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In the context of experimentally mapping the landscape of
potential primordial informational oligomers,! Eschenmoser,
Krishnamurthy, and co-workers have jointly investigated the
base-pairing properties of oligomers derived from dipeptides
tagged with non-canonical recognition elements, 2,4-disub-
stituted triazines and 5-aminopyrimidines.”! The criteria for
choosing these non-natural candidates were!"? a) their per-
ceived ‘generational simplicity’ under prebiotic conditions,
and b) more importantly, their potential to become attached
to backbones (overcoming the 'nucleosidation problem’™).
Widespread base pairing was observed, however, with an
unanticipated result: whereas base-pairing was strong in the
diaminotriazine-tagged aspartic-glutamic (Asp-Glu) oligo-
dipeptide backbone series, the corresponding dioxotriazine-
tagged series exhibited (very) weak base pairing. Further-
more, the exact opposite behavior was observed for the
diamino- and dioxo-5-aminopyrimidine-tagged oligomers.
Such contrasting base-pairing behavior revealed the existence
of a correlation between the magnitude of the ApK, of the
complementary partners and the strength of the base pairing,
independent of the nature of the backbones to which they
were attached; thereby implying that the constitution of
recognition elements may have played a more influential role
than the structure of the backbone in nature’s choice of an
informational system.pb] As a continuation of this work, we
report herein the base-pairing properties of oligo-dipeptides
tagged with orotic acid (2,4-dioxopyrimidine-6-carboxylic
acid; *?OO, 1) and its complementary base-pairing partner,
2,4-diaminopyrimidine-6-carboxylic acid (***NN, 2) (Fig-
ure 1a). The results are consistent with the previous postu-
late® and, in unison, provide a general rationale for
correlating the pK, of a recognition element with its base-
pairing propensity.
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Figure 1. a) The tridentate Watson—Crick-type base pair between orotic
acid (¢ CPOO 1) and its 2,4-diamino counterpart (**NN, 2); b) Ideal-
ized conformation of Asp-amAla oligo-dipeptide backbone tagged with
P00 and " NN—derived from the type of conformational reason-
ing” applied in the case of c). c) Asp-Glu oligo-dipeptide tagged with
2,4-dioxo-5-aminopyrimdine (**"00).%!

Orotic acid is formed as one of the products of an
oligomerization reaction of HCN, and is unique from the
standpoint of contemporary biology as the precursor in the
de novo synthesis of pyrimidine nucleotides.! It offers an
alternate way of tagging a backbone through its 6-carboxylic
acid moiety, and can function as a recognition element
through a Watson—Crick-type tridentate hydrogen bonding
with its corresponding 2,4-diamino counterpart (Figure 1a).
Moreover, the pK, values of the closely related N(1)-methyl-
orotamide (9.1)¥ and 2,4-diaminopyrimidine-6-carboxamide
(4.8)P indicate that they could form a base pair."”’ The choice
of the backbone was influenced by previous studies wherein
S5-aminopyrimidines were tagged to Asp-Glu oligo-dipeptide
scaffolds through an amide bond® (Figure 1c). However, in
orotic acid the CO,H group is on the heterocycle, necessitat-
ing a diaminoacid, 2,3-diaminopropanoic acid,”! as the
tagging unit. We focused on the oligo-dipeptide, derived
from alternating units of L-aspartic acid and L-3-aminoalanine
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(Asp-amAla), tagged with “*OO and **NN as recognition
elements (Figure 1b). On the basis of qualitative conforma-
tional analysis,” we anticipated these oligomers would form
base pairs since their overall backbone/base-pairing axes are
similar to that of Asp-Glu oligo-dipeptide tagged with 2,4-
dioxo-5-aminopyrimidine (***OO; Figure 1c), which does
exhibit strong base pairing.”! The effect on base pairing
when orotic acid is incorporated through its N1-position at
selective locations within a PNA,:NA triplex, has been
studied.®

Since the goal of the study was to assess the base-pairing
properties of the oligomers, we prepared the required Fmoc-
protected (Fmoc = 9-fluorenylmethoxycarbonyl) monomers
for the machine assisted synthesis of **OO-tagged Asp-
amAla oligo-dipeptides.””’ The ion-exchange HPLC purifica-
tion was challenging. In the case of the hexamer we obtained
homogeneous material, whereas in the case of the dodecamer
we could only isolate mixtures containing the 11- and 12-mer;
for the hexadecamer we isolated a mixture of 14-, 15-, and 16-
mer (see Table S1 in the Supporting Information),” and used
them in this study. The cross-pairing of Asp-amAla(***00)
oligo-dipeptides with adenine containing DNA and RNA
sequences were investigated using temperature dependant
UV and CD spectroscopy; the results are summarized in
Figure 2 (and Table S2, entries 1-16 in the Supporting Infor-
mation). Strikingly, all of the data consistently point to no (or
very weak) base-pairing interactions (Figure 2a,b), which is
supported by the negligible effects that the variations in
concentration of oligomers, salt, and length of the pairing
strands have on the base-pairing behavior. That there is
interaction was shown by a Job plot (Figure 2¢) which, not
surprisingly, shows a triplex with a 2:1 ratio of *~*OO-tagged
dodecapeptide with poly-r(A).

We checked if the weak pairing behavior of the orotamide
unit was consistent with a correlation between the ApK, and
the base-pairing strength.”) The pK, value of the orotamide
unit in dipeptide $21”! was determined to be 6.6,") lower than
that of either orotic acid (pK,,=9.45)" or of N(1)-methyl
orotamide (pK,=9.1) but in agreement with the pK, of
methyl orotate (7.93)P%. The difference in pK, values
between deoxyadenosine (3.8)!'%! and an orotamide deriva-
tive (6.6) is less (ApK, ca.3) when compared with the
difference (ApK, ca.5) between deoxyadenosine and deox-
ythymidine (pK, ca.9.5)P".1 These results agree with the
correlation, ‘the smaller the ApK, of base-pairing partners,
the weaker the base-pairing strength’.”® That this pK, value
of 6.6 of the orotamide unit in S21 correlates with deproto-
nation of its N1-H proton (and not N3—H proton) was
established by the similarity of the change in its UV spectrum
(Amax shifts from 280 nm to 300 nm by deprotonation)® with
that of the known™! N(3)-methyl orotic acid (a behavior not
shown by N(1)-methyl derivative). Similar bathochromic
shifts were also observed for the temperature dependent
UV spectrum of Asp-amAla(**OO0),, either alone, or in the
presence of its pairing partner, indicating a temperature
facilitated deprotonation of the orotamide unit within the
oligomer.”’ All these point to the orotamide unit existing in its
anionic form at N1, which—and not the change in the
backbone—seems to be contributing to its weak base pairing.
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Figure 2. Weak base pair interactions of Asp-amAla(®*"0O0) oligomers.
UV spectroscopic T, curves of Asp-amAla(*®00) oligomers docu-
menting a) no pairing with DNA oligomers and b) very weak pairing
with RNA oligomers. c) Job plot showing the 2:1 ratio of the pairing
partners in the homo-duplex formed at 0°C. Measurements were
made with total concentration of approximately 10 um (1:1) in 1m
NacCl, 10 mm aq. NaH,PO,, 0.1 mm Na,EDTA, pH 7.0. No self pairing
was observed for individual partner strands.

This interpretation finds support in observations that the
SPO0-tagged (pK,=8.9) Asp-Glu oligo-dipeptide, which
exhibits base pairing, has the same overall backbone/base-
pairing axes (Figure 2c).””

We turned our attention to the ““’NN-tagged oligo-
dipeptides. Being aware that the pK, value of the heterocycle
has an effect on its base-pairing disposition, we measured the
pK, of 2,4-diaminopyrimdine-6-carboxamide derivative $22"
and found it to be 4.7,0 consistent with that known for
orotamide.”? Therefore, an oligomer tagged with “"NN
should form base pairs when partnered with thymine or uracil
(pK, ca. 9.5-9.8)"%! which is in agreement with the correla-
tion of the ApK, and the base-pairing strength.”"! The
required oligo-dipeptides Asp-amAla(***NN)g 1,415 Were pre-
pared from Fmoc-protected monomers and purified without
any difficulty by ion-exchange HPLC methods (see Table S1
in the Supporting Information).””! Their base-pairing behavior
was investigated with thymine- (DNA) and uracil-containing
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(RNA) sequences (Figure 3; see Table S2, entries 17-38 in the
Supporting Information). Whereas weak base pairing of the
hexamer (**NN), was observed, the 12-mer and 16-mer
showed relatively strong base pairing with a preference
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Figure 3. Base-pairing behavior of Asp-amAla(®"*NN) oligo-dipeptides.

a) UV spectroscopic T,, curves demonstrating strong pairing with

(r) RNA, (d) DNA, and (t) TNA sequences containing thymine. b) CD
spectral comparison of Asp-amAla(®"NN),, and the corresponding
duplexes formed with r(T);,, d(T);, and t(T),,. ¢) UV spectroscopic T,
curves documenting pairing behavior in the inter- and intra- oligo-
dipeptide systems. d) Job plot showing the 1:1 ratio of the pairing
partners in the intra-system homo-duplex formed at 0°C (see Table S2,
entry 31 in the Supporting Information). Measurement conditions: see
caption for Figure 3.
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towards RNA over DNA (Figure 3a). The effects of varying
the length of sequence, concentration of oligomers, and
concentration of salt on the UV spectroscopic T, values
confirmed duplex formation, which was further corroborated
by a 1:1 stoichiometry from a Job plot (Figure 3d).) Surpris-
ingly, thymine-containing o-threofuranosyl nucleic acid
(TNA) sequences paired stronger indicating that ““"NN-
tagged oligo-dipeptide backbones had more affinity for the
structurally least flexible system (TNA) and less for the most
flexible system (DNA), which is the reverse of what was
observed in the previous study;*! the CD spectra of these
duplexes suggest that their overall shape is largely similar
(Figure 3b). The Asp-amAla(®***NN) oligomers were found
to degrade at pH 4 (RT, 40 min), whereas the Asp-amAla-
(***O0) oligomers were stable (by HPLC). This suggests that
the source of instability is the “*NN heterocycle and not the
peptide backbone.

The divergent base-pairing behavior of the **OO and
PNN nuclei is consistent with earlier outcomes.”! Extrap-
olation of the correlation of ApK, and base-pairing strength is
found to be valid for the inter- and intra-system combinations
in the all-oligo-dipeptide-backbone: no (or weak) base
pairing is expected, and observed (Figure 3c), between
oligo-dipeptides containing either 2,4-diaminotriazine,"'NN
(pK,=4.5)21 or *’NN (pK,=4.7), and OO (pK,=6.6),
where the ApK, is approximately 2, (see Table S2, entry 11,
29, and 37 in the Supporting Information). Whereas for “*NN
(pK,=4.7) and its partner “**O0 (pK,=8.9)®! where the
ApK, is approximately 4, stronger base pairing is expected
and detected (see Table S2, entries 31 and 38 in the Support-
ing Information). Thus, when juxtaposed with the canonical
nucleobases, and with potentially natural alternative hetero-
cycles, in the context of the correlation between the ApK, and
the base-pairing strength, the dissimilar base-pairing behavior
of orotoamide and its 2,4-diamino counterpart blend in
(Figure 4).

The above weak base-pairing properties of “*FOO and
NN dismiss the likelihood that they could have been
members of the landscape of potentially primordial informa-
tional systems.*”l However, these results, in combination with
others,*¥l may be used—in the limited context of
pK, values of the heterocycles—to elicit chemical reasons as
to why canonical nucleobases represent an “optimum” with
respect to their structure and function, and ask: “why nature
chose these nucleobases”? The canonical nucleobases have
pK, values which are 2-3 units away from the physiological
pH (ca. 7) of the medium (Figure 4). The alternative hetero-
cycles which base pair weakly have pK, values closer to the
pH (ca.7) of the medium, whereas relatively stronger base-
pairing heterocycles have pK,values more removed
(Figure 4). In other words, the smaller the difference between
the pK, value of the heterocycle and the pH of the aqueous
medium (pK,—pH <2), the weaker the base pairing.""
Among the alternative heterocycles and nucleobases—
which can become charged at physiological pH—the ones
with a pK, value lower than pH7 should be protonated,
whereas the ones with a pK, value higher than pH 7 should be
deprotonated. In these cases, the smaller the difference
between the pK, value of the molecule and the pH of the
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Figure 4. Correlation of the pK, value of the base-pairing partners with their base-pairing strength (aq. neutral conditions). The pK, values below 7
are for the conjugate acid of the hetereocycles. The canonical nucleobases and strongly base-pairing (potentially natural) heterocycles have
pK, values at least 2-3 units away from the pH of the medium, whereas the weakly pairing heterocycles have pK, values which are closer.

medium, the greater the degree of ionization of the hetero-
cycle. However, if it were the other way around the exact
opposite is expected, as exemplified by xanthine (pK,=
5.5)!) which exists as a monoanion at physiological pH.">
It pairs (relatively) more strongly with adenine when the pH
is lowered from 7.5 to 5.5,°*< as a consequence of the
reversal of the extent of ionization when the pK, value of the
molecule and the pH of the medium become equal. This
situation is akin to hydrogen-bond formation in (nonpolar)
organic solvents, giving rise to the “pK, match” rulel''—the
smaller the ApK, between the hydrogen-bond donor and
hydrogen-bond acceptor, the stronger the association
between them—the exact opposite of what has been observed
in aqueous medium, both herein and previously.”” Notably, in
all cases, the common factor seems to be the magnitude of
neutral character of the partners involved.l'”!

Whereas the pK, values of the canonical nucleobases are
such that they remain neutral under physiological conditions,
it is not so for the phosphodiester backbone (pK,, ca.?2). In
arguing “Why Nature chose Phosphates”,'*] Westheimer has
emphasized the “importance of being ionized”,"®! pointing
out that under physiological conditions a phosphodiester is
ionized—contributing to the kinetic stability of DNA/RNA
and enabling their retention within a bilayer membrane—
making it suitable for its primary function as a linker in an
informational polymer. Comparing the base-pairing proper-
ties of alternative heterocycles and the canonical nucleobases,
we are led to the conclusion that the exact opposite is true,
that is, “the importance of being not ionized” under
physiological conditions. The canonical nucleobases, by
virtue of being not ionized—are hydrophobic, minimizing
their interactions with water and maximizing the stacking
interactions among them.'! This, in turn, reinforces the
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hydrogen bond between appropriate partners. The alternative
heterocycles which are ionized in aqueous medium become
less hydrophobic, leading to greater interaction with water
molecules, and thus weak (or no) base pairing. The signifi-
cance of pK, values of canonical nucleobases being less than 4
and greater than 9, correlating to their neutral forms and their
ability to form Watson—Crick base pairs, has been pointed out
in the context of structural studies.”” This dichotomous and
simultaneous ionization and non-ionization behavior of two
different portions of the same biomolecule, serves the
purposes of RNA/DNA being impermeable to the cell
membrane and kinetically stable to hydrolysis, while possess-
ing the capacity to form informational base pairs.

The work presented herein, along with previous results,
suggests that a balance between pK, of the heterocycle and
pH of the medium—manifesting as the correlation between
the magnitude of ApK, of complementary heterocycles and
their base-pairing strength—could be used as a rough
barometer of base-pairing propensity, all other things being
equal; and could be invoked to explain the effect of
nucleobase structural variations on duplex stability!'>!%?!-22]
(with exceptions™). Such an optimal interplay between pK,
and pH, underscores” the role of the physicochemical
properties of canonical nucleobases, under near neutral
aqueous conditions, in contributing to their functional supe-
riority (optimization of base-pairing strength)—a status
conferred by their constitutional uniqueness.
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