in canonical forms, such as trimethyl-
cytosine and N, N, N'-trimethyl-cytosine, were the main products, which means that the
canonical amino-oxo form of cytosine was also the most stable form in TMAH solutions.
In addition, there are relatively weak peaks of the methylated compounds of cytosine in
enol form, such as 4-amino-2-methoxy-pyrimidine (Figure 3, peak 1), 2-(dimethylamino)-
1-phenyl-1-propanone (Figure 3, RT=21.36 min), 2-amino-4,6-dimethyl-pyrimidine(Figure
3, RT=24.40 min), and 3,4,5-trimethyoxybenzylamine(Figure 3, RT=28.95 min).

According to the guanine thermochemolysis chromatograph, there were more
tautomeric transformations of guanine compared with cytosine. The keto (amino-oxo) and
enol (amino-hydroxy) forms were the most stable forms according to the value of the
relative energies of the tautomers of guanine and both exist in approximately equal
concentrations[48]. The 7-, 9- or 1-methylations of guanine and dimethylated guanine were
identified by some researchers using Infrared spectroscopy (IR) [49-51]. In our study, the
dimethyl, trimethyl, and tetramethyl-guanine were detected and are probably the

methylated products of the 9NH or 7NH form of guanine. These are the products of

11



methylation and oxidative deamination of guanine, as shown in Figure 6. The deamination
and oxidation of guanine to xanthine, which was methylated by TMAH on its three labile
hydrogen atoms, 1, 3, 7-trimethylxanthine (caffeine) was consequently detected.

Hypoxanthine and guanine are structurally very similar, and they play an important
role during the DNA replication process and can form a base pair with cytosine. From this
point of view, therefore, hypoxanthine also has keto-enol and prototropic tautomeric
phenomena [49,52,53]. The keto-N7H and keto-N9H forms are the most stable forms of
hypoxanthine, and there are two possible substituted sites at N1 and N7 position.
According to the chromatograph of the hypoxanthine, dimethyl products were detected in
excessive TMAH solutions, which must be the most stable methylated forms of
hypoxanthine. Xanthine also has a similar structure with hypoxanthine, there are three
possible substituted sites, N1, N3, and N7 position. Therefore, the trimethyl form must be
the most stable methylated product of xanthine.

TMAH can improve pyrolysis by mild thermal decomposition and a selective
cleavage of ester and ether bonds as opposed to random and uncontrolled thermal
decomposition and fragmentation of the organic material via standard pyrolysis [32].
During the thermochemolysis of nucleobases, tautomerism transformations of all
nucleobases occur. TMAH also plays an important role by promoting the cracking of N-H
bonds at 600°C; thus the fragments of nucleobases in stable tautomerism forms are
methylated and form the stable derivatives. It is not surprising that the methylated
compounds of all of the nucleobases detected by GC-MS were their most stable forms in a
or aqueous phase. Their characteristic methylated compounds are summarized in Table 3.
Thymine, uracil, and xanthine each have only one unique characteristic peak individually;
however, the case is different for the other four kinds of nucleobases, as at least two
characteristic peaks correspond to their identification. Hence, the characteristic
thermochemolysis products of each nucleobases (list in Table 3) could be used to identify

these nucleobases on MOMA or SAM.
3.3 Analysis of the mixture of nucleobases

The chromatogram corresponding to the thermochemolysis of 0.1 ul of the
nucleobases mixture detected at 600°C is shown in Figure 7, and the concentration and the
amount of each nucleobase are shown in Table 1. The methylated derivatives of the
nucleobases detected as well as their retention times and the associated parent molecules

are listed in Table 4. The characteristic peak of each nucleobase appears at different
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retention times but in the same order as shown in Table 3 because the temperature
programming of the column was changed (starting at 50°C held for 2 min, then at a heating
rate of 3°C min™' up to 170°C then raised to 300°C at a rate of 10°C min™' and maintained
for 3 min).

Each of the seven nucleobases was identified when more samples were used, and
the derivatives of thymine, uracil, xanthine, and hypoxanthine were uniquely identified.
All compounds were the methylated canonical form of all their labile hydrogens, except for
dimethyl-hypoxanthine, where a second tautomer was detected. Compared with five
different methylated derivatives during the injection of 15 nmol of cytosine, only the
trimethylated canonic form, one of the weakest peaks, was detected.

Compared with the nine derivatives obtained by the pyrolysis of 2.5 nmol of
adenine, two derivatives were observed in the 0.1uL mixture. The predominant peak of
adenine corresponded to the trimethylated canonical structure whereas the second peak of
low intensity was a trimethyl tautomer form of adenine. A single derivative of guanine
with low intensity was also detected. Guanine was the only nucleobase whose methylation
was uncompleted: only three out of four labile hydrogens were replaced by methyl groups.
A small amount of guanine was detected due to the oxidative deamination of guanine
which degraded to xanthine. This is also the reason for the high intensity of the 1, 3, 7-
trimethyl xanthine peak, which is preponderant in the chromatogram. In addition, there
were no interactions among seven nucleobases, because there were nearly no obvious

cracking reactions of nucleobases at low temperature.

We conclude that among the seven nucleobases, four peaks with high intensity
should be easily detected by thermochemolysis if there were in the nanomole range or
higher amounts in natural samples, including xanthine, adenine, thymine, and uracil. Due
to the oxidative deamination of guanine to xanthine during thermochemolysis, detection of

xanthine may also be a strong indicator of the presence of guanine.
3.4 Quantification study of nucleobases

Limit of detection (LOD) and limit of quantitation (LOQ) can be determined by
signal-to-noise (S/N) and relative standard deviation (RSD). A value of S/N=3 or RSD=17%
can be used for LOD, S/N=10 or RSD=5% can be used for LOQ[54-58]. Therefore, S/N=3
and S/N=10 were used to determine the LOD and LOQ of the nucleobases in this study.

The calibration curves of nucleobases were obtained by plotting peak area ratio values (the
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peak area of nucleobases/internal standard peak area) against the concentration ratio of
nucleobases (nucleobases amount/internal standard amount).

Naphthalene-d8 was used as the internal standard, and the stability was tested five
times at 600°C. The average peak area of Naphthalene-d8 was about 3.2 x10® cps.s™!.min;
the % RSD was about 6.96%, which is calculated by the average divided by the standard
deviation (about 2.26x10’ cps.s'l.min). Moreover, we observed no degradation of the
Naphthalene-d8 after a pyrolysis at 600°C compared at the same GCMS injection at 270°C
in the GC injector. Therefore, because of its good stability at 600°C, naphthalene-d8 was
used as our internal standard.

To confirm the value of LOD and LOQ for each sample, all experiments were run
in triplicate. The LOD and LOQ value and the linearity of standard curves for each
nucleobase are summarized in Table 5. We conclude that the relativity of standards curves
is not a sufficient metric, as shown in Figure S4 (see the supplementary material), possibly

because of the interaction of TMAH with the column.
4. Conclusion

We conclude that TMAH thermochemolysis allows for the methylation and
detection of the seven nucleobases investigated in this study. The optimal temperature for
nucleobase thermochemolysis under SAM and MOMA conditions was 600°C. Trimethyl-
adenine, 1,3-dimethyl-thymine, 1,3-dimethyl-uracil, trimethyl-cytosine, 1, 3, 7-trimethyl-
xanthine (caffeine) and dimethyl-hypoxanthine were the main methylated products of
adenine, thymine, uracil, cytosine, guanine, and xanthine, and hypoxanthine, respectively,
because they are the most stable forms of each nucleobase in a gas phase or in aqueous
form. In addition, there was no interaction among these nucleobases when pyrolyzed in a
mixture, which makes it possible to detect different nucleobases in natural samples.
However, oxidative deamination of guanine to xanthine may also lead to misidentifications
when these molecules are detected in unknown samples. The presence of the -NH> group
also induces a tautomerization of the molecule and therefore multiplies the number of
methylated derivatives detected for each of these nitrogenous bases. Based on the values of
LOD and LOQ for each nucleobase, adenine, thymine, and uracil are easier to be detected,
as they can be detected at about 0.15 nmol. It is possible, though more difficult, to detect
the guanine, cytosine and hypoxanthine (LOD=0.40, 0.55 and 0.75 nmol, respectively).
However, the complex matrix needs to be pretreated with the extraction process in order to

detect the nucleobases on Mars, the LOD may be higher than value of our study.
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According to the observed retention times, potential coelutions may occur in studies
of mixtures of different nucleobases at high concentrations. This was mainly due to the
spread of cytosine peaks (between 30 and 37 min), guanine (between 30.5 and 32.2 min)
and, to a lesser extent, adenine (around 30.7 min). There was also a coelution between
dimethyl-uracil (at the retention time of 20.40 min) and dimethyl cytosine (at the retention
time of 20.33 min), though these problems can be avoided by using a lower column
heating rate. In addition, some nucleobases with a primary amine function (-NH>), such as
adenine, guanine, and cytosine, displayed a spreading of the chromatographic peaks
because of the interaction of the amine group with the stationary phase of the column.

All nucleobases detected here had relatively high retention times in the range of 27
to 47 minutes of elution with the temperature programming of the column used here (50°C
for 2 min, then 3°C min™! up to 170 °C then 10 °C.min™" up to 300°C, held 3 min), the
column of MOMA flight instruments is shorter than the column used herein; Therefore, it
would be more easier to detect the nucleobases related compounds in situ, such as
trimethyl-guanine, trimethyl-adenine and dimethyl-hypoxanthine; and signs of adenine and
hypoxanthine can be detected when the temperature is lower than 250°C. What’s more, the
separation and detection abilities of the device on SAM and MOMA will be tested in the
coming missions, and SAM is ready to do the TMAH analysis experiments soon; MOMA
will be ready in 2020. In a word, it would be possible to detect the nucleobases if the
samples are fresh and their content are higher than the limit of detection of the device on
Mars and MOMA, and our results laid the data foundation for the implementation of SAM
and MOMA missions.
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Table captions:

Table 1: Detailed information of nucleobases used in this study.

Table 2: The thermochemolysis products detected from different nucleobases.

Table 3: The characteristic peaks of the seven nucleobases in TMAH.

Table 4: The methylated components detected from pyrolysis of the nucleobases mixture.

Table 5: LOD and LOQ values and the standard curves of each nucleobase.

22



Table 1: Detailed information of nucleobases used in this study.

Injection

Nucleobases Amount volume Concerfration
(nmol) (mol-L)
(uD)
Adenine 0.125 0.05 2.5x107
0.25 0.10 2.5x10°3
2.50 0.01 0.25
Thymine 0.26 0.10 2.6x1073
Uracil 0.26 0.10 2.6x10°3
Cytosine 15.0 0.05 0.3
Guanine 11.0 0.05 0.22
Xanthine 0.22 0.10 2.2x107
Hypoxanthine 1.20 0.10 1.2x107
_______________ Adenine 18 o010 o018
Guanine 31 0.10 0.31
Cytosine 43 0.10 0.43
Mixtures ~ Thymine 0.19 0.10 1.86x1073
Uracile 0.19 0.10 1.86x1073
Xanthine 0.18 0.10 1.57x1073
Hypoxanthine  0.86 0.10 8.57x107
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Table 2: The thermochemolysis products detected from different nucleobases.

Retention Masses of fragments* and relative
Nucleobases Base peak Compounds
time abundance: m/z (%)
149(100), 44(86),148(27), 42(26),
Adenine 24.84 149 122(23), 121(11), 207(10), 53(10), 7-methyl-adenine
68(9)
163(100), 107(72), 135(69),134(55),
25.90 163 N, 9-dimethyl-adenine
80(31), 133(30), 162(27)
148(100), 162(38), 177(34),
26.54 148 N, N, 9-trimethyl-adenine
107(22), 133(22), 135(15), 106(12)
162(100), 163(45),42(41), 82(17),
27.93 162 dimethyl-adenine
121(17), 108(15), 135(15)
176(100), 177(56), 148(33),
28.33 176 trimethyl-adenine
147(23), 67(24), 133(20), 42(16)
162(100), 177(91), 176(44), 148(37),
28.54 162 trimethyl-adenine
42(38), 133(30), 94(30), 121(29)
177(100), 135(93), 44(92), 42(83),
29.47 177 trimethyl-adenine
121(63), 162(44), 133(41), 107(32)
177(100), 135(81), 162(66), 44(50),
30.54 177 trimethyl-adenine
42(49), 108(21), 120(15), 133(10)
148(100), 162(59), 177(34),
30.72 148 N, N, 3-trimethyl-adenine
134(30), 107(21), 135(21), 119(18)
154(100), 68(93), 69(46), 42(41),
Thymine 21.49 154 1,3-dimethyl-thymine
97(15), 96(11), 56(9.0)
140(100), 42(62), 55(53), 83(43),
Uracil 20,40 140 1,3-dimethyl-uracile
82(29), 54(15), 56(11)
95(100), 125(72), 124(50), 68(38), 4-amino-2-methoxy-
Cytosine 18.90 95
67(19), 96(16), 41(15) pyrimidine
139(100), 109(80), 108(63),
20.33 139 dimethyl-cytosine
138(59), 95(53), 110(32), 81(22)
153(100), 124(39), 152(7), 123(7),
20.58 153 trimethyl-cytosine
138(5), 44(1.14), 95(1)
2136 7 72(100), 44(68), 153(15), 71(17), 2-(dimethylamino)-1-phenyl-
. 207(10) 1-propanone
124(100), 153(75), 55(44), 95(43),
21.84 124 N, N, N'-trimethyl-cytosine
96(36), 42(29), 54(13)
123(100), 96(76), 42(72), 154(58), 2-amino-4,6-dimethyl-
24.40 123
44(46), 80(37) pyrimidine
166(100), 44(65), 197(26), 139(23),
28.95 166 3.4,5-trimethyoxybenzylamine

109(20), 83(19), 138(11)
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153(100), 124(44), 42(13), 138(11),

30-37 153 trimethyl-cytosine
125(6), 154(5), 123(4), 152(3)
Guanine 19.98 122 122(100), 123(7) Glycocyamine
21.28 136 136(100), 108(7) Mesalamine
194(100), 109(62), 55(44), 82(29), Caffeine
28.88 194
44(27), 67(26), 193(20), (1, 3, 7-trimethyl-xanthine)
179(100), 150(49), 42(45), 178(40),
29.18 179 dimethyl-guanine
149(37), 107(27), 44(24)
193(100), 149(65), 164(51),
30.01 193 trimethyl-guanine
165(52), 42(48), 192(21), 163(28)
207(100), 178(94), 163(71),
30.20 207 192(54), 42(54), 149(48), 44(31), tetramethyl-guanine
164(28)
193(100), 82(32), 55(31), 42(29),
30.51-32.21 193 trimethyl-guanine
67(27), 164(24), 109(22)
178(100), 67(70), 207(67), 109(52),
31.25 178 tetramethyl-guanine
55(41), 82(40),137(36)
164(100), 207(65) , 123(64), )
32.99 164 tetramethyl-guanine
163(60), 178(50), 136(40), 67(23)
207(100), 44(66), 163(49), 178(30),
37.10-38.00 207 tetramethyl-guanine
42(30), 164(29), 67(24), 109(14)
193(100), 164(92), 123(60), 67(32),
35.12 193 trimethyl-guanine(400°C)
163(24), 110(28), 136(20)
194(100), 109(52), 67(47), 55(38), 1, 3,7-trimethyl-xanthine
Xanthine 28.90 194
82(32), 193(21), 42(13) (caffeine)
164(100), 163(58), 42(44), 110(14),
Hypoxanthine = 29.60 164 1,7-dimethyl-hypoxanthine
68(14), 67(13), 53(9)
164(100), 135(56), 42(56), 82(21),
31.52 164 dimethyl-hypoxanthine

163(16), 67(10), 108(9)

Note: * the masses of the main fragments are in order of decreasing abundance; the mass marked in bold is the main

peak.
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Table 3: The characteristic peaks of the seven nucleobases in TMAH.

Nucleobase Retention time (min)  Characteristic peak

Uracil 20.40 1, 3-dimethyl-uracil
Thymine 21.49 1, 3-dimethyl-thymine
Cytosine 21.84 N, N, N'-trimethyl-cytosine
Adenine 26.54 N, N, 9-trimethyl-adenine
Xanthine 28.90 1, 3, 7-trimethylxanthine
Hypoxanthine  29.60 1,7-dimethyl-hypoxanthine
Guanine 30.01 trimethyl-guanine
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Table 4: The methylated components detected from pyrolysis of the nucleobases mixture.

Retention time (min) Component Parent compound

27.79 1, 3-dimethyl-uracil Uracil

29.94 1, 3-dimethyl-thymine Thymine

31.19 N, N, N'-trimethyl-cytosine Cytosine

39.81 N, N, 9-trimethyl-adenine Adenine

43.78 1, 3, 7-trimethyl-xanthine (caffeine) Xanthine

44.34 1,7-dimethyl-hypoxanthine Hypoxanthine
45.66 trimethyl-guanine Guanine

4591 trimethyl-adenine Adenine
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Table 5 LOD and LOQ values and the standard curves of each nucleobase.

Nucleobases LOD(nmol) LOQ(nmol) Linear regression equation Correlation coefficient
Adenine 0.075 0.15 y=10.0190x — 0.00001 0.9975
Thymine 0.075 0.15 y =0.0250x + 0.0259 0.9989
Uracil 0.075 0.30 y=0.0023x - 0.0038 0.9973
Cytosine 0.55 0.65 y =0.0004x — 0.0015 0.9898
Guanine 0.40 0.675 y =0.0002x — 0.0004 0.9958
Xanthine 0.15 0.275 y=0.0090x + 0.0018 0.9992
Hypoxanthine 0.75 0.95 y =0.0006x — 0.0019 0.9805
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Figure captions:

Figure 1: Chromatograms of adenine thermochemolysis in TMAH performed at different
temperature (A: 600°C, 500°C, and 400°C.) and different amount (B: (a) 0.125 nmol (b)
0.25 nmol (c) 2.5 nmol ). Chromatogram A: Peak 1: 3-methyl-3H-purin-6-amine; Peak 2:
N, 9-dimethyl-9H-purin-6-amine; Peak 3: N, N, 9-trimethyl-9H-purin-6-amine; Peak 4: N,
N, 3-trimethyl-3H-purin-6-amine; Peak 5: dimethyl adenine; Peak 6,7,8,9: trimethyl
adenine. Note the break in the intensity scale to show the height of peak 3; Chromatogram
B: Peak 1: 3-methyl-adenine; Peak 2: N, 9-dimethyl-adenine; Peak 3: N, N, 9-trimethyl
adenine; Peak 4: N, N, 3-trimethyl-adenine; Peak 5: dimethyl adenine; Peak 6,7,8,9:
trimethyl adenine. Note: the break in the intensity scale to show the height of peak 3 in the

2.5 nmol chromatogram.

Figure 2: Chromatograms of thymine (0.26 nmol) and wuracil (0.26 nmol)

thermochemolysis in TMAH at different temperatures.

Figure 3: Chromatograms of cytosine (15 nmol) thermochemolysis in TMAH
thermochemolysis at different temperatures (1: 4-amino-2-methoxy-pyrimidine; 2:
dimethyl cytosine; 3: trimethyl-cytosine; 4: N, N, N'-trimethyl-cytosine; 5: trimethyl-

cytosine; 6: siloxane).

Figure 4: Chromatograms of guanine (11 nmol) thermochemolysis in TMAH at 600 °C,
500 °C, and 400 °C. (1: caffeine; 2: dimethyl-guanine; 3 and 5: trimethylguanine; 4, 6, 7,

8: tetramethylguanine; 9: trimethylguanine).

Figure 5: Chromatograms of xanthine (0.22 nmol) and hypoxanthine (1.2 nmol)

thermochemolysis in TMAH at different temperatures.
Figure 6: The TMAH thermochemolysis schemes of seven nucleobases.

Figure 7: Chromatogram of seven nucleobases mixtures dissolved in TMAH
thermochemolysis at 600°C.Peak 1: 1, 3-dimethyl-uracil ; Peak 2 : 1, 3-dimethyl-thymine;
Peak 3 : N, N, N'-trimethyl-cytosine; Peak 4 : N, N, 9-trimethyl-adenine; Peak 5 : 1, 3, 7-
trimethyl-xanthine (caffeine); Peak 6 : 1,7-dimethyl-hypoxanthine; Peak 7: methyl ester
hexadecanoic acid; Peak 8: trimethyl-guanine; Peak 9 : trimethyl-adenine Peak X:
Siloxane.
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Figure 1: Chromatograms of adenine thermochemolysis in TMAH performed at different temperature (A:
600°C, 500°C, and 400°C.) and different amount (B: (a) 0.125 nmol (b) 0.25 nmol (c¢) 2.5 nmol).
Chromatogram A: Peak 1: 3-methyl-3H-purin-6-amine; Peak 2: N, 9-dimethyl-9H-purin-6-amine; Peak 3: N,
N, 9-trimethyl-9H-purin-6-amine; Peak 4: N, N, 3-trimethyl-3H-purin-6-amine; Peak 5: dimethyl adenine;
Peak 6,7,8,9: trimethyl adenine. Note the break in the intensity scale to show the height of peak 3;
Chromatogram B: Peak 1: 3-methyl-adenine; Peak 2: N, 9-dimethyl-adenine; Peak 3: N, N, 9-trimethyl
adenine; Peak 4: N, N, 3-trimethyl-adenine; Peak 5: dimethyl adenine; Peak 6,7,8,9: trimethyl adenine. Note
the break in the intensity scale to show the height of peak 3 in the 2.5 nmol chromatogram.
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Figure 2: Chromatograms of thymine (0.26 nmol) and uracil (0.26 nmol) thermochemolysis in TMAH at
different temperatures.
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Figure 3: Chromatograms of cytosine (15 nmol) thermochemolysis in TMAH thermochemolysis at different

temperatures (1: 4-amino-2-methoxy-pyrimidine; 2: dimethyl cytosine; 3: trimethyl-cytosine; 4: N, N, N'-
trimethyl-cytosine; 5: trimethyl-cytosine; 6: siloxane).
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Figure 4: Chromatograms of guanine (11 nmol) thermochemolysis in TMAH at 600 °C, 500 °C, and

400 °C. (1: caffeine; 2: dimethyl-guanine; 3 and 5: trimethylguanine; 4, 6, 7, 8: tetramethylguanine; 9:
trimethylguanine).
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Figure 5: Chromatograms of xanthine (0.22 nmol) and hypoxanthine (1.2 nmol) thermochemolysis in TMAH
at different temperatures.
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Figure 6: The TMAH thermochemolysis schemes of seven nucleobases.
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Figure 7: Chromatogram of seven nucleobases mixtures dissolved in TMAH thermochemolysis at 600°C.

Peak 1: 1, 3-dimethyl-uracil ; Peak 2 : 1, 3-dimethyl-thymine; Peak 3 : N, N, N'-trimethyl-cytosine; Peak 4 :
N, N, 9-trimethyl-adenine; Peak 5 : 1, 3, 7-trimethyl-xanthine (caffeine); Peak 6 : 1,7-dimethyl-hypoxanthine;
Peak 7: methyl ester hexadecanoic acid; Peak 8 : trimethyl-guanine; Peak 9 : trimethyl-adenine Peak X:

Siloxane.
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