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‘What constitutes a habitable planet is a frontier to be explored and requires pushing the
boundaries of our terracentric viewpoint for what we deem to be a habitable environment.
Despite Venus’ 700 K surface temperature being too hot for any plausible solvent and most
organic covalent chemistry, Venus’ cloud-filled atmosphere layers at 48 to 60 km above the
surface hold the main requirements for life: suitable temperatures for covalent bonds; an
energy source (sunlight); and a liquid solvent. Yet, the Venus clouds are widely thought to
be incapable of supporting life because the droplets are composed of concentrated liquid
sulfuric acid—an aggressive solvent that is assumed to rapidly destroy most biochemicals
of life on Earth. Recent work, however, demonstrates that a rich organic chemistry can
evolve from simple precursor molecules seeded into concentrated sulfuric acid, a result that
is corroborated by domain knowledge in industry that such chemistry leads to complex
molecules, including aromatics. We aim to expand the set of molecules known to be stable in
concentrated sulfuric acid. Here, we show that nucleic acid bases adenine, cytosine, guanine,
thymine, and uracil, as well as 2,6-diaminopurine and the “core” nucleic acid bases purine
and pyrimidine, are stable in sulfuric acid in the Venus cloud temperature and sulfuric acid
concentration range, using UV spectroscopy and combinations of 1D and 2D 'H °C N
NMR spectroscopy. The stability of nucleic acid bases in concentrated sulfuric acid advances
the idea that chemistry to support life may exist in the Venus cloud particle environment.

Venus | habitability | NMR | nucleic acid bases | sulfuric acid

The search for signs of life is a key motivator in modern-day planetary exploration. Our
“sister” planet Venus has long been relegated to the uninhabitable category because its
surface at 735 K is too hot for any plausible solvent and for most organic covalent chem-
istry. Yet for over five decades, a small but growing group of scientists have continued to
support the speculative idea that microbial-type life might permanently occupy the tem-
perate cloud layers of Venus (1-14). The cloud layers are permanent, continuous across
the planet, and vertically extensive (48- to 60-km altitude above the surface). The cloud
layers have the main requirements for life (15): suitable temperatures for covalent bonds;
aliquid environment; and an energy source. So the Venus cloud layers could, in principle,
host systems with the key characteristics of life, including their ability to undergo
Darwinian evolution, even if the specifics of their chemistry are very different from those
of terrestrial life.

The concept of life in the clouds of Venus is both motivated and supported by the fact
that Earth has an aerial biosphere. A diverse set of microbes are transported up from the
Earth’s surface (16-19) and remain aloft for on average 3 to 7 d (20) before being rained
out. Earth’s clouds are both transient and fragmented—a challenging ecological niche for
permanent habitation. Venus, in contrast, has a permanent and continuous cover from
vertically extensive clouds. Venus microbial type life residing inside cloud particles could
remain aloft indefinitely via a life cycle of droplet growth, sedimentation, sporulation to
a dormant hibernation in a haze layer beneath the clouds, followed by upward mixing via
gravity waves followed by cloud nucleation (6).

The Venus cloud particles are made of concentrated sulfuric acid as inferred by Pioneer
Venus in situ measurements of the backscattered polarized radiation (21). Technically, the
measurements yield the particle refractive index and particle size assuming spherical particles.
These measurements confirmed earlier polarization observations from Earth-based telescopes
(22). The concentration of sulfuric acid in the Venus cloud particles has not been directly
measured, but inferred from Pioneer Venus measurements of gases by the mass spectrometer.
The gases evolved from cloud particles that clogged the inlet and are consistent with cloud
droplets composed of 85% w/w H,SO, and 15% w/w H,O (23). Based on models, it is
likely that the sulfuric acid concentration of the cloud particles varies with altitude, in the
cloud tops reaching 79% w/w while in the lower clouds the sulfuric acid concentration could
reach 98% w/w (24).
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Significance

The search for signs of life
beyond Earth is a motivator in
modern-day planetary
exploration. While our “sister”
planet Venus has a surface too
hot for life, scientists have
speculated that the much cooler
atmosphere at 48 to 60 km
above the surface might host life
in Venus' perpetual cloud cover,
as Earth’s clouds do. The Venus
clouds, however, are composed
of concentrated sulfuric acid—an
aggressive chemical that destroys
most of Earth life’s biochemicals
and are thought to be sterile to
life of any kind. Here, we show
that key molecules needed for
life (nucleic acid bases) are stable
in concentrated sulfuric acid,
advancing the notion that the
Venus atmosphere environment
may be able to support complex
chemicals needed for life.
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Two potential show-stoppers exist for the survival of life in the
clouds of Venus. First, there is nearly no water available, as the
atmosphere is extremely dry and the cloud sulfuric acid droplets
have very low water activity. Any water in the sulfuric acid droplets
is locked away in strong hydrogen bonds to sulfuric acid. Second,
the concentrated sulfuric acid is an aggressive solvent and is
thought to destroy most biochemicals (25). Indeed, concentrated
sulfuric acid is orders of magnitude more acidic than the most
acidic environments on Earth that host acid-adapted microorgan-
isms (6). The general accepted viewpoint is that concentrated
sulfuric acid is sterile for any interesting chemistry and for any life

(26).

1. Motivation to Study Venus Sulfuric Acid
Organic Chemistry

We promote the concept that the concentrated sulfuric acid
droplets may support a rich organic chemistry of a kind that
might be able to support life different from Earth life. Spacek
and Benner (27-29) have shown that a rich organic chemistry
in sulfuric acid evolves from a simple organic seed molecule
such as formaldehyde [and propose that such organic chemistry
may be the origin of the perplexing and unidentified material
in Venus” atmosphere that absorbs 50% of all incident ultravi-
olet (UV) sunlight (30), the so-called “unknown UV absorber”
(31)]. Even gas phase CO and CO, can act as seed molecules,
themselves originating from atmospheric photochemical pro-
cesses. The experiments by Spacek and Benner use a precursor
molecule containing only C, H, and O elements and yet even
such limited elemental composition can yield complex organic
molecules. The Venus clouds may have a much more diverse
organic chemistry than these laboratory models, because
the clouds also contain molecules that have N, S, or even P
atoms (32).

'The idea of a rich organic chemistry in concentrated sulfuric acid
has long been known outside of planetary science. The oil refinement
industry, for example, uses concentrated sulfuric acid to process
crude oil. As a byproduct, “red oil” waste product is generated which
includes a diversity of organic compounds including aromatic ringed
molecules dissolved in concentrated sulfuric acid (33-35).

Complex organic chemistry is of course not life, but there is no
life without it. We can consider the potential stability of complex
organic chemistry in an environment as a prerequisite to habitability.
Thus, we are motivated to study the stability of complex molecules
that may make up a biochemistry of non-Earth-like life in concen-
trated sulfuric acid to explore whether sulfuric acid is inherently
uninhabitable to all possible life, rather than just to terrestrial life.
While the Venus cloud droplets likely contain dissolved substances
that might influence reactivity, such as atmospheric gases and metal
ions, pure concentrated sulfuric acid is a foundational starting point
for investigating stability of chemicals needed for life to function.

Specifically, we are motivated to study the stability of the com-
ponents that could make up an informational polymer, one that
would be very different from DNA or RNA on Earth due to the
overall instability of DNA or RNA in concentrated sulfuric acid.
We focus on nucleic acid bases and related molecules (Fig. 1) as
a starting point and consider sulfuric acid concentrations and
temperatures found in the Venus cloud layers. Studies from dec-
ades ago explored not only stability and chemistry of aromatics
in concentrated sulfuric acid (e.g., refs. 36-38) but also, curiously,
some isolated experiments on protonation of a few of the nucleic
acid bases in acidic conditions (39—42).

We describe our experimental results followed by contextual
discussion, then present the methods.
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Fig. 1. The nucleic acid bases and related molecules studied in concentrated
sulfuric acid in this work. Red numbers indicate carbon atoms and pink
numbers indicate nitrogen atoms in the ring.

2. Results

We find that nucleic acid bases adenine, cytosine, guanine, thy-
mine, and uracil are stable in sulfuric acid ranging from 81 to
98% concentration by weight (the rest being water) at room tem-
perature (18 to 21 °C). We also find the stability under the same
conditions of the core structure of the nucleic acid bases purine
and pyrimidine. We additionally tested the adenine-like com-
pound 2,6-diaminopurine, used as a genetic base substitute for
adenine by specialized viruses (43-46), and found it stable as well.

By stable, we mean no detectable reactivity and degradation of
the tested compound after incubation in concentrated sulfuric
acid up to 2 wk. We first analyzed the compounds after 18 to 24
h in concentrated sulfuric acid and next repeated one of the anal-
yses after a 2-wk incubation period for an additional stability test.
By stable we also mean long-term stability of the heavy atom
bonding topology in the bases, i.e. the bonding of nonhydrogen
atoms to each other, and not rapid, reversible exchange of protons
between the bases and the solvent.

We begin with evidence that the aromatic compound ring struc-
ture is not broken, using data from both UV spectroscopy
(Section 2.1, Fig. 2) and 3C NMR (Section 2.2, Figs. 3 and 4). In
order to demonstrate stability of a given molecule in concentrated
sulfuric acid, we elucidate the molecular structure using a combi-
nation of 'H NMR, ">C NMR, "N NMR, and/or 2D heteronu-
clear multiple-quantum correlation spectroscopy (HMQC) and
heteronuclear multiple bond correlation spectroscopy (HMBC)
(‘"H-"C and 'H-""N) NMR (Section 2.3 and Figs. 5 and 6).

2.1. UV Spectroscopy. For an initial investigation of the
compounds’ stability in concentrated sulfuric acid, we used
UV spectroscopy (190 to 300 nm; Fig. 2). The two absorption
peaks at ~180-nm (in the range 160 to 210 nm) and at ~260-nm
wavelengths or longer are characteristic of nucleic acid bases and
are due to the presence of conjugated © bonds in the aromatic rings
(e.g., refs. 47). In other words, absorption is caused when = or
nonbonding (nb) electrons jump from 7—7* or nb —»7* molecular
orbitals, and so these absorptions are dependent on the presence of
conjugated T systems. The wavelength of the two peaks for each
nucleic acid base may slightly differ in concentrated sulfuric acid as
compared to other solvents (e.g., refs. 42 and 48 and ST Appendix,
Table S9) due to the change in pH, which would cause a change
to the conjugation on the nucleic acid bases (including likely
protonation), thus leading to the wavelength shifts.

For each compound, the maximum wavelength and shape of each
of the two major peaks did not change after about 24 h in concen-
trated sulfuric acid (Fig. 2), indicating stability of each compound,
i.e., that the aromatic ring remained stable and intact. We do note
a slight increase in absorbance for the sample after 24 h due to
increased dissolution of the tested compound over time. We empha-
size that the shape of the curve stays the same over time, meaning
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Fig. 2. UV spectroscopy of the eight compounds studied in 98% w/w
sulfuric acid. The absorbance, defined as A = ¢eLc, where A is absorbance
(dimensionless), ¢ is the molar absorption coefficient (in units of M~ cm”), L
is pathlength (in cm), and c is concentration (in units of M), as a function of
wavelength. Each compound shows two characteristic UV peaks, due to n-n
conjugated bonds. The blue line shows the UV spectrum measured within
about 15 to 20 min after mixing of the compound in 98% w/w H,SO, in H,O and
the gray dashed line is the same compound measured after about 24 h. While
some compounds have a higher absorbance due to more dissolution over the
24 h, the same peak wavelength maximum and peak shape demonstrates
stability of each compound in 98% w/w sulfuric acid.

that the rings themselves remain stable as the compound dissolves.
We note that we do not detect any features beyond 300 nm (apart
from a very low-amplitude signal from contamination around
320 nm), because the electron excitation is confined to shorter
wavelengths.

Because we do not see any dramatically different absorption char-
acteristics, we can further rule out a change in the substituent groups
(apart from likely protonation). Such a substitution would preserve
the ring structures but would alter the shape of the spectrum. We
can also rule out any reaction to link two rings which would produce
a multiring conjugated molecule, which would still have conjugated
rings but be expected to have different absorption characteristics.

2.2. "C NMR. To further confirm the stability for each compound
and validate the compound’s structure, we used °C NMR
spectroscopy (Fig. 3). We mixed 10 to 40 mg of each compound in
500 to 600 pL of a combination of D,SO, and D,0O, ranging from
81 to0 98% D,SO, by weight, with 10% of DMSO-d, (deuterated
dimethyl sulfoxide) added as a chemical shift reference and took a
C NMR spectrum 30 to 48 h after sample preparation. We used
D,0 instead of H,O for all NMR experiments, so that we could
use the same sample and minimize the intensity of the hydrogen
peaks in any 'H NMR experiment. To confirm the stability of the
bases over time, the ?C NMR measurements for all compounds
in 98% w/w D,SO, were additionally measured after 2 wk later
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and the peak positions remain unchanged (Fig. 4 and SI Appendix,
Figs. $12-S14).

For each compound, the number of carbon peaks and their
chemical shift position in the BC NMR spectrum show that the
aromatic ring structure and number of carbon atoms of the orig-
inal compound is preserved over extended time periods in con-
centrated sulfuric acid (Figs. 3 and 4). The carbon peak assignments
shown in Figs. 3 and 4 are described in Section 2.3 and in the
SI Appendix. We made the assignment for a given compound in
98% w/w sulfuric acid and since the peaks in lower concentration
of sulfuric acid are the same, we conclude that the bases in lower
acid concentrations (i.e., 81 to 94% w/w) are also stable.

2.3. Molecular Structure Determination by NMR in 98%
Concentrated Sulfuric Acid. To confirm that the molecular
structure of nucleic acid bases does not change in concentrated
sulfuric acid, we use results from a series of 1D and 2D NMR
experiments of nucleic acid bases dissolved in 98% D,SO, with
2% D,0O (by weight). In this section, we choose two exemplar
nucleic acid bases to describe fully, purine and pyrimidine. Details
of the assignments of the remaining six compounds that we
investigated are presented in S/ Appendix.

Our aim in this section is to confirm the known chemical struc-

ture. A ke;l point is that while the approximate chemical shifts of
"H and "C are predictable from the proposed structure, their
exact positions will vary with the solvent, and hence will not be
known in a rarely studied solvent such as concentrated sulfuric
acid. To identify NMR sgectral peaks, we rely on general rules for
chemical shifts for 'H, C, and "N as well as known chemical
shifts in solvents other than concentrated sulfuric acid (S Appendix,
Tables S7 and S8), and combined with 2D NMR.
2.3.1. Purines in concentrated sulfuric acid. For purine, in the 1D
BCNMR spectrum (Figs. 3 and 5A), we find five peaks for carbon
that correspond to the five carbons in the purine ring. Each of the
five peaks are found in the region of the NMR spectra associated
with aromatic compounds.

We assign the carbon peaks by comparison with literature data
(81 Appendix, Table S7) and by our 2D NMR experiments (Fig. 5
D and E). We can assign C5 because it is the most magnetically
shielded atom in the ring structure with a chemical shift distinctly
upfield from the other four carbon peaks (S7 Appendix, Table S7).
To assign C2, C6, and C8 we use our 2D NMR spectra where we
correlate the positions of H and C within the ring. Purine has
three protonated carbons, at C2, C6, and C8. Our 2D 'H-""C
HMQC shows three signals that correspond to C2 (at 149.39 ppm)
attached to H2 (at 9.01 ppm), C6 (at 140.66 ppm) attached to
H6 (at 9.20 ppm), and the C8 carbon peak at 150.00 ppm
attached to H8 at 9.20 ppm. The two peaks corresponding to H6
and H8 hydrogens (at 9.20 ppm) on the 1D "H NMR spectrum
are overlapping (Fig. 5B).

We assign C4 on the basis of '"H-"*C HMBC data (Fig. 5E). As
expected, the "H-"C HMBC correlates the chemical shift of carbon
C4 at 151.04 ppm to the nearby H2, at 9.01 ppm, and H6, H8 at
9.20 ppm (all separated from C4 by three chemical bonds) (Fig. 5E).

The 'H-"C HMBC spectra also further confirms the assign-
ments of C2, C5, C6, and C8. The C6 (at 140.66 ppm) correlates
with the chemical shift of H2, at 9.02 ppm. C6 and H2 are at the
right separation of three chemical bonds, supporting the assign-
ment of 140.66 ppm and 9.02 ppm chemical shifts to C6 and
H2, respectively. Further supporting these assignments and the
integrity of the imidazole ring, the '"H-C HMBC correlates the
distinct °C chemical shift of C5 to the nearby H8 which in turn
is correlated with C4. Note that there is also a weak signal on the
'H-">C HMBC spectra (coordinates: 9.01 ppm, 120.62 ppm)
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Fig. 3.

3C NMR spectra for eight nucleic acid bases: purine, adenine, guanine, diaminopurine, pyrimidine, uracil, cytosine, and thymine in 98% D,SO,/2% D,0

(by weight) with DMSO-d; as a reference, at room temperature. The labeled NMR carbon peaks match the number of carbon atoms in the known molecular
structure for a given compound. All peaks are consistent with the molecules being stable and the structure not being affected by the concentrated sulfuric acid
solvent. For a description of peak assignments, see Section 2.3., Figs. 5 and 6, and S/ Appendix, Figs. S1-S10.

(Fig. 5E). The signal corresponds to the carbon atom C5 at the
separation of four bonds from the H2 hydrogen.

Finally, we use 1D N NMR to confirm the presence of the N
atoms in the purine ring (Fig. 5C). We see four peaks corresponding
to four nitrogen atoms of the purine ring and make assignments of
NI and N3 t0 185.99 ppm and 262.08 ppm, respectively based on
the '"H-"N HMBC experiment (Fig. 5F). We assign N7 and N9
to 158.11 ppm and 163.02 ppm peaks, respectively, based on the
known N7 and N9 chemical shifts of purine in concentrated sulfuric
acid (40), where N7 is more magnetically shielded (shifted toward
lower ppm) in acidic conditions than N9 (Fig. 7 and S/ Appendix,
Table S7). Taken together the NMR data confirm that the purine
ring structure remains intact in 98% w/w D,SO in D,0.

We now turn to evidence of protonation of purine in concentrated
sulfuric acid. We summarize pioneering work by Schumacher and

https://doi.org/10.1073/pnas.2220007120

Giinther (40) and show that our NMR "N chemical shifts agree in
acidic solvents, thus demonstrating protonation of N atoms in the
purine ring (S Appendix, Fig. S15). Schumacher and Giinther show
that the purine ring is protonated in 90% w/w concentrated sulfuric
acid by analyzing the chemical shift change of "N NMR peaks of
purine in different solvents ranging from strongly basic to strongly
acidic (Fig. 7). Purine "N NMR spectra in DMSO-d;; and H,0O
can be considered well-known standards. In the basic aqueous solu—
tion of 5% NaOH, the N7 and N9 atom spectral peaks are shifted
downfield as compared to their peaks in H,0O and DMSO-d, solu-
tions indicating deprotonation of N atoms. With increasing solvent
acidity, N atoms sequentially get protonated, causing dramatic
upfield spectral peak migration. In some cases (e.g., H,O and
DMSO-dy) two tautomeric structures exist in equilibrium due to
fast proton exchange; the relative abundance controls the spectral

pnas.org
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Fig. 4. Purine (Left) and pyrimidine (Right) are stable for 2 wk in a range of sulfuric acid concentrations found in the Venus clouds. We have incubated 30 to
40 mg of each base in 81 to 98% w/w D,S0, for 2 wk. After the 2-wk incubation, we measured 1D ">C NMR spectra (solid line spectra), at each of the tested acid
concentrations, and compared them to the original 1D ">C NMR spectra collected after ~30 to 48 h (dashed line spectra and S/ Appendix, Fig. S11). The 2-wk spectra
and the ~30 to 48-h spectra look virtually identical for all tested concentrations, confirming long-term stability of the compounds in concentrated sulfuric acid
solvent. From top to bottom are different concentrations (by weight) of sulfuric acid in water: 98% D,SO,/2% D,0O; 94% D,SO,/6% D,0O; 88% D,S0,/12% D,0; 81%
D,S0,/19% D,0 with DMSO-d, as a reference and at room temperature. All peaks are consistent with the molecules being stable and the structure not being
affected by the concentrated sulfuric acid solvent. For 2-wk stability of other compounds, see S/ Appendix, Figs. S12-S14.

peak positions. For example, in H,O, the N7 and N9 spectral peaks
are relatively close to each other, indicating a similar chemical envi-
ronment, including a similar time-averaged protonation state, i.e.,
arelatively equal abundance of an N7 and N9 protonated tautomeric
structures (40). In comparison, in DMSO vs. H,O, the purine tau-
tomeric structure with protonated N9 is more abundant than that
with protonated N7 (49). Note that the N3 atom is not protonated
even in 90% H,SO, (40), as shown by the insignificant migration
of its spectral peak. However, N3 does get protonated in superacids
(41). Our data at 98% D,SO, match the high acidity solvents 90%
H,SO, and FSO;H from ref. 40, demonstrating protonation of the
N1, N7, and N9 nitrogen atoms in the purine molecule (Fig. 7).

For other purines, adenine, guanine, and diaminopurine, we
demonstrate stability in concentrated sulfuric acid as follows. In the
1D *C NMR spectra (Fig. 3), we find five peaks for carbon that
correspond to the five carbons in the adenine, guanine, and diami-
nopurine ring. Each of the five peaks are found in the region of the
NMR spectra associated with aromatic compounds. To further con-
firm the integrity and stability of the adenine, guanine, and diami-
nopurine nucleic acid bases in concentrated sulfuric acid we employ
'H and "N NMR, combined with HMQC and HMBC 2D NMR
(81 Appendix, Figs. S1, S3, and S5). The results of the N NMR
show the correct number of nitrogen atoms in the adenine, guanine,
and diaminopurine rings. The 2D NMR spectra further confirm
the °C, N, and 'H peak assignments. Taken together, the results
show that adenine, guanine, and diaminopurine are stable in con-
centrated sulfuric acid for a prolonged time. For detailed justification
and description of the results, please see ST Appendix.

We now turn to assessment of the protonation state of adenine,
guanine, and diaminopurine. Apart from purine itself, the protona-
tion of other purines in concentrated sulfuric acid has not been
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previously studied. Comparison of the C NMR chemical shift
changes in different solvents suggests that guanine, adenine, and
diaminopurine are protonated in concentrated sulfuric acid
(81 Appendix, Tables S1, §3, and S5). Protonation of nitrogen atoms
results in greater shielding of the nearby carbon atoms and the upfield
shift (toward lower ppm) of peaks corresponding to carbon atoms
directly adjacent to the nitrogen atoms that are protonated in the
acidic solvent. This effect is uniform among all tested purines, where
the upfield shift of ?C NMR carbon peaks in concentrated sulfuric
acid is particularly pronounced for C2, C4, and C6 peaks
(81 Appendix, Tables S1, §3, and S5). All nitrogen atoms of adenine,
guanine, and diaminopurine appear to be protonated in concen-
trated sulfuric acid, while the protonation of the oxygen atom in the
carbonyl group of guanine is a possibility.

2.3.2. Pyrimidines in concentrated sulfuric acid. We now turn
to our second example, pyrimidine, again as in the purine case
aiming to confirm the known structure to demonstrate stability
in concentrated sulfuric acid. Also as for purine, while the
chemical shifts are known for pyrimidine, they are different
in concentrated sulfuric acid as compared to other solvents
(SI Appendix, Table S8).

For pyrimidine, the 1D 13C NMR spectrum (Figs. 3 and 64)
shows three peaks for carbon that correspond to the four carbons
in the pyrimidine ring. Since carbons C4 and C6 are distributed
symmetrically within the pyrimidine ring, they present as a single
NMR peak. All peaks are found in the region of the NMR spectra
associated with aromatic compounds.

We assign the carbon peaks by comparison with literature data
(SI Appendix, Table S8) and by our 2D NMR experiments (Fig. 6
D and E). We can assign C5 because it is the most magnetically
shielded atom in the ring structure with a chemical shift distinctly
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D,SO, and 2% D,0, by weight, with reference DMSO-d) at room temperature. The NMR

experiments confirm the stability of purine in concentrated sulfuric acid. (4) 1D '*C NMR. (B) 1D '"H NMR. The solvent peak is suppressed for clarity. (C) 1D N
NMR. (D) The 2D "H-">C HMQC NMR shows direct bonding between H and C atoms in the purine ring structure. (£) The 2D "H-">C HMBC NMR shows signals that
correspond to hydrogen and carbon atoms separated from each other by the distance of 2 to 4 chemical bonds in the purine ring structure (blue arrows). The HMBC
“one-bond artifacts” are marked with an asterisk (*). (F) The 2D "H-">N HMBC NMR shows 2 bond distances between hydrogen and nitrogen atoms (blue arrows).

upfield from the other two carbon peaks (S Appendix, Table S8).
To assign C2, C4, and C6 we use our 2D NMR spectra where we
correlate the positions of H and C within the ring (Fig. 6 D and E).
Pyrimidine has four carbons with directly attached hydrogen
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atoms. Our 2D "H-"C HMQC shows three distinct signals that
we use to assign C2, C4, C6, and C5 (Fig. 6D). The first signal
corresponds to the C2 carbon peak at 149.85 ppm and H2
(bonded to C2) at 9.68 ppm. We assign the peak at 158.18 ppm
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Fig. 6. NMR spectra for pyrimidine in concentrated sulfuric acid (98% D,SO, and 2% D,0, by weight, with reference DMSO-d) at room temperature. The NMR
experiments confirm the stability of pyrimidine in concentrated sulfuric acid. () 1D "*C NMR. (B) 1D '"H NMR. The solvent peak is suppressed for clarity. (C) 1D
>N NMR. (D) The 2D "H-"*C HMQC NMR shows direct bonding between H and C atoms in the pyrimidine ring structure. (£) The 2D "H-'*C HMBC NMR shows
signals that correspond to hydrogen and carbon atoms separated from each other by the distance of 2 or 3 chemical bonds in the pyrimidine ring structure
(blue arrows). The HMBC one-bond artifacts are marked with an asterisk (*). (F) The 2D "H-">N HMBC NMR shows 2 or 3 bond distances between hydrogens

attached to carbon and nitrogen atoms (blue arrows).

to symmetric carbon atoms C4 and C6. The 2D 'H-""C HMQC
also confirms the assignment of C5 at 127.77 ppm.
We further confirm our carbon atoms peak assignments on the

basis of "H-">C HMBC dara (Fig. 6E).

PNAS 2023 Vol.120 No.25 2220007120

Finally, we use 1D "N NMR to confirm the presence of the
symmetric N atoms in the pyrimidine ring (Fig. 6C). We detect
asingle peak at 201.21 ppm corresponding to two symmetrical
nitrogen atoms, N1 and N3, of the pyrimidine ring. The
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Fig. 7. Purine >N NMR spectral peaks for different solvent acidities. The
ordering from top to bottom is in increasing acidity of the solvent. The change
in chemical shifts of different N atoms indicate different protonation states
of the N atoms; each of the four peaks correspond to a different N atom as
indicated. The second and third row shows purine in DMSO-dg and H,0, which
can be considered well-known standards. Top: in the basic aqueous solution of
5% NaOH, all of the N atoms are deprotonated (i.e., magnetically deshielded)
and the N atom spectral peaks are shifted downfield as compared to the H,0
and DMSO solutions. With increasing solvent acidity, N atoms sequentially
get protonated, causing dramatic upfield spectral peak migration as added
protons provide more magnetic shielding. In some cases (e.g., DMSO-dg
and H,0) two tautomeric structures exist in equilibrium due to fast proton
exchange; the relative abundance controls the spectral peak positions. See
text for more details. Data and figure adapted from ref. 40. Our data at 98%
D,SO, match the high-acidity solvents 90% H,SO, and FSO5H from ref. 40,
demonstrating protonation of the N1, N7, and N9 nitrogen atoms in the purine
molecule. TFA is trifluoroacetic acid.

'"H-"N HMBC experiment (Fig. 6F) further confirms this
assignment.

Taken together the NMR data confirm that the pyrimidine ring
structure remains intact in 98% w/w D,SO, in D,O.

We now describe evidence of protonation of pyrimidine in
concentrated sulfuric acid. Work by Wagner and von Philipsborn
(39) shows that pyrimidine is protonated in strong acid solvents,
as compared to less acidic solvents. While Wagner and von
Philipsborn do not use "N NMR, they instead analyze "H NMR
data to demonstrate protonation in fluorosulfuric acid (FSO;H).
The effects of the two acids, concentrated sulfuric acid and fluoro-
sulfuric acid, are shown to be the same as demonstrated by purine
showing the same chemical shift changes and protonation state
in fluorosulfuric acid as in sulfuric acid (40) (Fig. 7).

In our *CNMR spectra, we see a significant spectral peak upfield
shift of C2 as compared to C2 spectral peaks in lower acidity solvents
such as DMSO-d; and D,O (87 Appendix, Table S8). Protonation
of the adjacent ring N atom results in shielding of the nearby C2
nucleus, causing the upfield shift. For pyrimidine, we see shifts in
C peaks as the concentration of acid increases from 81 to 98%

https://doi.org/10.1073/pnas.2220007120

(Fig. 4). For the same reasons, carbon C5 becomes significantly
deshielded by the protonation of N atoms in the pyrimidine ring.

For other pyrimidines, cytosine, uracil, and thymine, we
demonstrate stability in concentrated sulfuric acid as follows. In
the 1D ?C NMR spectra (Figs. 3 and 6A), we find four peaks for
carbon that correspond to the four carbons in the pyrimidine ring.
Each of the four peaks are found in the region of the NMR spectra
associated with aromatic compounds. To further confirm the
integrity and stability of the cytosine, uracil, and thymine nucleic
acid bases in concentrated sulfuric acid, we employ 'H and N
NMR, combined with 2D HMQC and HMBC NMR. The
results of the "N NMR show the correct number of nitrogen
atoms in the cytosine, uracil, and thymine rings (S/ Appendix,
Figs. S2, S4, and S6). The 2D NMR further confirms the BC,
PN, and 'H peak assignments. Taken together the results show
that cytosine, uracil, and thymine are stable in concentrated sul-
furic acid for a prolonged time. For detailed justification and the
description of the results, please see S/ Appendix.

We now turn to assessment of the protonation state of other
pyrimidines cytosine, uracil, and thymine. For cytosine, uracil,
and thymine, the N atoms and the carbonyl group O atoms are
likely protonated in concentrated sulfuric acid (S/ Appendix,
Fig. $15). The "?C NMR carbon chemical shifts of cytosine, uracil,
and thymine in concentrated sulfuric acid reported by Benoit and
Frechette agree with ours (87 Appendix, Table S2, S4, and S6) and
are consistent with protonation of nitrogen atoms and oxygens of
the carbonyl groups (42). The protonation of cytosine, uracil, and
thymine in strong acid is further supported by early studies on
protonation of pyrimidines in FSO;H (39).

In our NMR analysis we have not fully addressed protonation
of the nucleic acid bases, likely in the high acid solvent concen-
trated sulfuric acid. In this paper, we are concerned with the
long-term stability of the heavy atom bonding topology in the
bases, i.e., the bonding of nonhydrogen atoms to each other, and
not with rapid, reversible exchange of protons between the nucleic
acid bases and the solvent. Thus, while protonation of the ring N
atoms is formally a chemical change, it will at least not destabilize
the structure of the bases as conventionally drawn (i.e. without
explicit hydrogens), and may well stabilize it to certain reactivity
(e.g., once protonated, the bases will react only as electrophiles).

In this assessment of stability, we follow convention, as illus-
trated by the common understanding that carboxylic acids and
amines are stable to pH difference; even though reducing the pH
causes the molecules to lose or gain a proton respectively, this
change does not alter how the nonhydrogen atoms are bonded to
each other, and losing or gaining a proton is readily reversed by
reversing the pH change. The stability of DNA bases shown in
this paper is in contrast to the instability of other species in con-
centrated sulfuric acid, such as some aliphatic carbonyl com-
pounds, where protonation of the oxygen leads to rapid and
irreversible rearrangement of the carbon skeleton (50).

3. Discussion

For life to exist, complex organic chemistry has to be capable of
forming an informational biopolymer. On Earth those polymers
are DNA and RNA. The complementarity of the nucleic acid bases
is the key to the DNA and RNA structure and to its informational
function. The stability of nucleic acid bases in concentrated sulfuric
acid therefore goes far beyond the finding of a new category of
molecules stable in this aggressive solvent—and toward the design
of an informational biopolymer that employs the canonical or
other, modified nucleic acid bases (e.g., if protonation of the nitro-
gen atoms in the ring prevents their pairing). While it is already
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well known that DNA’s phosphate ester backbone and ribose linker
are unstable in concentrated sulfuric acid, we can aim to find a
stable substitute, with similar structural characteristics, size, flex-
ibility, shape, etc. By designing a stable informational biopolymer
in concentrated sulfuric acid, we can support the idea that con-
centrated sulfuric acid can support some kind of life different from
Earth’s, because such a polymer can in principle carry information
and support genetics and Darwinian evolution.

One key gap in understanding a path from sulfuric acid-stable
bases to a sulfuric acid-stable informational polymer is on the likely
protonation of the nucleic acid bases. Because concentrated sulfuric
acid is such a strong acid, it may be that every atom that could serve
as a hydrogen bond acceptor is protonated. Protonation will change
the nucleic acid base’s physical shape and hydrogen bonding poten-
tial, and hence is relevant for formation of macromolecular struc-
tures such as a double helix. Specifically, protonation of the N
atoms in the ring would interfere with the canonical Watson—
Crick base pairing between the bases (S Appendix, Fig. S16).
Understanding the protonation of N atoms in the canonical DNA/
RNA nucleic acid bases at different concentrations of sulfuric acid
is essential for progress. As relevant to a sulfuric acid-stable infor-
mational polymer, we emphasize that alternative nucleic acid bases
(e.g., ref. 51), such as 4-methylbenzimidazole and 2,4-difluorotoluene,
are known to form functional nucleic acid base pairs (52) that will
not be subjected to N protonation in concentrated sulfuric acid
and hence the N protonation will not affect their potential base
pair complementarity. Whether such nucleic acid bases can form
pairs in solution in concentrated sulfuric acid is a subject for
future work.

We do not know if the origin of life in concentrated sulfuric
acid is possible, but such a possibility cannot be excluded a priori.
Life could use concentrated sulfuric acid as a solvent instead of
water and could have originated in the cloud droplets in liquid
concentrated sulfuric acid. This scenario does not require Venus
to be canonically habitable in the past, i.e., with liquid surface
water, and is relevant because some researchers think Venus was
always too warm for surface liquid water oceans to condense and
may have looked like it does today for most of its geological history
(53). In this scenario, the Venus atmosphere could still support
the strictly aerial concentrated sulfuric acid-based life.

Another hypothetical scenario for how life might have come to
be in the Venusian clouds involves life changing its solvent in the
course of evolution (i.e., undergo solvent replacement). In this
scenario Venus had early water oceans, that later evaporated (54,
55), and life originated in water on the early Venus billions of
years ago. As water became very scarce, life would have adapted
its biochemistry to the concentrated sulfuric acid environment,
eventually substituting water for concentrated sulfuric acid. The
solvent replacement might appear as an impossible adaptation as
most of Earth’s life biochemicals that are stable in water are not
stable in concentrated sulfuric acid (25). We do not however know
for sure if such gradual adaptation to another solvent is possible
or impossible, if the change would have been gradual enough (over
millions, if not billions of years). It may have been, considering
the evolutionary pressure would have been constant and strong.
However, we definitely have no example of such a mechanism and
adaptation on Earth.

For completeness, we also mention a third possibility for how
life could be in the Venusian clouds, in which the Venus cloud-based
life originated in water on the early Venus billions of years ago and
as water became very scarce, life would have adapted its biochem-
istry to the concentrated sulfuric acid environment but never to
the point of using it as a solvent. Such a scenario involves “neu-
tralization” of sulfuric acid droplets with biologically produced
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ammonia (4, 5) and other specialized adaptations to the hostile
sulfuric acid environment (56). Many unexplained atmospheric
gases detected in the clouds of Venus and other cloud properties
are consistent with this hypothesis (32). We also emphasize that if
life exists in the clouds of Venus, it has to be very different than
life on Earth, with biochemical and evolutionary adaptations that
have no precedent here on Earth.

All life needs a liquid solvent and concentrated sulfuric acid is
one of only three liquids known to exist on rocky solar system
planets and moons. Liquid water is present on the surface of the
Earth and in the subsurface of several icy moons (e.g., Europa and
Enceladus). Liquid hydrocarbons have been identified on Saturn’s
moon Titan. Concentrated sulfuric acid as a planetary solvent is
not only relevant to Venus, but also for exoplanets; while we know
rocky exoplanets are common, we do not know if Venus-like plan-
ets are more prevalent than Earth-like exoplanets. Ballesteros et al.
(57) postulate that concentrated sulfuric acid is one of the most
common liquids in the Galaxy, although the stability of concen-
trated sulfuric acid as a surface liquid is unknown. Further studies
of concentrated sulfuric acid organic chemistry can therefore move
the search for habitable worlds forward.

Venus is right “next door” and the cloud particles can be directly
probed by space missions. NASA’s Pioneer Venus in situ missions
in 1978, and several Soviet descent craft, established the particle size
distribution in the clouds, but did not unambiguously determine
the composition of all types of cloud particles or search for organic
chemicals. Today NASA and ESA have plans to send missions to
Venus at the end of this decade, though none of the three planned
missions will probe the cloud particles directly (58-60).

Our findings show that complex organic chemistry, including
DNA nucleic acid bases, can be stable in concentrated sulfuric
acid and motivates us to design missions that directly probe the
cloud particles for the presence of organic material. As a first
mission in our “Morning Star Missions to Venus” program, our
Rocket Lab Mission to Venus is planned for launch in January
2025 (61). The Rocket Lab mission will deliver a probe containing
one instrument, the autofluorescence nephelometer, to search for
autofluorescence (and backscattered polarized radiation) in the
Venus cloud droplets, indicative of organic molecules, especially
aromatic ring systems (62). More sophisticated future missions
(63-65), can then identify organics if they are present (66).
Ultimately a sample return from the Venus atmosphere may be

needed to robustly identify life, if present (67).

4. Materials and Methods

4.1. Materials. We purchased chemical compounds from Millipore-Sigma, with
pyrimidine ordered from Thermo Scientific. The compounds were used without
further purification. The catalog numbers and purities are as follows: adenine
AB8626-5G >99%; cytosine C3506-1G >99%; 2,6-diaminopurine 247847-1G
98%; guanine G11950-10G 98%; purine P55805-1G 98%; pyrimidine 289-95-2
99%; thymine T0376-10G >99%; and uracil U0750-25G >99%. We used H,S0,
from Sigma Aldrich (used for UV spectroscopy) and D,SO, from ACROS Organics
(sulfuricacid-d2 for NMR, 98 wt.% in D,0, 99.5+ atom % D) and D,0 (deuteration
degree min 99.9%) from MagniSolv.

4.2. UV and Visible Wavelength Spectroscopy. We used UV and visible (UV-Vis)
wavelength spectrometry from 190-600 nm for ourinitial investigation of compound
stability in 98% w/w H,S0, in H,0. We prepared our samples by mixing each com-
pound into a small stock solution and diluted the solution until the measurement
reached a desired absorbance value near 4 = 1, where, from the Beer-Lambert law
A= elc,where Ais the absorbance (dimensionless),  is the molar absorption coeffi-
cientin unitsof M~" cm ™ [on order of 6,000 to 13,000 in water (68)], Lis pathlength
in cm (the cuvette width was 1cm), and cis concentration in molarity. We stored the
solutionin a sealed glass vial and afterabout 24 h put the solution back into a quartz
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cuvette for remeasurement. Our UV-Vis spectrometer is a HELIOS OMEGA, 244001,
v8.01 with a scan rate of 1,200 nm/min and data interval of 1 nm. No data analysis
was required other than the baseline correction from an initially measured sample
of 98% wiw H,S0, with 2% H,0.

The concentration of each compound in 98% w/w H,S0, in H,0 is given in
Sl Appendix,Table S9, and comes from the mass (or volume in the case of pyrimi-
dine)in 3.2 mLH,S0,. The concentrations are low, less than one mM, because the
compounds are strong UV absorbers. The original data for all UV-Vis experiments
are available for download as S/ Appendix, Dataset S1, available from Zenodo (69).

4.3. 1D and 2D NMR Spectroscopy. We prepared our NMR samples by dis-
solving 10 to 80 mg of the aromatic compounds into 500 to 600 pL of solvent
D,S0,in D,0 in glass vials. We added DMSO-d,, used as a chemical shift reference
compound, to a final concentration of 10% by volume. We used 10 to 40 mg of
compoundsforthe 1D "Hand *C NMR. We used 80 mg for the "N NMR due to low
sensitivity (except for adenine for which we used 50 mg) and also used 80 mg for
the 2D NMR (though using the lower 30 to 40 mg concentrations did not change
the results). For 2,6-diaminopurine we used only 10 mg for the 6 to 19% D,0
solutions due to limited solubility. We heated sealed glass vials in a hot water bath
(~80 °C) when this was needed to dissolve the compounds. Out of all the com-
pounds analyzed only 2,6-diaminopurine partially precipitated back out on cooling
to room temperature. We stored the sealed glass vials for 12 to 24 h before trans-
ferring the solution to 5-mm NMR tubes. After NMR measurements, we stored the
solutions in the NMR tubes, where the storage room temperature varied from about
18 to 24 °CWe used the same tubes to acquire *C NMR spectra after two weeks.
To acquire NMR data, we used a Bruker Avance I1-HD 400 MHz spectrometer
equipped with a Prodi%/ liquid nitrogen cryoprobe (BBO) at 25 °C. We acquired
1D 'H, °C, N, 2D "H-"*C HMBC and HMQC, and "H-"*N HMBC NMR spectra to
confirm the structures and hence stability of the compounds in 98% w/w D,SO,
in D,0. For our solutions of 94%, 88%, and 81% D,SO, in D,0 (by weight) we
acquired 1D *CNMR spectra. In all cases, we locked on DMSO-d, for consistency,
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