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Nonenzymatic Oligomerization of 3',5'-Cyclic CMP Induced
by Proton and UV Irradiation Hints at a Nonfastidious

Origin of RNA

Giovanna Costanzo,” Alessandra Giorgi,” Anita Scipioni,'” Anna Maria Timperio,"
Carmine Mancone,”*? Marco Tripodi,'* ? Michail Kapralov,'” Eugene Krasavin,
Holger Kruse,™ Jifi Sponer,™ ! Judit E. Sponer,*™ Vaclav Ranc,” Michal Otyepka,”

Samanta Pino," and Ernesto Di Mauro*!

We report that 3',5'-cyclic CMP undergoes nonenzymatic di-
and trimerization at 20°C under dry conditions upon proton or
UV irradiation. The reaction involves stacking of the cyclic
monomers and subsequent polymerization through serial
transphosphorylations between the stacked monomers.
Proton- and UV-induced oligomerization of 3',5-cyclic CMP
demonstrates that pyrimidines—similar to purines—might also
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have taken part in the spontaneous generation of RNA under
plausible prebiotic conditions as well as in an extraterrestrial
context. The observed polymerization of naturally occurring
3',5'-cyclic nucleotides supports the possibility that the extant
genetic nucleic acids might have originated by way of a
straight Occamian path, starting from simple reactions be-
tween plausibly preactivated monomers.

Introduction

Extant biological DNA and RNA syntheses are based on tem-
plate copying by highly evolved polymerases. High levels of
adaptation and refinement have been achieved in studies on
the in vitro evolution of polymerizing enzymes," and it has
been shown that genetic information can be stored in and
recovered from alternative genetic polymers based on nucleic
acid architectures not found in nature.”

High-yielding analytically powerful nonenzymatic polymeri-
zation methodologies have also been developed,® enabling
in vitro studies on molecular evolution and supporting the
Darwinian logics pioneered by Spiegelman.¥ Complex chemis-
tries involved in the nonenzymatic polymerization of high-
energy monomers to nucleic acids are well described in the lit-
erature.™ But: where is the starting point of all this?

The formation of phosphodiester bonds in extant polymers
is based on the nucleophilic attack of a sugar hydroxy group
on the phosphorus atom of an activated nucleotide. The effi-
ciency of the polymerization reaction is determined by the
extent of phosphate activation and the properties of the leav-
ing group. High-yielding template-directed RNA syntheses are
commonly performed with 5’-phosphorimidazolide nucleo-
sides®® or one of the numerous variants thereof,"” ¥ because
imidazole and its derivatives are good leaving groups. These
are all high-energy compounds that polymerize efficiently, but
the likelihood of their prebiotic availability and accumulation is
inversely proportional to their intrinsic stability and the elabo-
rate nature of the chemistry necessary for their synthesis.
Whereas high energy entails instability, the elaborate chemistry
reduces the likelihood of formation. In keeping with these ar-
guments, evidence for the presence of phosphorimidazolides
or even triphosphate nucleotides in prebiotic scenarios is lack-
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ing."*?7 In brief, the prebiotic ur-generation of RNA remains
undeciphered.

Nucleoside 2',3’- and 3',5'-cyclic phosphates were explored
four decades ago as potential substrates for RNA polymeri-
zation. Attention was mostly devoted to the 2,3"-cyclic form®"
both for direct polymerization and for the formation of phos-
phodiester bonds connecting preformed oligonucleotides.””
These studies were not developed further, and 3',5'-cyclic
purine nucleotides were analyzed only in two connected stud-
ies™?7 that indicated that 3',5-cyclic GMP and, to a lesser
extent, 3',5'-cyclic AMP™ afford short oligomers in water. More
recent studies™?*?” in this area are discussed below.

3',5'-Cyclic nucleotides can form under plausible prebiotic
conditions,”®*" as reviewed and discussed in ref. [30]. Heating
nucleosides in formamide for circa 102 hours in the presence of
phosphates (i.e., hydroxylapatite or KH,PO,) causes phosphory-
lation at every possible position in the ribose (2, 3', or 5), fol-
lowed by cyclization on prolonged treatment. These reactions
occur under the same physical-chemical conditions under
which nucleobases are abiotically generated,®'=¥ thus suggest-
ing that 3',5"-cyclic nucleotides might have been present in the
prebiotic mix.** A reaction in which the cleavage of the inter-
nal phosphodiester bond of a cyclic nucleotide was coupled
with the formation of a new phosphodiester linkage to yield
a linear polymer would be thermodynamically favored: the
free energy change of phosphodiester bond formation has
been calculated to be —5.5 kcalmol™ 2 whereas the enthal-
pies of hydrolysis of various 3',5- and 2',3'-cyclic nucleotides
range from —7.7 to —14.1 kcalmol'®¥ Consequently, if the
substrate molecules are appropriately positioned, their poly-
merization is not thermodynamically hampered.

This manuscript describes experiments conducted to investi-
gate the conditions that permit di- and trimerization of 3',5'-
cyclic CMP (hereafter abbreviated as 3',5-cCMP) in the absence
of enzymes and templates. These conditions are compared
with those required for the oligomerization of 3',5'-cyclic GMP
(hereafter abbreviated 3’,5'-cGMP).

Results and Discussion

The polymerization of 3',5'-cGMP at moderately high (60-80 °C)
temperatures in solution (water or formamide) and under dry
conditions® has been described in detail”*2%* |n a more
recent study, we reported that prolonged heating of dry 3',5'-
cAMP also vyields short oligonucleotide sequences.”” The co-
valent nature of the oligomerization products has been con-
firmed by a variety of analysis methods, such as PAGE,***
MALDI-ToF,?*22"' - MALDI-ToF/ToF,®” NMR?¥ and enzymatic
analysis.”*?

On the basis of our previous experiences acquired when in-
vestigating oligomerization of 3',5'-cAMP and 3',5'-cGMP we
decided to use a combination of two mass-spectrometric tech-
niques differing in the method of ionization—that is, MALDI-
ToF MS and ESI-MS—for the detection of short oligoC sequen-
ces in the variously treated 3',5-cCMP samples. Whereas the
MALDI-ToF technique enables detection of longer oligomers,
ESI is restricted to the identification of shorter ones, up to tri-
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mers (i.e., species with m/z below 1000 Da). Nevertheless, as
we show below, besides being quantitative, ESI detection has
another clear advantage over MALDI-ToF in detecting covalent
dimers and trimers: the observed signal is less disturbed by
the formation of noncovalent adducts that often hampers
straightforward interpretation of MALDI-ToF spectra.> 4

In our previous studies we have shown that 3',5'-cyclic
purine nucleotides oligomerize at 85°C both in the dry state
and in aqueous or formamide solutions.?*?® This anionic ring-
opening oligomerization is enabled by the self-assembling of
the nucleotide precursors into a stacked supramolecular archi-
tecture, which ensures optimum steric conditions for the trans-
phosphorylation reactions. Thus, formation of the phospho-
diester linkages, which typically proceeds at 85°C, is made
possible by the enhanced stability of purine-purine stacks.
Heat-induced oligomerizations conducted under the same con-
ditions did not lead to detectable amount of oligomers when
starting from dry samples of 3',5-cCMP. We assumed that this
is the consequence of the obviously lower stability of pyrimi-
dine-pyrimidine stacks, which could interfere with the persis-
tence of stacked supramolecular architectures at elevated tem-
peratures. Therefore, we looked for other energy sources that
could be used to trigger the oligomerization at room tempera-
ture.

Oligomerization of 3',5'-cCMP at room temperature upon
proton irradiation

Proton irradiation at 20°C resulted in the formation of dimers
and trimers.

The uppermost panel of Figure 1 shows the overall MALDI
pattern of the material treated with protons. The most intense
band of the spectrum is that assigned to noncovalent dimers
(cC,cC) at m/z=611.26, which clearly shows the strong tenden-
cy of 3'5-cCMPs to evaporate from the MALDI matrix as
dimers. Expansion of the dimer region suggests formation of
the pCpC 629 molecule (305+305+ 18+ 1; for an explanation
see Scheme S1 in the Supporting Information), which is
formed by the dimerization of 3',5-cCMP. Similarly, formation
of covalent trimeric pCpCpC 934 species (3054 305+ 305+
18+ 1, Scheme S1) can be expected on the basis of the mea-
sured spectra. MALDI-ToF/ToF fragmentation analysis of pCpC
dimers formed by proton irradiation of 3',5-cCMP at 20°C
showed only the open CMP form (Scheme S1) at m/z=324.09,
whereas the signal corresponding to the decisively important
pCp fragment (Scheme S1) was completely absent. This was
the reason why we also analyzed the sample by ESI-MS. Note
that diphosphorylated nucleosides can form solely through
fragmentation of covalent oligomers: therefore, their presence
among the fragmentation products unambiguously indicates
covalent bond formation.

The ESI-MS profiles of the untreated sample and of the ir-
radiated one are shown in Figure 2.

In the overall ESI-MS profile (Figure 2) the absence of the
322 (=304 + 18) signal corresponding to cCMP + water nonco-
valent dimer or hydrolyzed cCMP is apparent. Further, in con-
trast with the MALDI-ToF spectrum, the intensity of the signal
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Figure 1. MALDI-ToF MS spectra measured for the oligomerization products
of 3',5’-cCMP (proton irradiation, 12 min, 20 °C). The uppermost spectrum
shows the overall profile. Expansions of the dimer and trimer regions are
presented below. Detection was made in the positive-ion mode. cC stands
for 3',5'-cCMP; for pCpC and pCpCpC, see Scheme S1.

corresponding to the noncovalent dimer at 609 is much lower
than that of the dominant monomer peak at 304. This shows
that, in the current case, signals detected by ESI-MS are evi-
dently much less disturbed by formation of noncovalent ad-
ducts than those detected by MALDI-ToF. Thus, it is reasonable
to assume that the signal at 627 (detected as negative ion)
corresponds to covalent dimers (pCpC) rather than to a nonco-
valent adduct of cCMP and hydrolyzed cCMP. Indeed, fragmen-
tation of the 629 signal (in positive mode), unlike the MALDI
fragmentation, resulted both in the open CMP (324) and in
pCp (i.e., CMP+80=404; Figure 3 and Scheme S1); this is a
clear indication that covalent dimers do form in the irradiation
experiments. Let us note that the signal corresponding to co-
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valent dimers is completely absent from the ESI spectrum of
the untreated sample (Figure 2, insert).

From the ratio of the ESI signal intensities associated with
the covalent dimer (pCpC) at 627 and the monomer (cCMP) at
304 the amount of pCpC formed in the proton irradiation
experiment is about 2.6 %.

Oligomerization of 3',5-cCMP at room temperature upon
UV irradiation

Di- and trimerization was also observed upon UV irradiation of
dry 3',5'-cCMP samples. On the basis of the MALDI-ToF spectra
(Figure 4), formation of dimers and trimers was expected in
the UV-treated sample. The covalent nature of the dimeric
product formed was confirmed by ESI, because the MALDI-ToF
fragmentation—as in the case of the proton-irradiated
sample—did not display the signal corresponding to the pCp
fragment at m/z 404 (Figure 5 and Scheme S1).

Overall, these results show that cyclic pyrimidine nucleo-
tides, similarly to their purine counterparts, also have the po-
tential to generate short oligonucleotide sequences spontane-
ously as long as a suitably selected energy source is available
to trigger the oligomerization.

Interpretation of the proton irradiation experiments—the
mechanism of spontaneous 3',5-cCMP oligomerization

It has been shown that thermally induced polymerization of
3',5'-cGMP proceeds in a basic environment. A comprehensive
theoretical model of the reaction mechanism of the spontane-
ous 3',5'-cGMP oligomerization suggests that it is initiated by
the nucleophilic attack of OH™ ions at the phosphorus atom of
3',5-cGMP. The reaction then further propagates due to the
self-stacking properties of 3',5'-cGMP, which naturally provide
a suitable orientation of the reactants to support the oligo-
merization structurally.?®

Here we suggest that the mechanism of the 3',5-cCMP
oligomerization might be analogous. Because the solid 3',5'-
cCMP samples used for the polymerization are never fully
dehydrated, the incident protons might generate sufficient
amounts of ‘OH radicals, due to radiolysis of water®" that
might initiate an analogous ring-opening oligomerization as
we describe in ref.[26] for OH™ ions and 3',5-cGMP
(Scheme 1). In our previous study® we show that the rate-
determining step of the anionic ring-opening polymerization
of 3',5-cGMPs is the initiation step: the nucleophilic attack of
OH™ ions at phosphorus. The chain-extension steps require
a noticeably lower activation energy. Thus, in the current work,
using a simplified theoretical model representing 1’-deoxyri-
bose 3',5'-cyclic phosphate, we have compared the activation
energy of the rate-determining initiation step for the attack of
an ‘OH radical and for that of an OH™ ion (for methodological
details see the section entitled Quantum chemical calculations
in the Supporting Information).

Our computations revealed that the activation energy of the
radical-induced process is 21.7 kcalmol™" (B3LYP/6-311+4 +G**
level) whereas that of the anionic process is markedly higher,
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Figure 2. ESI-MS of the untreated and proton-irradiated 3',5'-cCMP. Irradiation was carried out at 20 °C for 12 min. For technical details of sample preparation,

see the Experimental Section.
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Figure 3. Fragmentation of the m/z 629 signal found in the ESI-MS spectrum
of 3',5-cCMP irradiated with protons at 20°C for 12 min.

amounting to 30.2 kcalmol™". This remarkable difference in the
activation energies suggests that high-energy radicals pro-
duced by proton irradiation might be capable of inducing
polymerization even at room temperature. It is important to
note that an adequate theoretical description of the radical-in-
duced chain extension step by using the model from ref. [26]
is beyond the capabilities of contemporary quantum chemistry.
Nonetheless, the dramatically lower activation energy comput-
ed for the attack of the "OH radical in relation to that of OH™
ions qualitatively suggests that the analogous radical-induced
chain propagation steps should proceed even more readily
than their anionic variants (Scheme 1).
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Stacking of 3',5'-cCMP and steric conditions for its
oligomerization

Like the polymerization of 3’,5'-cGMPs, the oligomerization of
3',5-cCMPs proceeds in two steps: stacking of 3',5-cCMP and
subsequent ring-opening polymerization. The optimal condi-
tions for these two key steps are not necessarily identical.

Indeed, our quantum chemical calculations suggested that
3',5-cCMPs might form a stacked architecture similar to the
one that supports the polymerization of 3',5-cGMPs®#*®
(Figure S1). This is further supported by our CD spectroscopy
results (Figure 6, B) and hyperchromicity measurements de-
tailed below (Figure 6C).

The absorption spectra of aqueous 3',5-cCMP solutions ex-
hibit a strong enhancement of the molar extinction coefficient
with a sigmoidal trend (Figure 6 C). This remarkable concentra-
tion-dependent hyperchromic effect provides information on
the dissolved compounds’ association due to stacking interac-
tions and the structures of the resulting aggregates. According
to quantum mechanics, the intensity of a spectroscopic band
depends on the transition dipole moment produced by the in-
teraction between the chromophore’s electric dipole and the
electric field of the electromagnetic radiation. However, neigh-
boring chromophores can interact and perturb each other,
changing the intensity of the absorption bands. The interac-
tion between a chromophore and its neighbors can be de-
scribed in terms of coupling between transition dipole mo-
ments that lie in the plane of the aromatic moieties. In parallel
stacks, the dipoles are aligned in a reciprocal repelling arrange-
ment that reduces the electric dipole moments with a conse-
quent hypochromism. In contrast, antiparallel alignments, in
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Figure 4. MALDI-ToF MS spectrum of the oligomerization products formed by UV irradiation of a dry 3',5'-cCMP sample (irradiation at 254 nm for 5 min; for

additional details, see the Experimental Section). Detection was made in the positive ion mode. cC stands for 3',5-cCMP; for pCpC and pCpCpC, see

Scheme S1. n.c.: noncovalent.

o TORE—— —— chromicity effect stopped increasing at concentrations above
@629m/z | 20 mM, and precipitation was observed above 23 mm. In con-
60 clusion, the stacking of 3',5'-cCMP in pure water is strongly
- concentration-dependent and occurs in a narrow window of
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g40_ The persistence of the stacking as a function of temperature
z was measured by CD spectroscopy. CD measurements were
2301 performed with a 23 mm solution of 3',5'-cCMP in water. Fig-
a ure 6 A shows the normalized CD spectra of 3',5-cCMP at 20°C
20 (black solid line) and at 40°C (black dashed line). The CD spec-
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Figure 5. Fragmentation of the m/z 629 signal found in the ESI-MS spectrum
of 3/,5’-cCMP irradiated with UV at 20 °C for 5 min.

which the dipoles are in an attracting geometry, increase the
transition dipole moments, producing hyperchromism as a con-
sequence.”*? The experimentally observed hyperchromism sug-
gests chromophore-chromophore interactions and antiparallel
stacking of 3',5'-cCMPs. The concentration dependence of the
hyperchromic effect arises because the intensity of such effects
varies with the cube of the distance between the chromo-
phores (r~3). Solutions with concentrations below around 2 mm
obeyed the Beer-Lambert law.

Figure 6C shows that self-assembly through stacking was
observed for aqueous solutions of 3',5'-cCMP at 20°C, starting
at a concentration of about 10 mm. The intensity of the hyper-
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temperatures suggests that the 3’,5'-cCMP units interact close-
ly in stacks at room temperature but become unstacked as the
temperature rises. This behavior is also reflected in the theoret-
ically computed CD spectra of model systems derived from the
stacked 3',5-cCMP architecture (Figure S1). Figure 6A com-
pares the computed CD spectra of the whole stacked cCMP
hexamer with those computed for simplified models consisting
of the central four and two nucleotides of the original hexamer
model. The band shape of the computed spectrum for the
hexamer (blue curve in Figure 6 A) agrees well with that of the
experimentally measured spectrum at 20°C (black solid curve),
and the band positions of the computed spectrum exhibit an
acceptable systematic blue shift of 0.6 eV relative to the experi-
mentally measured spectrum. Reducing the number of cCMP
units in the computational model was used to mimic the grad-
ual degradation of the stacked supramolecular architecture. As
shown by the magenta and red curves in Figure 6 A, this leads
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Scheme 1. Proposed mechanisms for the ring-opening polymerization of cyclic nucleotides initiated by OH™~ anions®® and by "OH radicals. The green arrow
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to a systematic band splitting and to a decrease in the intensi-
ties of the computed spectra, in keeping with the results ob-
served experimentally after increasing the temperature from
20 to 40°C. The good qualitative agreement between the com-
puted and experimentally measured CD spectra clearly sup-
ports the notion that a temperature increase can induce grad-
ual unstacking of the 3',5'-cCMP aggregates that form readily
at 20°C.

The temperature-dependence of unstacking is revealed in
Figure 6B, which shows the normalized CD signal intensity
measured at 270 nm and 40°C as a function of time. The kinet-
ic transition from the stacked to the unstacked state was
abrupt, as would be expected for a pseudo-first-order transi-
tion. The stacked state of 3',5-cCMP was stable at room tem-
perature but lasted for <1.3x10%s at 40°C, and was more rap-
idly lost at 50°C (Figure S4). The temperature-dependent tran-
sition was completely reversible: when the temperature was
reduced to 20°C again the stacked architecture was restored
(Figure S3B).

Conclusion

How the first RNA molecules could have arisen in the absence
of elaborately preactivated precursors, presumably without en-
zymes and templates, possibly within a single and robust
chemical frame, is an open question. Processes analogous to
modern laboratory procedures based on the template-directed
elongation of oligonucleotide primers through the reaction of
activated nucleotides with the primer terminus in the absence
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of enzymes could not have occurred under prebiotic condi-
tions when no initial template existed. Therefore, as noted pre-
viously,"**! the question of what might have preceded the
first sequences capable of acting as templates for polymeri-
zation is not solved.

Here we describe the nonenzymatic formation of RNA di-
and trinucleotides from 3',5-cCMP and suggest a coherent re-
action pathway for this process. The reaction is enabled by the
self-assembly of the monomers into stacked aggregates that
can undergo transphosphorylations. Because stacking of pyri-
midines is disfavored at the temperatures (ca. 80°C) that had
been found to induce oligomerization of purine nucleotides
(Figure S3 A) other energy sources had to be used to trigger
di- and trimerization of 3',5-cCMPs. Our results show that
proton irradiation at room temperature is particularly well-
suited for this purpose. These observations represent a clear
proof-of-principle that cyclic pyrimidine nucleotides can spon-
taneously polymerize. We deem that the noticeably less effi-
cient UV irradiation also leads to di- and trimerization in a simi-
lar chemistry.

The self-oligomerization of 3',5'-cCMP is a more problematic
process than oligomerization of 3',5-cGMP, due to the weaker
stacking self-association of the former. However, these difficul-
ties do not hamper the spontaneous emergence of the first
RNAs, because different nucleotides do not need to oligomer-
ize with the same efficiency. In a recent study™ we have sug-
gested that short oligoG sequences could play a key role in or-
chestrating nonenzymatic RNA synthesis, acting as the “seeds”
of the process. Thus, even dimerization or trimerization of

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. CD spectra and hyperchromicity measurements suggest the for-
mation of stacked supramolecular architectures prior to oligomerization.

A) Comparison of the experimentally measured (black solid and dashed
curves) and computed (blue, magenta, red curves) CD spectra of cyclic
CMPs. CD spectra were measured in a 23 mm aqueous solution of 3',5'-
cCMP at 20 (—) and 40°C (----- ). CD spectra were computed at the sTD-
DFT level of theory. For details of the calculations see the section entitled
Quantum chemical calculations in the Supporting Information. A¢ stands for
molar CD. B) Kinetics of unstacking as a function of time at 40°C: variation
of molar CD (Ag) of a 23 mm aqueous solution of 3,5'-cCMP measured at
270 nm and 40°C as a function of time. The interpolating line is drawn as

a guide to the eye. C) The hyperchromic effect is revealed in the variation of
the molar extinction coefficient (¢) with the concentration of 3',5'-cCMP in
water at 20°C. The interpolating line is drawn as a guide to the eye.

cCMPs could greatly facilitate the generation of the first
mixed-sequence RNA chains.

As reported in refs. [28], [29], and [30], 3',5'-cyclic nucleo-
tides can be conveniently synthesized in formamide solution
through phosphorylation of nucleosides. Nucleosides can be
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obtained by irradiating formamide with slow protons.”” The
proton energy (170 MeV) used in this study is similar to that of
protons in solar flares.*® A recent study by Airapetian et al.
also points at the importance of particle radiation delivered by
solar flares in shaping the chemical composition of the early
terrestrial atmosphere.*” In addition, the conditions used by
us to trigger oligomerization are exactly the same as those
used to synthesize nucleosides from formamide in ref. [45].

As discussed in refs. [48] and [49], liquid formamide would
have been able to form and accumulate on the early Earth in
volcanic environments at temperatures far above the boiling
point of water as the thermal dissociation product®™ of ammo-
nium formate. Formamide is part of other prebiotic scenarios,
such as the “discontinuous synthesis scenario” of the origin of
life, suggested by Benner and co-workers.®" Further, recent ef-
forts aimed at reconstructing life’s origin on the basis of HCN
also consider liquid formamide® as a plausible context for
phosphorylation reactions.

Although UV irradiation is generally considered to be one of
the most important energy sources available on the primeval
Earth, proton irradiation is relevant to the solar flares to which
our planet has continuously been exposed. In addition, proton
irradiation is a component of cosmic rays, which extends the
scope of the chemistry described here to an extraterrestrial
context. We have previously shown that the building blocks of
nucleic acids can be formed under the same conditions.* This
suggests that the formamide route to oligonucleotides might
represent a universal concept for the origin of life on Earth
and in space. By invoking highly reactive species such as radi-
cals as the initiators of oligomerization, we shift the problemat-
ics of nucleotide activation to the selection of a suitable initia-
tor: it seems that by using a sufficiently energy-rich initiator
even relatively unstable molecular architectures could serve as
the starting points for polymerization.

Experimental Section

Materials: Cytidine 3',5'-cyclic monophosphate (3',5-cCMP) was
obtained from BioLog LSI (Bremen, Germany) in its acid form (3',5'-
cCMP, H™), as a solution (1 mm). The compound was custom-made
and specially purified to guarantee 1) the maximum possible purity
in terms of the absence of adduct-forming cations (mostly Na*),
and 2) the absence of evaporation or precipitation steps at any
stage in the synthetic process. The purity of the final product was
99.67% (HPLC at 253 nm), as reported by the provider. MALDI-ToF
MS and ESI-MS analyses showed the total absence of oligomerized
materials (Figures 2 and S2). Doubly distilled deionized MilliQ water
was used throughout.

The Na-free form was used for all of the polymerization experi-
ments. The salt (Na) form was used in the hyperchromicity and CD
spectroscopy measurements in order to avoid interference
from covalently bound molecules that can only be formed from
H*-form precursors.?*2

Methods

Polymerization of dry 3',5-cCMP samples: Dry polymerization
was performed by using a pellet, which was typically obtained by
concentrating a cyclic nucleotide solution (1 mm, 150 uL, 1.5x
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1077 mol) in a Savant evaporator operating in cooling mode under
vacuum until the desired dryness was obtained. The pellet was
then incubated under the indicated conditions (time, temperature,
irradiation), after which the reaction was stopped by quick freez-
ing.

Conditions for polymerization: Proton irradiation was performed
at the Phasotron facility of the Joint International Nuclear Institute,
Dubna, by exposing dry pellets in Eppendorf tubes to protons. The
characteristics of the irradiation were: energy =(170+5) MeV, aver-
age LET (linear energy transfer)=0.565 KeVum™', area of uniform
proton field=8x8 cm? the uniform proton field was bounded
10x 10 cm? by the collimator system, the proton flux was (1248 +
109) protoncm 2, dose rate=0.5 Gymin~' total adsorbed dose=
6 Gy. The exposure was performed for 12 min at 20°C.

UV irradiation was performed by exposing the sample to the light
generated by a Vilber Lourmat lamp (VL-4.LC, 4 W, 254 nm wave-
length, no emission below 200 nm), for 5 min at 20 °C. The intensi-
ty of the resulting light at 15 cm is 265 uWcm ™2

MALDI-ToF mass spectrometry: The polymerization product (typi-
cally about 100 ng) was mixed (at a ratio of 1:1, 1:3, 1:5, or 1:10)
with an aqueous 3-hydroxypyridine-2-carboxylic acid matrix solu-
tion (20mgmL™") and analyzed with an AutoFlex Il instrument
(Bruker Daltonics, Bremen, Germany), equipped with a 337 nm ni-
trogen laser and operating in reflector positive mode. Calibration
was performed by using the default calibration procedure and five
standard spots (Mass Standards kit for Calibration P/N 4333604, AB
Sciex, Framingham, MA, USA).

MALDI-ToF/ToF mass spectrometry: Mass spectra were obtained
between 50 and 5000 Da, with 4000 laser shot intensity (Nd:YAG
laser at 355 nm, at least 50 Shots/Sub-Spectrum for 2000 Total
Shots/Spectrum) in reflectron positive mode with an 4800 MALDI-
ToF/ToF instrument (AB Sciex). For each sample, a data-dependent
acquisition method was created to select intense peaks, excluding
those due to the matrix. MS/MS spectra were acquired in positive
mode with 5000 laser shot intensity (Nd:YAG laser at 355 nm, at
least 50 Shots/Sub-Spectrum for 2000 Total Shots/Spectrum) with
use of atmospheric gas as the collision gas. Spectra were pro-
cessed and analyzed by use of 4000 Series Explorer (AB Sciex).

ESI mass spectrometry: Mass spectra were obtained with a Bruker
amaZon SL mass spectrometer by a direct-infusion method. Full-
scan spectra were obtained in the negative ion mode to avoid
spectral interferences. Consecutive fragmentation experiments
were performed in the positive ion mode to increase the absolute
analytical signal of the parent ion and corresponding fragments.

Absorption spectroscopy: Ultraviolet absorption spectra were
measured with a JASCO V-550 spectrophotometer equipped with
a Peltier device for temperature control by using quartz cells of
0.1, 0.02, 0.01, and 0.001 cm optical path length. The absorption
spectra were recorded at 20 °C. All solutions for absorption and CD
spectroscopy were prepared by suitable dilution of 3',5'-cCMP in
doubly distilled water.

Electronic circular dichroism (ECD) spectroscopy: ECD spectra
were recorded in a quartz cell of 0.01 cm optical path length with
a JASCO J 715 spectropolarimeter equipped with a Peltier device
for temperature control. Measurements were performed in the
330-220 nm spectral range, in which cyclic CMP has the specific
m—7t* transitions at 20 and 40°C. The presented ECD spectra each
represent four averaged scans obtained with an instrument scan-
ning speed of 50 nmmin~', a response time of 1s, and a resolution
of 1 nm.
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Quantum chemical calculations: A model of the stacked 3',5'-
cCMP architecture consisting of six nucleotides was computed
with the Gaussian09 program package®™ by using the approach
described in ref. [26].

Vertical singlet excitation energies and the corresponding rotatory
strengths (dipole length formalism) were calculated at the sTD-DFT
level®™ by using DFT-D2"° optimized geometries. Further details of
the computations are given in the section on quantum chemical
calculations in the Supporting Information.
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