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Mapping the Landscape of Potentially Primordial Informational
Oligomers: Oligodipeptides Tagged with 2,4-Disubstituted 5-
Aminopyrimidines as Recognition Elements**

Gopi Kumar Mittapalli, Yazmin M. Osornio, Miguel A. Guerrero, Kondreddi Ravinder Reddy,
Ramanarayanan Krishnamurthy,* and Albert Eschenmoser*

The canonical purine bases of the natural nucleic acids occupy
a central position in the chemist’s reasoning of the problem of
life’s origin. Their formation from aqueous ammonium
cyanide under a variety of potentially prebiotic conditions®
and the fundamental function these bases fulfill as recognition
elements in contemporary life’s genetic system constitute
facts deemed to be intimately related to each other. The
generational relationship the other type of canonical nucle-
obases, the pyrimidines, have to HCN, is more complex.
Although their formation in reaction mixtures of oligomeriz-
ing HCN has been experimentally observed,? the major part
of the pyrimidine derivatives formed under such conditions
(observed after hydrolysis of the reaction mixtures) are
derivatives that bear a hydroxy or amino group at position 5
of the pyrimidine ring.®™* The hydroxy groups supposedly
result from replacement of an amino group in the course of
the hydrolytic process. Importantly, a mechanistic analysis of
the chemistry involved in these processes shows the formation
of the canonical pyrimidines from HCN to require a reductive
step, whereas that of 5S-aminopyrimidines does not, as neither
does the formation of the canonical purines.” These facts and
relationships, together with the specific opportunities that an
amino group in position 5 of the pyrimidine ring offers for
backbone tagging, led us to investigate the properties of the
HCN-derivable 5-aminopyrimidines 1-4 (Scheme 1) with
respect to their potential to act as recognition elements in
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Scheme 1. The family of the 5-amino-2,4-disubstituted pyrimidines (1-
4) that could form two informational pyrimidine—pyrimidine base pairs
as 5-aminoacyl derivatives.

one of the dipeptide-based oligomer systems described in the
preceding Communication (see Scheme 2).!!

Chemical syntheses of all four of these 5-aminopyrimi-
dines are known.!”! Among them, 5-aminouracil and 5-amino-
cytosine have been used as a substitute of thymine and
cytosine, respectively, in the chemistry of DNA oligonucleo-
tides in various contexts. In these cases, the heterocycle is
attached to the sugar backbone through the conventional a
C1-N1 nucleosidic bond.”" Our own interest focused on the
potential of 2,4-disubstituted 5-aminopyrimidines to become
attached as recognition elements to oligomer backbones
through the extra amino group and to form two tridentate
informational pyrimidine—pyrimidine base pairs, a possibility
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Scheme 2. Structure type of the 5-aminouracil-tagged AspGlu oligo-
dipeptide system; end groups are either free NH, and CO,H or
CH;CONH and CONH,.
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that S-aminopyrimidines connected to a backbone through a
conventional nucleosidic bond to N1 lack. Such a pair of 5-
aminopyrimidines has the potential to act as a functional
alternative to the two canonical Watson—Crick base pairs
(Scheme 1).F!

The extra amino group in position 5 of all four 5-
aminopyrimidines displays pronounced nucleophilicity and is
known to react (by mechanistically understandable reasons)
regioselectively with acylating agents.*°! Herein, we describe
the pairing properties of oligodipeptides built of L-Asp-L-Glu
dipeptide monomers in which the y-carboxyl function of the
glutamic acid residue is tagged with the recognition element
by such acylation (Scheme 2). The choice of oligodipeptides
derived from glutamic and aspartic acids as oligomer back-
bones served the purpose of comparing base-pairing behavior
in this series with data described in the preceding paper.!”
Again, the procedures used in the synthesis of the oligodi-
peptides were chosen without regard to generational con-
straints of etiological nature. The four building blocks (8-11),
suitably protected for the solid-support oligodipeptide syn-
thesis, were prepared from a common intermediate, the
AspGlu dipeptide 7, which is accessible from the known
glutamic acid and aspartic acid derivatives 5! and 6,'!
respectively (Scheme 3).") Once again, as in the case of the
triazine derivatives, all synthetic manipulations could be
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conducted without the need for protecting the amino or oxo
groups on the pyrimidine nucleus.

Table 1 summarizes the observations made on the base-
pairing capabilities of L-Asp-L-Glu oligodipeptides tagged on
the Glu residue with the four 5-aminopyrimidine bases. Most
remarkably, the homododecamer tagged with the 2,4-dioxo-
pyrimidine nucleus (“*O0) was found to pair strongly with
complementary DNA sequences (Table 1, entries 1-6 and
Figure 1a,c), whereas the analogous homododecamer bearing
2,4-diaminopyrimidine (“*NN) tags does only poorly so
(Table 1, entries 14-16 and Figure 1b). This contrasting
cross-pairing behavior of the two complementary homo-
oligomers towards DNA is reminiscent of the equally
contrasting behavior of the two corresponding oligomers
that are tagged with the complementary 2,4-dioxo- and 2,4-
diaminotriazines as nucleobases described in the preceding
communication, except that there it was the diamino-sub-
stituted base that showed the strong pairing and the dioxo
derivative the one that paired only very weakly. Not surpris-
ingly, therefore, the combination of the two 5-aminopyrimi-
dine-tagged homo-oligodipeptide dodecamers AspGlu-
(*?0,0),, and AspGlu(**N,N),, results in only very weak
intrasystem pairing (Table 1, entry 17), which is reminiscent
of the (even weaker) intrasystem pairing between the strands
with identical backbone but tagged with the corresponding

triazine heterocycles described in the
preceding paper.l"! Interestingly, as well
as not unexpectedly, the intersystem
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Scheme 3. Synthesis of the four 5-aminopyrimidine-tagged AspGlu-dipeptide building blocks
used in the solid-support synthesis of the oligomers. a) 0.5m EDCI (1.0 equiv), 0.5m HOBt
(1.0 equiv), DMF, RT, 4 h; b) 0.12m PhSiH; (4.0 equiv), [(Ph;P),Pd] (0.05 equiv), CH,Cl,, RT,
5h; c) 0.54m HBTU (1.5 equiv), 0.36 M HOBt (1.0 equiv), 0.72 M 5-aminopyrimidine (1, 2, 3, or
4; 2.0 equiv), DMF, RT—35°C, 36-60 h; d) 10% Pd/C, H, (1 atm), MeOH/DMF/HCO,H
(4.8:4.8:0.4), 0°C, 2-3.5 h. EDCI = 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide, HOBt = N-
hydroxybenzotriazole, DMF = N,N-dimethylformamide, HBTU = O-benzotriazole-N,N,N’,N'-tet-
ramethyluronium hexafluorophosphate, Fmoc =9-fluorenylmethoxycarbonyl.
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combination of two complementary
homobasic  oligo-(Asp-Glu)-dipeptide
dodecamers, one tagged with the 24-
dioxopyrimidine nucleus and the other
with 2,4-diaminotriazine (both bases
representing in their series the ones
that cross-pair strongly with DNA),
showed reasonably strong intersystem
cross-pairing (Table 1, entries 7, 8, and
13 and Figure 1d), whereas the inverse
combination (both bases representing
those that, in their series, pair with DNA
weakly) showed no pairing at all
(Table 1, entry 18). Even though an
interpretation of the remarkable anti-
podal pairing behavior of oxo/oxo and
the amino/amino members in two fam-
ilies of heterocycles may, to some extent,
be complicated by differences in back-
bone constitution in some of the pairing
experiments carried out so far, we
believe that this conspicuously diverging
behavior of the members in the two
series’ of alternative nucleobases
touches upon an essential aspect con-
cerning the chemical factors that co-
determine base-pairing strength in
nucleic acids (see below).

While both the 2,4-dioxo and the 2,4-
diamino member of the 5-aminopyrimi-
dine family do not present any uncer-
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Table 1: T,, data of 5-aminopyrimidine-tagged AspGlu oligodipeptides.

Entry Pairing system! T.(UV) T..(CD) Comments!9
(2 [nm])" (2 [nm])®
1 HINOCASHGIu(*O0),, + poly-d(A) 61.1 (255)
2 + poly-r(A) 40.8 (255)
3 + d(A) 51.4 (255) 50 (251)
4 + r(A), 35.5 (255) 44 (250)
5 + d(D),, 41.9 (270)
6 + t(D)y; 54.3 (275) 55 (275)
7 + HNCAspGlu(NN);, 16.0 (270)
8 + HNCAspAsp(TNN), 15.5 (270)
9 HNOCASHGIU(*PO0),6+ poly-d(A) 64.7 (255)
10 + poly-r(A) 44.0 (255)
1 + d(A)rs 54.7 (255)
12 + r(A) 41.7 (255)
13 + HNCAspGlu(TNN);g 24.4 (255) 1:1 duplex by Job plot (UV)
14 HNOCASHGIU(PNN);, + poly-d(T) 23.3 (250) 26 (275)
15 + poly-r(U) <10 (250)
16 + d(M), <10 (250)
<10 (250) pH 8
17 + HNOCASHGIU(**00),, 15.5 (255) melting is hypochromic;
1:1 duplex by Job plot (UV)
22.7 (255) 50450 um
18 + H9%AspGlu(T00),, <0 (240)
19 HNOCASpGlu (*PO0),(**ON),(**O0), + d(A;*°C,A,) 48.8 (260) 45 (285) 1:1 duplex by Job plot (UV)
57.0 (260) after 2 days at 4°C
20 + d(AGA) <0 (250)
21 HNOCAS B GIu (*PO0), (**NO),(**00), + d(AG.A,) ~35 (260)
22 + d(A°G,A) <0 (260)
23 HNOCASPGIU[(**ON) (*NO)], (self-pairing) <0 (275)
27.0 (275) 26 (236) 100 pm
32.7 (275) 100 pm, after 15 days at 4°C
38.0 (275) 100 pm, after 43 days at 4°C
24 HNOCASPGIu(*PNO)¢(*PON); (self-pairing) <0 (280)
~10 (280) 100 pm
28.0 (280) 100 pm, after 3 days at 4°C
32.0 (280) 25 (310) 100 pm, after 7 days at 4°C

[a] Oligodipeptide sequences are written from the COOH terminus with every second amino acid residue tagged with the heterocycle; Asp =aspartyl;
Glu=glutamyl; (*?0,0) = 5-amino-2,4-dioxopyrimidine; (*’N,N)=2,4,5-triaminopyrimidine; (*’N,0) = 2,5-diamino-4-oxopyrimidine; (*"O,N)=4,5-
diamino-2-oxopyrimidine; ('N,N) = (2,4-diamino)triazin-6-yl; A=adenine; D= 2,6-diaminopurine; T=thymine; U =uracil. [b] Measurements were
made at the indicated wavelength (nm), the pairing systems (each strand c~5 pm) in phosphate buffer solution (1M NaCl, 10 mm NaH,PO,, 0.1 mm
Na,EDTA; pH 7.0) except when stated otherwise. T, values [°C] are derived from maxima of the first derivative of the heating curve (software

Kaleidagraph). [c] The majority of the curves show hysteresis.

tainty with regard to their constitution, each of the two
isomeric oxo-amino members, (“*ON) and (**NO), can exist
as two NH tautomers (not considering phenolic tautomers), a
dichotomy directly relevant to the question of both specificity
and strength of the two bases’ pairing behavior in oligomers.
All our 'H and "> C NMR spectroscopic observations on these
two bases themselves and on the corresponding 5-amino-
acylated monomer derivatives point in each case to the
presence of one single tautomer in dimethyl sulfoxide
(DMSO) solution.!"¥

Cross-pairing experiments listed in Table 1, entries 19-21
and illustrated in Figure 2 were designed to determine the
relative accessibility of the respective tautomers of the two
isomeric oxo-amino bases for base pairing in aqueous
solution: The dodecamer AspGlu[(**O0), (“FON),
(*PO0),], containing in the center of the sequence four
units bearing the “FON nucleus (cytosine analogue), is found
to pair unambiguously and strongly with the DNA sequence
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d(A,*°G,A,) (Table 1, entry 19 and Figure 2a,b), but not with
the corresponding DNA sequence containing G instead of
oG (Table 1, entry 20 and Figure 2a). In contrast, the T,
curves observed for the isomeric dodecamer AspGlu-
[(*PO0),(**NO),(**00),] containing the “*NO nucleus
(isocytosine analogue) combined with d(A,G,A,) (Table 1,
entry 21) are ambiguous (see Figure 2a,c), yet nevertheless
point to a stronger interaction of “*NO with G as compared
with an *°G-containing partner sequence. We concluded that
the pairing mode of “?ON with *°G is Watson—Crick (and not
reverse Watson—Crick,"'® Scheme 4). As *°G, contrary to G,
can engage in base pairing not only in one but two tautomeric
forms,"” it remains undecided as to whether #’ON engages in
its cross-pairing with isoguanine the position 1 NH or its
(presumably less favored!"™) position 3 NH tautomer (see the
Supporting Information). Importantly, we observe clean
intrasystem self-pairing in each of the two self-complemen-
tary sequences AspGlu [(“’ON)(**NO)], and AspGlu

Angew. Chem. 2007, 119, 2530 —2536
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Figure 1. Experiments documenting inter- and intrasystem pairing.

a) T,,(UV) curves of the duplex formed from strong cross-pairing of
AspGlu(**00),, with complementary DNA (d), RNA (r), and TNA (t)
sequences; b) Weak cross-pairing of AspGlu("NN),, with complemen-
tary d and r sequences; c) Temperature-dependent CD spectrum of the
duplexes formed by AspGlu("O0),, with RNA (corresponding CD
spectrum with DNA in the Supporting Information); d) Temperature-
dependent T, (UV) curves of intrasystem pairing in oligodipeptide
backbones (Table 1, entries 7, 13, and 18); For a Job plot of AspGlu-
(**00);, + AspGlu(*’NN),, (Table 1, entry 17) showing the 1:1 ratio
of the pairing partners in the homoduplex, see the Supporting
Information. Measurements were made with strand concentration of
5 um each (1:1) in NaCl (1 m), aqueous NaH,PO, (10 mm), Na,EDTA
(0.1 mm); pH 7.0. No self-pairing was observed for individual partner
stands; hysterisis was observed in some UV cooling curves. CD
temperature increments in 5°C steps; * at 275 nm. %H = percentage
hyperchromicity.
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Figure 2. Intersystem pairing of oligodipeptide sequences containing
the isomeric oxo-aminopyrimidine members. a) Comparison of the
T..(UV) curves of the duplexes formed from cross-pairing with corre-
sponding complementary d sequences; b) Temperature-dependent CD
spectra documenting the unambiguous pairing of (**ON) with isoG
(corresponding CD spectra of ambiguous behavior of (*"NO) with G is
shown in the Supporting Information). Measurements were made with
the oligodipeptide sequence and the complementary DNA (/10 um;
1:1) in 1™ NaCl, aqueous 10 mm NaH,PO,, 0.1 mm Na,EDTA, pH 7.0.
CD temperature increments in 5°C steps. * after 2 days at 4°C; ** at
250 nm.

wc is0G
(NH-3 tautomer)
Scheme 4. One possible mode of Watson—Crick (WC) base pairing that
is available for the 2-oxo0-4-amino member with isoguanine (all
possible base-pairing combinations of the two isomeric oxo-amino
members when pairing with guanine and isoguanine are depicted in
the Supporting Information).

(**ON); (**NO); (Table 1, entries 23 and 24 and Figure 3),
therefore one of the two isomeric oxo-aminopyrimidine bases
must be able to engage with its position 3 NH tautomer in
base pairing. The formulation for the (*?ON)-(**NO) base
pair depicted in Scheme 1 is the variant that we surmise to be
the more probable of the two possible formulations. The
apparent need of one of the two pyrimidine bases (probably
APNO) to adjust in this self-pairing to the pairing partner by
tautomerization may well contribute to the huge hysteresis
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Figure 3. a) Storage-time dependence of the T,,(UV) of sequence con-
taining the isomeric oxo-aminopyrimidine members (Table 1, entry 23),
first-heating curves of the self-pairing duplexes (ca 100 pm); sample
stored at 4°C; b) Temperature-dependent CD spectrum of the self-
pairing block sequence (Table 1, entry 26); T,,(CD) =25°C

(¢~=100 um); CD temperature increments in 5° steps. Measurements
were in 1M NaCl, 10 mm aqueous NaH,PO,, 0.1 mm Na,EDTA;

pH 7.0.

observed for the cooling versus the heating

the diamino member. In this case, as previously, the most
accessible chemical property that parallels this deviation in
pairing behavior relative to the standard of the canonical
nucleobases is the pK, value: although in the previous case a
2,4-dioxotriazine (pK, of 6-methyl-2,4-dioxo-1,3,5-triazine =
7.20y is a distinctly stronger acid than a 2,4-dioxopyrimidine
(pK, of deoxyuridine=9.3"), in the present case, a 5-
acylamino-2,4-diaminopyrimidine (pK, of the 5-formylamino
derivative = 6.03?!)) is a stronger base than deoxyribofurano-
syl-2,6-diaminopurine (pK,=4.4"") or, for that matter, the
canonical deoxyadenosine (pK, =3.8%). Figure 4 juxtaposes
the so-far-observed examples of normal versus deviating
pairing behavior with the corresponding (known or esti-
mated) pK, values of pairing partners. The juxtaposition
points to a correlation between ApK, values of pairs of
complementary bases and their pairing strength in the sense
that the smaller the ApK, value of a pair of complementary
2,4-dioxo and 2,4-diamino pairing partners (as compared with
the standard difference of about 5 pK, units for the canonical
pair of bases), the weaker the pairing (in aqueous solution at
neutral pH). The trend of this correlation points in the
opposite direction to the one that is found in the literature
concerning ApK, values and relative strengths of hydrogen
bonds in nonaqueous media.?*!

We would expect a rationalization of this difference to
refer, besides considering the influence of factors such as
nucleo- and electrophilicities of pairing centers, primarily to
differences in nucleobase-water!® interactions in single as
compared with double strands. The need for collecting further
facts demands an extension of our studies to experiments that

| ApKa =~ 5-6; strong pairing |

curves in UV spectroscopic 7}, determination NH; NH; ?

of these two duplexes, as well as for the N* S N7 | N\> HN)E HN)ﬁ’CH3
remarkable finding that the T}, values of these Q*N N H N)\N N i 07N 07N

two duplexes is dependent on sample history: R ! R R

the T, value derived from the heating curve in PKa 30 4.0 5.0 6.0 70 8.0 9.0 100 11.0
Table 1, entry 23 increases parallel to the - | | | | | | | I | =
storage time of the duplex at 4°C (Figure 3). A o

The isomeric block sequence (Table 1, A : NH 5 H R
entry 24) behaves similarly. The self-pairing . /thl\ “H oo HNJ]/ bl

of the latter demonstrates antiparallel strand HN" N RN \ o HN j‘\ 0 N ©
orientation in the duplex. pKa= 45 H:N Y i 2 (7)2 H R =89

The deviation in pairing behavior of the
2,4-diamino-5-acylaminopyrimidine base
from what would be expected on the basis of
the perfectly “normal” pairing of the corre-
sponding 2,4-dioxo analogue, in conjunction
with the strikingly reciprocal behavior of the
2,4-dioxo and 24-diamino members in the
triazine family described in the preceding
paper, may be considered to represent, besides its possible
etiological relevance, the main chemical message of this and
the preceding paper. As also shown in the previous commu-
nication, one of the two bases undergoes pairing with the
complementary canonical base with normal strength, whereas
the other does not. In the previous communication it was the
dioxo member that deviated from the norm, in this case it is
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Figure 4. Correlation between base-pairing strength with ApK, values of pairs of
complementary bases in aqueous solution at neutral pH.

will eliminate the remaining uncertainties regarding the
influence of differences in backbone structure on the relative
strength of base pairing and will, furthermore, provide the
opportunity for directly comparing relative pairing strength in
aqueous solutions with that in nonaqueous solvents.*!

From an etiological point of view, the findings described in
this and the preceding paper in conjunction with our previous
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work on the etiology of nucleic acid structure can be
interpreted to indicate that it may have been mainly the
structure of the recognition elements and not so much the
structure of the oligomer backbone that had been critical in
nature’s choice of the molecular basis of a genetic system.
Although a variety of backbone alternatives of generational
complexity and base-pairing capability similar to that of RNA
would have been available for nature’s choice, there seems to
be a distinct scarcity of potential natural alternatives to the
two pairs of Watson—Crick nucleobases. Our observations
indicate that 2,4-disubstituted 1,3,5-triazines and 2,4-disub-
stituted-5-aminopyrimidines, two families of heterocycles
deemed to be of generational simplicity comparable with
that of the canonical nucleobases, yet offering chemically
wider opportunities for backbone tagging, are clearly func-
tionally inferior to the family of Watson—Crick bases by
reasons that seem intrinsically chemical in nature. The
findings provide a chemical illustration of the view that the
canonical nucleobases represent a functional optimum with
respect to informational base pairing in aqueous solution. Our
observations, however, should not be interpreted as excluding
the possibility that functionally less-than-optimal recognition
elements, such as the 5-aminopyrimidines, may have played a
role in the self-organization of organic matter.
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