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Despite its immense relevance in the context of the emergence of life, the pair-

ing of nucleobases has only been observed for regioselectively methylated ade-

nine and thymine. This is surprising as it raises the question why would nucle-

obases be incorporated into DNA if they were unable to self-assemble before-

hand. Here, we have discovered that elusive pairing of methylated guanine and

cytosine is readily available in the solid state by heating where the two nucle-

obases self-assemble via Watson-Crick hydrogen-bonding. Dry heating pre-

serves DNA-specificity as a four-component mixture of nucleobases provides

self-assembly only of complementary pairs. We thus emphasize the impor-

tance of the solid state as the reaction medium, even for the supramolecular

chemistry of life, which was thus far underexplored in the prebiotic context.
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The emergence of life is among the most complex and intriguing questions, and the majority

of the scientific community agrees that we are far from being able to provide an answer to it (1).

Lack of historical evidence forces us to ”re-invent” life and chemical systems that may undergo

the transition from non-living to living (2) and recognize chemical pathways that could have

led to nucleotides (3), lipids (4), and amino acids (5, 6) under plausibly prebiotic conditions.

Prebiotic plausibility is flexible, but generally assumes minimal researcher’s intervention or

avoiding the use of elaborate laboratory designs that would not have been feasible on early

Earth (7, 8).

While life itself successfully continues to evade definition, one of its features is undoubtedly

replication with imminent copying of genetic information from the parent to an offspring. At

the core of this is a pairing of nucleobases in DNA via specific hydrogen-bonding interactions,

which thus constitutes the most famous example of molecular recognition (9). DNA replication

in living organisms is enzyme-catalyzed and extremely precise. However, no enzymes for this

purpose were likely present at early Earth and before the emergence of the DNA double-strand

(7).

We have thus decided to explore the chemical origin of the specificity in nucleobase pairing

under constraints of prebiotic plausibility (10). Canonical nucleobases are not a proper model

for this task since the presence of the N−H group at the glycosidic nitrogen atom, the nitro-

gen linking to the sugar ring in nucleotides, contributes to hydrogen-bonding interactions and

high stability of solid canonical nucleobases (11–13). We thus focus on regioselectively methy-

lated nucleobases where hydrogen-bonding of glycosidic N−H group is hindered by a methyl

group substituent (Figure 1A). Methylated nucleobases have previously been used in studies

of nucleobase recognition and, except 9-methyladenine (9-mA) and 1-methylthymine (1-mT)

(Figure 1B), no other complementary or non-complementary nucleobase pairs were observed to

exhibit specific supramolecular recognition upon crystallization from water (14) or in the solid
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state (15). In the context of the emergence of life, it, however, seems unlikely that specific pairs

of nucleobases would have been coupled into DNA if they were unable to selectively and specif-

ically self-assemble beforehand (16). Indeed, given the numerous modes the four nucleobases

could potentially self assemble in pairs via hydrogen bonds (17), it is even more surprising that

no other nucleobase pairs were found under plausibly prebiotic conditions.

Since solution chemistry, in general, fails to yield nucleobase pairing due to competition

with solvation (14, 18), and since solid-state chemistry could be more relevant in the prebi-

otic context (10) then thus far anticipated (19–21), we have decided to avoid solvation issues

and explore self-assembly in binary, ternary and quaternary combinations of nucleobases in the

solid state by using mechanochemical ball-milling and dry heating (for details see SM). We

used milling since it overcomes inherently slow solid-state diffusion through continuous com-

minution and growth of solid milled particles, resulting in every part of bulk solids becoming

exposed to the surface and available for chemical reactivity (22). Such mechanochemical agi-

tation has recently been considered in a prebiotic impact scenario for the synthesis of α-amino

acid derivatives and sugars (23, 24), and is further supported by the fact that likely sources

providing mechanochemical energy on early Earth, albeit on a larger time scale, were erosion,

meteorite impacts, and earthquakes (25). Also, elevated temperatures and dry conditions, or

cycles of wet and dry conditions, were likely on early Earth (26–28). Heating comes hand-in-

hand with reactions in the solid state in the prebiotic context since elevated temperature could

have caused water evaporation and subsequent heating of the solid precipitate.

First, we applied mechanochemical milling at room temperature to solid nucleobase mix-

tures. In our hands, milling was not successful in preparing any pair of complementary or

non-complementary canonical or methylated nucleobases, except for the known 9-mA and 1-

mT Hoogsteen pair (15) (fig. S1, for details see SM). All other milled reaction mixtures re-

mained physical mixtures of reactants (figs. S2-S5). Next, we were wondering if heating would
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have an effect on nucleobase pairing and previously milled solid mixtures of nucleobases were

used for differential scanning calorimetry (DSC) experiments. The DSC thermogram of the 9-

methylguanine (9-mG) and 1-methylcytosine (1-mC) physical mixture exhibited an interesting

feature (Figure 2A). Before a large endotherm corresponding to melting at 287 ◦C, there was a

subtle endotherm at 242 ◦C. In a repeated experiment, we have stopped heating after this small

endotherm and analyzed the mixture by powder X-ray diffraction (PXRD). From the obtained

diffraction pattern, it was evident that the sample was no longer a physical mixture of nucle-

obases. We have undertaken crystal structure determination from PXRD data to reveal a 1:1 nu-

cleobase pair where 9-mG and 1-mC have self-assembled via Watson-Crick hydrogen-bonding,

employing three hydrogen bonds between 9-mG and 1-mC molecules, as is characteristic for

their pairing in DNA (Figures 2B and 2C). In the crystal, 9-mG:1-mC pairs further connect

through N−H···O and N−H···N hydrogen bonds (fig. S6) to form hydrogen-bonded tapes (fig.

S7).

To better understand structural changes occurring during heating, mixtures of nucleobases

were subjected to controlled heating and in situ monitoring by PXRD. Canonical nucleobases

were again stable in their respective pure solid forms (figs. S8-S17). Continuing with methy-

lated nucleobases, initial heating of the 1:1 mixture of 9-mG and 1-mC exhibited only peak

shifts in PXRD patterns due to unit cell expansion until the mixture was heated to 200 ◦C, when

the diffraction pattern changed significantly indicating the formation of a new crystalline phase

corresponding to 9-mG and 1-mC Watson-Crick nucleobase pair (Figure 2D).

Similarly, DSC thermogram of the 9-mA and 1-mT physical mixture exhibited a major

endotherm corresponding to melting at 245 ◦C as well as a subtle endotherm at 180 ◦C (Figure

3A). During temperature-resolved PXRD in situ monitoring, the diffraction pattern of the 9-mA

and 1-mT physical mixture changed at 100 ◦C and indicated the formation of a new crystalline

phase (Figure 3B). Rietveld refinement showed that this crystalline phase corresponds to the
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known 9-mA:1-mT nucleobase pair (fig. S18) previously obtained by crystallization from water

(14) as well as by milling in the solid state (15). We thus confirm that Hoogsteen-type hydrogen-

bonding is the preferred mode of interaction for the 9-mA:1-mT nucleobase pair in the solid

state and is persistent even at elevated temperatures. This is in agreement with calculations in the

water where it was shown that for 9-mA and 1-mT Hoogsteen pairing is around 1 kcal/mol more

stable than the Watson-Crick pairing (29), and in vacuo where Hoogsteen pairing is preferred to

stacking interactions (30). While Hoogsteen pairing usually is not present in the DNA double-

strand, it is biologically relevant as it appears transiently in the DNA where it may serve in the

binding of the transcription factors (31).

Noteworthy, 9-mA and 1-methyluracil (1-mU) did not form a nucleobase pair during heating

in the solid state (fig. S19), and there are no endotherms other than the one attributed to melt-

ing of the physical mixture (fig. S20). All other binary mixtures of solid non-complementary

methylated nucleobases failed to give any nucleobase pairs during heating, and these have re-

mained physical mixtures (figs. S21-S27).

Since specific supramolecular recognition is at the core of selectivity in DNA replication,

we explored selectivity in the formation of complementary nucleobase pairs in the solid state

where physical mixtures containing more than two nucleobases in equimolar amounts were

heated (figs. S28 and S29). Temperature-resolved PXRD patterns of the ternary mixture of

9-mA, 1-mT, and 1-mU (fig. S30) indicated the formation of only the 9-mA:1-mT nucleobase

pair at 100 ◦C (Figure 4A), similarly to dry heating of the physical mixture of 9-mA and 1-mT.

More interesting, dry heating of the quaternary mixture of 9-mA, 1-mT, 9-mG, and 1-mC at 250

◦C, resulted in separate self-assembly and the formation of the above described complementary

9-mA:1-mT and 9-mG:1-mC nucleobase pairs (Figure 4B).

We thus show that nucleobases methylated at the glycosidic nitrogen atom achieve supramolec-

ular self-assembly upon heating in the solid state and maintain DNA-specific complementarity
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during this process. These results firmly position the solid state as the reaction medium for

studying the self-assembly of other plausible purine and pyrimidine derivatives. The solid state

represents an alternative pathway, absent of water, where chemical selection based on molecular

recognition could have occurred as part of the prebiotic chemistry.
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for their assistance in the course of this study. We are grateful to DESY (Hamburg) for beam-

time. Funding: We are thankful to the Rudjer Bošković Institute (Zagreb) for financial support.
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Figure 1. Studying chemical origins of specificity in nucleobase pairing. (A) We used nucle-
obases in which nitrogen atom, that bonds to sugar moiety in nucleotides, is regioselectively
methylated on N9 position in purines (adenine and guanine) and N1 position in pyrimidines
(thymine, uracil, and cytosine). (B) On the left is known 9-mA:1-mT nucleobase pair (CSD
code: MTHMAD13), obtained upon crystallization from water and milling in the solid state,
enabled via Hoogsteen hydrogen-bonding. On the right is Watson-Crick base pairing of adenine
and thymine from the DNA (PDB code: 6CQ3).
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Figure 2. Structural characterization of 9-mG and 1-mC nucleobase pair. (A) DSC thermogram
of the pre-milled physical mixture of 9-mG and 1-mC collected with 5 ◦C/min heating rate. (B)
Rietveld fit for crystal structure determination of 9-mG and 1-mC nucleobase pair (λ=1.54 Å).
(C) Comparison of Watson-Crick hydrogen-bonding between 9-mG and 1-mC nucleobase pair
(on the left) and guanine and cytosine from the DNA (PDB code: 6CQ3, on the right). (D) In
situ monitoring by synchrotron PXRD (λ=0.207 Å) of dry heating pre-milled physical mixture
of 9-mG and 1-mC with 5 ◦C/min heating rate. The inset in (A) is zoomed region showing
subtle endotherm at 242 ◦C.
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Figure 3. Structural characterization of 9-mA and 1-mT nucleobase pair. (A) DSC thermogram
of the pre-milled physical mixture of 9-mA and 1-mT collected with 5 ◦C/min heating rate. (B)
In situ monitoring by laboratory PXRD (λ=1.54 Å) of dry heating pre-milled physical mixture
of 9-mA and 1-mT with 5 ◦C/min heating rate. The inset in (A) is zoomed region showing
subtle endotherm at 180 ◦C.
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Figure 4. Rietveld plots for selectivity experiments of dry heating heterogeneous mixtures of N-
methylated nucleobases. (A) The pre-milled ternary mixture of 9-mA, 1-mT, and 1-mU after dry
heating at 100 ◦C. Calculated using crystal structures of the 9-mA:1-mT nucleobase pair (CSD
code: MTHMAD13), 9-mA (CSD code: MEADEN01) and 1-mT (CSD code: METHYM04).
1-mU was not evident in the diffraction pattern, and an asterisk marks an unattributed diffrac-
tion peak. (B) The pre-milled quaternary mixture of 9-mG, 1-mC, 9-mA, and 1-mT after dry
heating at 250 ◦C. Calculated using crystal structures of the 9-mG:1-mC nucleobase pair, 9-
mA:1-mT nucleobase pair (CSD code: MTHMAD13), 9-mA (CSD code: MEADEN01), 1-mT
(CSD code: METHYM04) and 1-mC (CSD code: METCYT01). Crystal structure of 9-mG is
unknown, and asterisks mark two strongest diffraction peaks corresponding to 9-mG.
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