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Pyranosyl-RNA: chiroselective self-assembly of base sequences
by ligative oligomerization of tetranucleotide-2',3'-
cyclophosphates (with a commentary concerning the origin of

biomolecular homochirality)

Martin Bolli':2, Ronald Micura! and Albert Eschenmoser?:2

Background: Why did Nature choose furanosyl-RNA and not pyranosyl-RNA as
her molecular genetic system? An experimental approach to this problem is the
systematic comparison of the two isomeric oligonucleotide systems with respect
to the chemical properties that are fundamental to the biological role of RNA,
such as base pairing and nonenzymic replication. Pyranosyl-RNA has been found
to be not only a stronger, but also a more selective pairing system than natural
RNA; both form hairpin structures with comparable ease. Base sequences of
pyranosyl-RNA can be copied by template-controlled replicative ligation of short
activated oligomers (e.g. tetramer-2,3"-cyclophosphates) under mild and
potentially natural conditions. The copying proceeds with high regioselectivity as
well as chiroselectivity: homochiral template sequences mediate the formation of
the correct (4’—2)-phosphodiester junction between homochiral tetramer units
provided they have the same sense of chirality as the template. How could
homochiral template sequences assemble themselves in the first place?

Results: Higher oligomers of pyranosyl-RNA can self-assemble in dilute
solutions under mild conditions by ligative oligomerization of tetramer-2’,3"-
cyclophosphates containing hemi self-complementary base sequences. The only
side reaction that effectively competes with ligation is hydrolytic deactivation of
2',3"-cyclophosphate end groups. The ligation reaction is highly chiroselective; it
is slower by at least two orders of magnitude when one of the (p)-ribopyranosyl
units of a homochiral (D)-tetramer-2*,3"-cyclophosphate is replaced by a
corresponding (U)-unit, except when the (L)-unit is at the 4’ end of the tetramer
and carries a purine, when the oligomerization rate can be ~10% of that shown
for a homochiral isomer. The oligomerization of homochiral tetramers is not, or
only weakly, inhibited by the presence of the non-oligomerizing diastereomers.

Conclusions: Available data on the chiroselective self-directed oligomerization of
tetramer-2’,3’"-cyclophosphates allow us to extrapolate that sets of tetramers with
different but mutually fitting base sequences can be expected to co-oligomerize
stochastically and generate sequence libraries consisting of predominantly
homochiral (D)- and (1)-oligomers, starting from the racemic mixture of tetramers
containing all possible diastereomers. Such a capability of an oligonucleotide
system deserves special attention in the context of the problem of the origin of
biomolecular homochirality: breaking molecular mirror symmetry by de-racemization
is an intrinsic property of such a system whenever the constitutional complexity of
the products of co-oligomerization exceeds a critical level.
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Introduction

Pyranosyl-RNA (p-RNA; [1-6]; M.B., RM,, S. Pitsch and
A.E., unpublished results) is the constitutional isomer of
RNA with ribose units in their pyranose (instead of fura-
nose) form and with phosphodiester bridges spanning the
ribose units between the position 4 and 2’ instead of 5
and 3’ (Fig. 1). Its chemical properties are being systemat-
ically studied as part of a project which is oriented towards

a chemical etiology of nucleic acid structure [7]. Accord-
ing to the chemical criteria which direct this project,
p-RNA is a potentally natural nucleic acid alternative
which Nature could have selected, but either had not or
had only transiently, as her molecular genetic system.

Potential nucleic acid alternatives derived from the close
constitutional neighborhood of RNA would be expected
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right: pairing conformation of p-RNA strand (idealized) [2,5].

to be inferior to RNA with respect to chemical properties
which, in the case of RNA, are fundamental to biological
function. To observe such inferiority on a chemical level
would constitute support for a hypothesis that Nature’s
evolutionary choice of RNA was made from a diversity of
constitutionally related alternatives on the basis of func-
tional criteria. Functional inferiority on a chemical level
was, in fact, found for hexopyranosyl-(6’—4") systems syn-
thesized and systematically studied in our laboratory
[1,7-11]. Representative (D)-B-allo-, altro- and glucopyra-
nosyl-(6"—4")-oligonucleotides (Fig. 1) turned out either
to not be pairing systems at all (glucopyranosyl), or to
show a base-pairing behavior that was far inferior in
strength, regularity and selectivity to that of corresponding
DNA (or RNA) oligonucleotides. The reason for this is
intrastrand steric hindrance in the pairing conformation of
these hexopyranosyl oligonucleotide strands (c.f. the
pairing properties of ‘homo-DNA’, the model system that
lacks the two hydroxyl groups at positions 2’ and 3’
[12,13]). Studies pursued more recently on pyranosyl-
RNA, the pentopyranosyl isomer of RNA (Fig. 1),
revealed chemical properties that are in sharp contrast to
those observed for the hexopyranosyl systems described
above. Not only is p-RNA a stronger pairing system than
RNA (and DNA), its pairing is also more selective in the
sense that exclusively Watson-Crick purine-pyrimidine
pairing in strictly antiparallel strand orientation and
neither Hoogsteen, nor reverse-Hoogsteen purine—purine
self-pairing is observed [2,3]. As a consequence of the spe-
cific structural features responsible for this unique selec-
tivity, p-RNA base sequences can be reliably copied
under a variety of conditions by template-controlled
replicative ligation of short oligonucleotide units ([3];
M.B., R.M,, S. Pitsch and A.E., unpublished results). The

phosphate activation required for the formation of phos-
phodiester bonds can take the simplest possible path,
namely that of an intramolecular and, therefore, easily
achieved dehydration converting 2’-phosphates into 2’,3'-
cyclophosphates (Fig. 2). Intermolecular 2°,3’-cyclophos-
phate—4’,2’-phosphodiester transesterification proceeds
smoothly under the conditions used in the presence of a
template, but not in its absence, and produces exclusively
(4'>2')-phosphodiester junctions (Fig. 2; {3]; M.B., R.M,,
S. Pitsch and A.E., unpublished results). Sequence
copying is regioselective, as well as chiroselective and
transcribes guanine-rich sequences with comparable effi-
ciency to complementary cytosine-rich sequences ([3];
M.B., RM.,, S. Pitsch and A.E., unpublished results).
Although replication conditions under which product inhi-
bition is overcome remain to be demonstrated and tem-
plate-turnover is achieved without an experimentalist’s
interference, p-RNA can be stated to represent an
oligonucleotide system for which a capacity for informa-
tional replication [14] under nonenzymic, robust and
potentially natural conditions has been demonstrated.

One of the prerequisites for sequence-copying in p-RNA
by replicative ligation is the homochirality of both tem-
plate and ligand oligonucleotides involved. Where could
the homochirality of the template sequences of an
oligonucleotide system be derived from? Here we report
that ligative oligomerization of tetramer-2’,3'-cyclophos-
phates proceeding within growing duplexes via mutual
overlap of overhanging base sequences can result in con-
stitutional self-assembly of predominantly homochiral
p-RNA sequences by a remarkably efficient chiroselection
from mixtures of heterochiral tetramer-2’,3’-cyclophosphate
diastereomers.
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311

(a)
\ 0

EDC in HyO

_—

1-3h ri.

Template-controlled ligation of short p-RNA oligonucleotide 2’,3’-
cyclophosphates. (a) Activation of phosphate groups at the 2’ end of
p-RNA tetramers by conversion to 2',3"-cyclophosphates (EDC =
1-ethyl-3(3’-dimethylaminopropyl) carbodiimide; [3]; M.B.,, RM,,

S. Pitsch and A.E., unpublished results); (b) template-directed ligation
of p-RNA oligomer-23’-cyclophosphates leads regioselectively to

' (2">4)-phosphodiester junctions by an in-line reaction path favored by
the constellation of reaction centers which is caused by the strong
inclination of backbone and base-pair axes in the p-RNA pairing
conformation (see [3,5]; M.B., RM., S. Pitsch and A.E., unpublished
results). When not stated otherwise, p-RNA sequences mentioned in
this paper are homochiral and belong to the (D)-ribose series.

Results and discussion

Self-directing oligomerization of homochiral p-RNA
tetramers

Under reaction conditions in which the rate ratio of liga-
tion to hydrolytic deactivation had been found to be in
favor of the former (2.5mM tetramer 2’,3’-cyclophosphate
(cP) in aqueous 1.5M LiCl, pH8.5, 4°C), the tetramer
pr(ATCG)-cP (pr=pyranosyl-ribo) smoothly oligomerizes
within weeks to produce a mixture of the cPs of higher
oligomers accompanied by their respective (2',3’-cP—2’
and 3’-phosphate (P)) hydrolysis products (Fig. 3a).
Progress of reaction was followed by high performance
liquid chromatography (HPLC), under conditions
(pH 11.5) where the strands of the product duplexes run as
single strands (Fig. 3b). Products were identified on the
basis of HPLC analysis of the octamer- and dodecamer-
cPs by coinjection with authentic samples, by comparison
of the HPLC traces of the product mixture with those
obtained in analogous experiments starting from the
(authentic) octamer pr(ATCGATCG)-cP or dodecamer
pr(ATCGATCGATCG)-cP (Fig. 3c) and, finally, by com-
parison of the HPLC traces obtained before and after
treatment of the oligomerization product mixtures with

water-soluble carbodiimide under conditions which convert
product 2’-phosphates into the corresponding cPs (Fig. 3d).
The partial hydrolysis of the reactands’ cyclophosphate
end groups to the corresponding 2 and 3’ phosphate
groups is, in essence, the only process that efficiently
competes with ligative oligomerization; it restricts both
oligomerization vyields and oligomer chain lengths. The
distribution of chain length can be pushed to higher values
by treatment of reaction mixtures with water-soluble car-
bodiimide, causing reactivation of the 2’- and 3’-phosphate
end groups by converting them back to cP groups (Fig. 3d).

Auto-oligomerization of p-RNA tetramer-cPs is, in princi-
ple, possible with any tetramer of the type PU-py—py-PU,
py-PU-PU-py, PU-py-PU—py or py—PU-py-PU in which
the base sequence shows dual hemi-complementarity in
antiparallel strand orientation. Representative examples for
each sequence motive were tested experimentally under
standard conditions; they are listed in Table 1 (Nos 1-10)
which shows the outcome in terms of the yields of higher
oligomers, qualitatively reflecting the dependence of the
ratio between cyclophosphate ligation and cyclophosphate
hydrolysis on the tetramer’s base sequence.
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Figure 3
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Estimated rate differences clearly point to a sequence
dependence of ligation that parallels a sequence dependence
of the thermodynamic stability of the pre-ligation com-
plex, superimposed with a kinetic sequence dependence of

interstrand base-stacking at the ligation site (Fig. 4). Two
pyrimidines in interstrand-stacking relationship at these sites
result in slower ligation relative to the rate observed when
these stackings are purine—purine or purine-pyrimidine.
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Oligomerization experiments referred to in this paper.

Yield in % after ... weeks

Tetramer sequence 1 2 8
1 ATCGcP 22.6 38.4 71.2
ATC-((1)-G)cP 0 0.04 0.2
AT-({1)-C)-GcP 0.03 0.3 1.1
A-((L)-T)CGcP 0 - 0.3
A-(()-TCG)cP 25 3.2 5.8
AT-(()-CG)cP o 0.1 0.2
A-((L)-TC)-GcP 0 o] 0
A-(L)-T)-C-(-G)eP 0 0 0
2 DTCGcP 26.4 45.2 76.2
((L)-D)TCGcP 3.1 5.2 ' 12.2
3 GCCGcP 29.7 43.2 73.7
GCC-{{(L)-G)cP 0 0 0
GC-((1)-C)-GcP 0 0 0
G-((1-C)-CGcP 0 0 0
((-G)-CCGicP 2.8 5.6 124
4 CGGCcP 6.5 11.8 30.6
CGG-((1)-CjcP 0 0 0
CG-((1)-G)-CcP o] 0 0.13
C-((L)-G)-GCcP 0 0 0
(()-C)-GGCcP 0 0.20 0.60
5 TAGCcP 46 10.7 32.0
((L)-T)-AGCcP o] 0 0
6 ATGCcP 7.0 14.2 415
A-((L)-TGC)cP 0.85 1.7 5.2
7 TACGcP 1.3 2.7 7.0
TAC-((D-G)cP 0 0 0
(()-T)-ACGcP 0 0 0.53
8 TDGCcP 5.1 10.2 30.5
9 DTGCcP 10.0 20.2 51.8
10 TDCGcP 6.9 14.9 45.6
11 GTCGcP 0 0 0
12 GCTGcP 0 0.2 0.5
13 GCCGcP+DTCGcP 23.0 36.1 70.5
14 ACGGcP+GTCCcP 2.6 5.4 26.1
15 GCGGcP+GCCCcP 114 211 50.7
GCGGcP+GCC-(L)-C)cP 0.1 0.3 0.3
GCGGcP + GC-({1)-C)-CcP 0 0 0.3
GCGGcP + G-((L)-C)-CCcP 0.6 1.1 5.4
GCGGCcP + ({L)-G)-CCCcP 4.1 7.8 28.0
16 GCGCcP 0.37 0.32 1.1
17 CGCGcP 0 0.2 0.8
18 GCCGcP+CGGCcP 1:1 0.3 0.6 1.3
19 GCCGcP + CGGCcP 2:1 18.8 34.5 69.3
20 GCCGcP+CGGCcP 1:2 2.9 6.5 18.4

Product yields (oligomers higher than tetramers in the form of

2’,3"-cyclophosphates and 2’ (and 3’) phosphates) as determined by
HPLC are given. 0 = no product detectable (< 0.03%). All experiments
were carried out under the same conditions: 2.5 mM tetramer-cP, in

Auto-oligomerization is highly sensitive to the notorious
guanine—uracil mismatch. Substituting one of the cytosine
bases in readily oligomerizing p{GCCG) with thymine
to produce pr(GTCG) and pr(GCTG) stops the reaction

H,0, 1.5M LiCl, pH 8.5; 0.1 M HEPES-buffer; 4°C; within weeks
(M.B., RM,, S. Pitsch and A.E., unpublished results). D=2,6-
diaminopurine. Sequences are formulated in the 4'—2” direction.

(Table 1, Nos 11,12; [2,3]; M.B., RM., S. Pitsch and A.E.,
unpublished results). The two experiments show, as do
others discussed below, that auto-oligomerization of a
tetramer-cP does not occur under the conditions used when
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Figure 4
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the tetramer lacks the dual hemi self-complementarity of
its base sequence.

We have exemplified two variants of co-oligomerization in
which two different tetramer sequences collaborate with
each other in building the strands of a growing duplex. In
the first, the two tetramer units can — besides oligomeriz-
ing by themselves — stochastically co-oligomerize in both
strands, giving rise to a library of oligomer duplexes, which
contain the two tetramer sequences in both strands in an
essentially random distribution. Equimolar amounts of the
sequences pr(DTCG) and pr(GCCG) (Table 1, No. 13),
both of which had been observed to auto-cligomerize with
comparable speed (Nos 2,3), led to a co-oligomerization-
product mixture for which HPLC analysis of the octamer

fraction indicated the presence of not two but of what are
probably four different octamer-cPs in about equal
amounts (Fig. 5a,b). This points to comparable rates of
homoligation and heteroligation of the two tetramer
sequences and, by extrapolation, to an essentially stochastic
formation of sequence libraries, which contain 2 different
sequences of the two tetramer units within sublibraries of
oligomers containing n monomer units. Another example of
this type of co-oligomerization are the two sequences
pr(GCGG)-cP and pr(GCCC)-cP (Table 1, No. 15).

In a second variant of co-oligomerization, the base
sequences of two tetramer-cPs are chosen in such a way
that a duplex can grow by oligomerization of each tetramer
in its own strand assisted by mutual templating, Comple-
mentary strands with base sequences consisting of homo-
tetramer repeats will result (Fig. 5¢). The reaction starting
from a mixture (1:1) of the cPs of pr(ACGG) and
pr(GTCC) proceeds smoothly, although more slowly than
one might have expected (Table 1, No. 14). HPLC of the
product mixture reveals the presence of the expected two
different oligomer sets in the ratio of about 2:1, with
oligomers of pr(GTCC)-cP as the main components. The
two sets are identified by comparison with product HPLC
traces of oligomerization experiments in which one of
the two tetramers is not a 2’,3’-cyclophosphate, but the
2’-phosphate.

Co-oligomerizations that involve more than two different
tetramer sequences have not been tested, mostly because
of foreseeable difficulties in product analysis. Any base
sequence containing 4n bases could, in principle, be
formed by self-directing ligative co-oligomerization, given
enough time and a library of requisite tetramer-cPs as
starting material. Such a process, however, would require
that the necessary two-base-overlap combinations (there
are eight in total) were all prone to mediate ligation and,
moreover, that those tetramer-cPs which have fully com-
plementary sequences would not block each other under
the reaction conditions by mutual pairing and withdraw
themselves from participating in co-oligomerization.
Although the first of the requirements may well be ful-
filled, the second is more critical, and relevant observa-
tions are more scarce. The cyclophosphates containing the
self-complementary sequences pr(CGCG) and pr(GCGC)
auto-oligomerize under standard conditions (4°C) only
very slowly (Table 1, Nos 16,17). Interstrand-stacking
analysis (c.f. Fig. 4) predicts a self-complementary (4’—2)-
(py—PU-py-PU) sequence to form a more stable tetra-
mer duplex than the isomeric (4'—2")-(PU-py-PU-py)
sequence [6] and the duplex of the latter to tolerate the
overlap frame-shift required for auto-oligomerization more
readily. Such shifts seem to occur readily in homopurinic
and homopyrimidinic sequences as we had observed in
ligative replication of the sequence pr(GGGGGGGG) [3].
A mixture (1:1) of pr(GCCG)-cP and pr(CGGC)-cP shows
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Figure 5
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concomitant, but again very slow auto-oligomerization of
both sequences; in 2:1 and 1:2 mixtures of the two, on the
other hand, the excess component oligomerizes in about
the expected rate (Table 1, Nos 19,20).

Chiroselectivity of oligomerizations

Ligative oligomerizations of p-RNA tetramers-cPs are
highly chiroselective (Fig. 6). The selectivity is compara-
ble to the one observed in replication of p-RNA base
sequences by template-controlled ligation of tetramer-cPs
(M.B., RM., S. Pitsch and A.E., unpublished results).
Replacement of the (D)-ribopyranosyl-guanine unit of
homochiral (D)-pr(ATCG)-cP by the corresponding (L)-
unit reduces the rate of oligomerization (as judged from
the absence of the HPLC trace at the octamer-cP position
after the first week) by a factor of two to three orders of
magnitude (Fig. 6a, Table 1). Analogous mono-replace-
ments involving the cytosine-bearing and thymine-
bearing sugar units induce a comparable inhibition. On
the other hand, substitution of the adenine-bearing sugar
unit at the tetramer’s 4" end is less effective in suppressing
oligomerization; a residual oligomer production amounting
to about 10% of the one of the homochiral tetramer is
observed (Fig. 6b). With the tetramer sequence

pr(GCCG)-cP, the same chiroselectivity pattern is found
as with pr(ATCG)-cP (Table 1, Fig. 6c). The isomeric
tetramer sequence pr{CGGC)-cP shows a chiroselectivity
pactern in which again no reaction can be observed after
(D—>L) substitutions in either one of the two central posi-
tions or the one at the 2’ end. Importantly, replacement of
the unit at the 4" end, which now carries a cytosine and not
a guanine, leads to a rate which is much less than before,
namely about two orders of magnitude less than the rate of
the homochiral tetramer (Fig. 6d). Thus, oligomer produc-
tion from tetramers bearing a chirality mismatch at their 4’
end is much lower when the involved nucleobase is a
pyrimidine rather than a purine; this was observed in all
relevant examples investigated so far (Table 1, Nos 1-7).

The remarkable difference between purines and pyrim-
idines at the 4’ end in their effect on ligation may be
related to a difference in efficiency by which interstrand
base-stacking (in presumably the syn conformation of the
4’-purine) [15] achieves conformational fixation of the
4’ end in the pre-ligation complex. That, on the other
hand, (D—L) substitution at the 2° end, irrespective of
whether the base is a purine or a pyrimidine, blocks
oligomerization completely, is not necessarily surprising,
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Figure 6
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Chiroselectivity of auto-oligomerization of the sequences (a) and (b)
pr(ATCG)-cP and (¢) and (d) pr{CGGC)-cP under standard
conditions (c.f. Fig. 3a; Table 1, Nos 1,4). Curves (s): observations for
homochiral all-(D) tetramers; other curves: observations for chiro-
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unit is made in the enantio-series. Yield scales in (b) and (d) are
enlarged by a factor of 10 to compare the effect of 4’-end substitution
with that of other substitutions. Note the difference between (b)
purines and (d) pyrimidines in {D—L) substitutions at the 4’ end.

because ligation can be expected to show a special stereo-
electronic sensitivity towards a change in the conforma-
tional positioning of the cyclophosphate group (note also
the differences in interstrand stacking). The sensitivity of
ligation towards (D—L) substitution of one of the two
central units can be qualitatively understood by analyzing
the type of reorganization the pairing conformation of a
homochiral p-RNA strand would need to undergo in order
to allow an (L)-unit to participate in base-pairing in an envi-
ronment of (D)-units. Such an analysis is given in Figure 7
on the qualitative level of idealized conformations.

To what extent does chiroselectivity of ligation persist in
co-oligomerization when (D—L) substitutions are made in
only one of two co-oligomerizing sequences? Co-oligomer-
ization of pr(GCCQC)-cP with pr(GCGG)-cP (Table 1,
No. 15) stops when, in the former sequence, either the

unit at the 2° end or its neighbor is substituted by an (L)-
unit. Reaction to a minor extent (with product consisting
exclusively of oligomers of the homochiral partner) occurs
when the third cytosine unit is made (L). Finally, when
(D—>L) substitution refers to the guanine-bearing unit at
the 4’ end, oligomerization of the hetereochiral pr-(GCCC)
sequence is found to be inhibited more strongly than that
of the homochiral pr(GCGG) sequence.

In their pioneering work in the RNA series, Joyce e a/.
[15] have shown that poly(C)-directed oligomerization of
(D)-guanosine-5’-phospho-2-methylimidazole to oligomers
of (D)-guanosine shows marked chiroselection. In addi-
tion, they discovered the reaction to be inhibited by the
presence of the activated monomer of opposite sense of
chirality, a phenomenon (‘enantiomeric cross inhibition’)
recognized by the authors to be of importance to theories
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of biogenesis. In template-directed ligation of short oligo-
mers, inhibition of this tvpe is expected to be less impor-
tant than when a template directs the oligomerization of
monomer units. In p-RNA, do chiro-diastercomeric tetra-
mer-cPs interfere with the auto-oligomerization of their
homochiral isomers? Experiments with pr(ATCG)-cP,
pr{GCCG)-cP and pr(CGGC)-cP and their respective
chiro-diastereomers show that they do not, or only weakly
so. Figure 8a illustrates an example: oligomerization start-
ing from the entire mixture of the homochiral and the four
heterochiral diastereomers of pr(GCCG)-cPs (2.5mM
each) proceeds only slightly slower than the reaction with
2.5mM of the pure homochiral tetramer under otherwise
similar conditions (Fig. 8b).

Extrapolation of the available data predicts that a mixture
of the racemic pairs of enantiomers of the complete set of
eight diastereomers of pr(GCCG)-cPs (Fig. 8c¢) should
auto-oligomerize to a mixture of oligomers containing pre-
dominantly, if not exclusively, homochiral (D) and (L)
sequences. Furthermore, we would expect co-oligomeriza-
tion of tetramers with different but mutually fitting base
sequences to proceed with comparable chiroselectivity. In
summary, our observations point to the remarkable poten-
tial of p-RINA to generate sequence libraries consisting of
predominantly homochiral (D) and (L) oligomers, respec-
tively, through chiroselective co-oligomerizations starting
from the racemic mixcures of activated tetramers contain-
ing all possible chiro-diastereomers of the participating
tetramers. The term predominantly homochiral means
that not all, but most of the ribose units of a given
sequence have the same sensc of chirality. So far, p-RNA
is the only oligonucleotide system for which the nonenzy-
mic reactivity as well as the chiroselectivity required for
such a potential have been demonstrated experimentally.
For relevant studies on the chemistry of nucleotide-2’,3’-
cyclophosphates in the RINA series see the work of Orgel
[16], Usher [17,18] and coworkers, as well as recent
unpublished results by M.B., R.M., S. Pitsch and A.E.

Concerning the problem of the origin of biomolecular
homochirality

The potential of oligonucleotides to self-assemble by
chiroselective co-oligomerization of short activated oligo-
mers calls for an analysis of its relevance to one of the
standing problems of an etiology of life, the origin of bio-
molecular homochirality (see the review of Bonner [19]).
In fact, by considerations of the following kind, one can
convince oneself at a qualitative level that the capacity for
breaking molecular mirror symmetry must be an intrinsic
property of an oligonucleotide system. If a mixture con-
sisting of the racemic enantiomer pairs of all eight
diastereomers of all 4* possible oligonucleotide tetramers
were to co-oligomerize stochastically by chirospecific liga-
tion to (D) and (L) libraries consisting each of higher oligo-
mers, say 100-mers, these two libraries would consist of
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Idealized pairing conformation of: (@) excerpt of a homochiral ali-(D}
p-RNA strand (a=+60°, B=180° v=180° 8=180° ¢=-60°
£=180°; (b) as for (a), except with middle ribopyranosyl unit in an
inverted sense of chirality and connected to neighboring (D)-units in
such a way that all scalar conformational relationships between
phosphodiester and sugar centers remain the same (torsion angle € at
{L)-unit +60° and « of same phosphodiester group —60°); (¢) same,
but with the two torsion angles B flanking the (L)-unit changed to
-120° and +120° respectively, and the nucleobase of the {L)-unit in
the (idealized) syn-conformation. Note that in the conformation in (c),
the nucleobase of the (L)-unit is in approximate stacking and pairing
position; this is, however, only at the cost of two eclipsed bonds
(angles B) flanking the (U)-unit and causing steric repulsion between
phosphodiester oxygens and (C-5’) methylene groups at the (1) and
the adjacent (D) sugar unit. In (D—L) substitutions at the 4’ end, this
constraint is one-sided only.

equal amounts of homochiral all-(D) and all-(L) oligomers.
The two libraries taken together would no longer consti-
tute a racemic mixture, however. Breaking symmetry by
de-racemization would be an inevitable property of the
system because, in the formation of both the (D) library
and the (L) library, the number of possible sequences with
growing oligomer length would soon rise far beyond the
number of actually forming sequences. The number of
possible sequences in each library would be (4%)25 = 4100
(~109), and the (maximum) number of sequences which
possibly could be formed would be ~10%* if co-oligomer-
ization started from a mixture containing 1mole of each
tetramer species (= 4096 moles, corresponding to 1.3x10°kg
material; also see Fig. 9). Such being the case, and pro-
vided that co-oligomerization proceeded stochastically, as
supposed, any given sequence in both libraries would
eventually occur only once. Thus, the constitutional com-
position (sequence composition) of the (D) library and the
(L) library would not be identical and, therefore, the two
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(a) Product yields (after 1 week) referring to auto-oligomerization of
homochiral pr(GCCG)-cP and of chiro-diastereomers; (b) product yield
after oligomerization of the mixture of the five chiro-diastereomers
indicated (2.5 mM each); (¢) extrapolation of observation (b) to a mixture
of racemic pairs of enantiomers of the complete set of eight

chiro-diastereomers of a tetramer-cP sequence. For the non-reactivity of
doubly inverted tetramers in auto-oligomerization see experiments with
the sequence pr(ATCG)-cP (Table 1, No. 1). {!Chiro-diastereomerism’:
diastereomerism with reference to the sense of chirality of nucleotide
units only.)

libraries taken together could not constitute a racemic
mixture. Two libraries composed of molecular compo-
nents that have a different constitutional distribution
have, in principle, different chemical properties. Specifi-
cally, their behavior in amplification by chirospecific
sequence replication — again, in principle ~— would be
different, and if the system were to evolve eventually
against internal and external selection pressures, emerging
winner sequences would be homochiral and belong to
either the (D) series or the (L) series.

In an etiological context, chiroselective co-oligomerization
of activated oligonucleotide tetramers is an exemplary
process in the sense that it makes us recognize in a quali-
tative, yet compelling way the intrinsic capacity of an
informational pairing system to break molecular mirror
symmetry through its chemistry. The process provides a
clear example of how a molecular system is bound to
break mirror symmetry in moving, by stochastic chemical
changes, from a level of low constitutional complexity
(small molecules, low constitutional diversity) to one of
high complexity (large molecules, large constitutional
diversity), the critical requirement being that it thereby
reaches a level of complexity on which the number of pos-
sible constitutions far exceeds the number of actually
formed constitutions.

Although the stringency of the thought-experiment pro-
posed is independent of whether the suppositions made for
the sake of the argument’s transparency on a qualitative

level could correspond to reality, it is of interest to check
these suppositions against what we might expect in real
experiments on the basis of what we know about the non-
enzymic chemical properties of oligonucleotide systems,
such as p-RNA or RNA. Whether the type of oligomeriza-
tion chemistry of activated tetramers demonstrated with
p-RNA also exists in the RINA series remains to be seen.
For work which is relevant in this context see [16-18,20,21].

The most serious difficulty for an experimental demonstra-
tion of the type of symmetry breaking referred to above is
the fact that the efficiency of nonenzymic informational
replication required for amplifying sequences for the
purpose of documenting such a phenomenon is, at present,
out of reach ([15]; M.B., RM,, S. Pitsch and A.E., unpub-
lished results). This may change in the future, however.
Orther gaps between suppositions and reality refer to the
chiroselectivity as well as the kinetic sequence dependence
(as compared to a stochastic nature) of co-oligomerization.
(D) Libraries and (L) libraries of higher oligomers would not
be composed of homochiral sequences, but rather of hete-
rochiral sequences that would be ‘predominantly homochi-
ral’, however, in the sense that most, rather than all, of the
ribose units of a given sequence would have the same
sense of chirality. With regard to the sequence dependence
of co-oligomerization rate, it would seem that, apart from
the possibility of having non-stochiometric ratios of co-
oligomerization partners, a rather large allowance for non-
participation of tetramer sequences among the total of
44 possible tetramers could be made without losing the
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Figure 9
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potential for de-racemization. The same holds for the con-
straints due to self-inhibition of self-complementary, or
complementary pairs of tetramer sequences in co-oligo-
merization. In the following example of a closed co-oligo-
merization set of 16 tetramer sequences: -ACCA, -GTTG,
-ACTG, -GTCA, -CCCA, -CCTG, -ACCC,
-GTCC, -GGCA, -GGTG, -ACGG, -GTGG, -GGCC,
-CCGG, -GGGG, -CCCC, two sequences only are self-
complementary and two form a complementary pair. Sto-
chastic co-oligomerization involving the entire set of the
16 tetramers could potentially produce a library of 16%
(~10%%) 100-mer sequences, and one within a closed subset
of only four tetramers (e.g. -ACCA, -GTTG, -ACTG,
-GTCA) a library of 1015 100-mers.

Breaking molecular mirror symmetry as an intrinsic conse-
quence of chiroselective combinatorial synthesis of
oligonucleotide libraries starting from racemic precursors
and being driven beyond a critical level of constitutional
complexity seems not to have been — as far as we are
aware — an explicit part of the discussions devoted in the
literature to the problem of the origin of biomolecular

homochirality [19]. The idea of arriving (at least in princi-
ple) at molecular homochirality on a macroscopic level
through amplification of the handedness of a single mol-
ecule, however, goes back, in a way, as far as 1898 ([22],
cited in [19]) and is, when referring to RNA, a crucial
aspect of Kuhn and Wasser’s [23,24] etiological model.
The stereochemical consequences of rising configura-
tional complexity of polymers to a level of structural
uniqueness of single molecules were pointed. out some
years ago by Green and Garetz [25] in the context of
polymer chemistry and they are also implicit in a recent
article [26] that was devoted to the present topic. Finally,
chiroselective autocatalysis in self-replication of molecular
systems as the means for the amplification of molecular
handedness after initial symmetry breaking has been a
subject of comprehensive theoretical analyses in the litera-
ture (for a review see [19]) and the central role it is sup-
posed to have played in the emergence of Darwinian
evolution seems undisputed. Matters of continuing debate
refer to the nature and the timing of the initial symmetry
breaking combined with the question of whether the sign
of today’s biomolecular homochirality is accidental or not
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[19,26-28]. The widespread conjecture that it is acciden-
tal (e.g. [23,29,30]) may be considered to be strengthened
by the results presented in this paper, since it is pointing,
both conceptually and experimentally, to a robust chemi-
cal pathway for oligonucleotide systems to break molecu-
lar mirror symmetry before replication (see the recent
report in [31], however).

Significance

Our observations on the chiroselectivity of oligomeriza-
tion of tetramer-2',3’-cyclophosphates in the p-RNA
series influence our thinking in the field of etiological
nucleic acid chemistry as follows. The standard view of
how long oligonucleotide sequences might have been
able to assemble themselves by stochastic oligomeriza-
tion of activated mononucleotide units should be comple-
mented by consideration of the ‘short-oligonucleotide

oligomerization pathway’. This pathway is the self-’

assembly of large and predominantly homochiral
sequence libraries by stochastic co-oligomerization of
libraries of activated, short oligomers of critical length.
The critical length is the length that allows base pairing
in overlapping regions of oligomerizing units to be just
strong enough for template-directed oligomerization to
proceed and, at the same time, weak enough for tem-
plate control to be able to discriminate sharply between
chiro-diastereomeric oligomer wunits. Predominantly
homochiral (D) libraries and (L) libraries would assem-
ble out of a mixture of all possible diastereomers of the
polymerizing oligomer units, without stereochemical
control by an external catalyst. A type of phosphate acti-
vation that is weak enough for oligomerization not to
occur except under template control is essential. In the
case of p-RNA, activation of the oligomer units as
2’,3'-cyclophosphate seems to provide a nearly ideal
solution for that purpose.

The delineation of the existence of a simple and robust
chemical process among oligonucleotides that, in princi-
ple, is bound to break molecular mirror symmetry
whenever the products of the process transcend a criti-
cal level of constitutional complexity brings a new
element into the ongoing discussion on the origin of bio-
molecular homochirality.
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