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Base pairing in p-RNA @ -o-ribopyranosyl-(4 + 2)-oligonucleotides) is not only stronger than in DNA and 
RNA, but also more selective in the sense that it is strictly confined to the Watson-Crick mode. Homopurine 
sequences (tested up to decamers) exist as single strands under conditions where they undergo reverse-Hoogsteen 
self-pairing in homo-DNA or Hoogsfeen self-pairing in DNA. This exceptional pairing selectivity is rationalized as 
hinging on two structural features of p-RNA: the large inclination between backbone axis and base-pair axes in 
p-RNA duplexes, and the higher rigidity of the p-RNA backbone compared with RNA, DNA, and homo-DNA. 
The most important consequence of the pairing selectivity refers to the potential of p-RNA to replicate. Replicative 
copying of sequence information by nonenzymatic template-controlled ligation is not hampered by self-pairing of 
guanine-rich templates, as it is known to be the case in the RNA series. We have demonstrated two replicative 
cycles in which G-rich p-RNA-octamer templates induce sequence-selective ligation of tetramer-2’-phosphate 
derivatives to complementary C-rich octamer sequences, and in which the latter, with comparable efficiency, induce 
corresponding ligation reactions back to the original G-rich octamers. Ligation is most satisfactorily achieved after 
pre-activation of the 2’-phosphate groups as 2’,3‘-cyclophosphate derivatives; in this version, the process does not 
proceed as oligocondensation, but as a genuine oligomerization. This is of considerable promise for the search for 
potentially natural conditions under which homochiral p-RNA strands might self-assemble and self-replicate. 

Introduction. - Our first communication on the chemistry of pyranosyl-RNA [l]’) 
described the synthesis of p-RNA-oligonucleotide sequences containing adenine and 
uracil as nucleobases, as well as our observations on some of their pairing properties. 
Here, we report, again in preliminary form, on the pairing behavior of p-RNA sequences 
containing guanine, cytosine, isoguanine (I), 2,6-diaminopurine (Dp), and thymine as 
nucleobases. We also describe the results of our first successful experiments on the 
capacity of p-RNA sequences to replicate by template-controlled ligation processes. 

Automated solid-phase synthesis of p-RNA oligonucleotides from theg -D-ribopyra- 
nosy1 phosphoramidite derivatives shown in Fig. I followed the procedure described in 
[l], with the exception of the final deprotection step (cleavage of the axial 3’-Bz0 group) 
which has now been carried out by hydrazinolysis throughout. Careful control of condi- 

’) Second communication in the series ‘Pyranosyl-RNA (3-RNA’) ’; for the first communication (which repre- 
sented Part VII of the series ‘Why Penfose- and Not Hexose-Nucleic Acids?’), see [I] .  The present paper is also 
communication No. 16 in the series ‘Chemisfry ofa-Amino Nifnles’, for communication No. IS, see 121. 
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( O  H3C 

Fig. 1. a) Constitutional type o f p -  o-ribopyranosyL(4 ~2')-oligonucleotides (p -RNA) .  b) Pairing conforination 
(idealized) ojp-RNA-oligonucleotide strandas deducedhy conformational analysis [I] [12] [16]. c) Building blocks for  
automated synthesis of p-RNA-oligonucleotides. T = thymine, C = cytosine, A = adenosine, G = guanine, 
1 = isoguanine, Dp = 2,6-diaminopurine, DMT = 4,4'-dimethoxytrityl. Procedures and standards adopted in au- 

tomated solid-phase synthesis (Pharmacia Gene-Assembler Plus) as described in [ 11. 

tions (hydrazine hydrate/H,O 1 :4 at 4" during 24-36 h) prevents phosphodiester cleavage 
(strand scission) and makes the procedure compatible with the (deprotected) nucleobases 
thymine, cytosine, guanine, isoguanine, and 2,6-diaminopurine (but not uracil and xan- 
thine). Cleavage (using Noyori's method [3]) of allyloxy groups utilized for protection of 
phosphodiester as well as the carbonyl functions of the guanine and isoguanine bases has 
to precede the hydrazinolysis step. Phosphoramidite derivatives containing isoguanine 
and 2,6-diaminopurine were derived from the corresponding 2,6-dichloropurine nucleo- 
side [4] (obtained fromp -D-ribopyranose tetrabenzoate by the Vorbruggen-Hilbert-John- 
son procedure [ 51) analogously to reaction sequences developed earlier in the homo-DNA 
series [6]; guanine member was prepared by nucleosidation using the N(2)-isobutyryl 
derivative of guanine or (preferably) 6-chloro-2-(isobutyrylamino)purine [7], followed by 
replacement of the C1 by the allyloxy group [8]. The preparation of the thymine- and 
cytosine-containing members followed standard procedures [ 11 (91. Deprotected p-RNA- 
oligonucleotides were purified by HPLC [9] under denaturing conditions to purities 
exceeding 95 YO, and their composition was in each case controlled by matrix-assisted 
laser-desorption-ionization-time-of-flight (MALDI-TOF) mass spectrometry [ 101. 

A 'H-, 3'P-, and I3C-NMR study of the duplex derived from the self-complementary 
p-RNA sequence p-Ribo(C-G-A-A-T-T-C-G) fully corroborates the constitutional and 
configurational assignments based on the programmed automated oligonucleotide- 
strand synthesis and on Wutson-Crick pairing being expected in analogy to DNA and 
homo-DNA. Furthermore, the study fully confirms the type of conformation derived by 
qualitative conformational analysis [ I ]  for the backbone in a p-RNA duplex (Fig. I). A 
molecular-dynamic study, initiated by Romain Woy' (personal communication by Dr. 
R. M .  Wou,  Ciba AG, Basel), of the same duplex, using the duplex conformation derived 
by conformational analysis as a starting model, points to a quasi-linear structure which 
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Fig.2.a)andb) ( / V M e I f i n ~ c u r v r s o f p - R N A d u p l e x e s  (G , ) .  (C,) ( 1 : l )  (Tahle l ) a n d ( G s ) .  (I,) ( 1 : l )  (Tuhle2): 
Included for comparison are the corresponding curves determined for single strands before mixing (c = 10 PM). 
Note the non-pairing of these single strands above O", and the aggregation of the dupiexes at lower temperatures. 
c) Determinution of sloichiometry [17] of p-RNA duplex (G,) . (C,), UP' absorption at 270 nm, 20°, of mixtures 
O+10O% (G6)/100% +O% (C,), c(Zj = 7 p ~ .  d) Temperature-dependent CD spectra of p - R N A  duplex 
(Gx)~(Cxja610,21,31,43,51.61, 7O,and8O0(toptobottomcurve,1 =260nm,c = 3.5p~) , indicut inguT,vulue  
of 58". CD Spectra of single strands do not show sigmaoidal change of ellipticities with rising temperature (not 
shown). e) Temperature dependence of UV absorption at 298 nm of I :  I mixture of homochiral p - R N A  strands with 
opposite sense of chirality L- (G,) and D- ( I 6 ) ,  5 PM each (included for comparison: UV melting curve of correspond- 
ing homochiral 1: 1 @-mixture). All measurements (except where stated otherwise) in H20,  0 . 1 5 ~  NaC1, 0 . 0 1 ~  

Tris.HC1, pH 7.0. 
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allows for excellent inter strand stacking of the bases and shows a weak left-handed twist 
that would extrapolate to a helical pitch about three times as large as the one in DNA (to 
be published later in detail in this journal). 

Base-Pairing Selectivity. - p-RNA Single strands containing the canonical bases (A, 
U, T, C, G) in sequences complementary to each other in antiparallel strand orientation 
form duplexes which are uniformly more stable relative to their single strands than 
corresponding duplexes in the RNA and DNA series and in some cases even more stable 
than corresponding homo-DNA duplexes (Table I ). In sharp contrast to homo-DNA [ 1 I], 
homopurinic p-RNA sequences containing either adenine (see [l]) or guanine do not show 
self-yairing in the reverse-Hoogsteen mode under standard conditions (ca. 10 p~ in 
aqueous solution, 0 . 1 5 ~  NaCl, Tris buffer, pH 7, tested up to decamers). Specifically and 
most importantly, oligomers p-Ribo(G,) with n = 6, 8, or 10 exist as single strands at 
room temperature as shown by their UV and CD spectra as a function of temperature 
(Fig. 2) as well as by gel electrophoresis under non-denaturing conditions. The same is 
true - again in contrast to homo-DNA [12] [13] ~ for p-RNA oligomers containing 
2,6-diaminopurine or isoguanine (tested up to octamers). On the other hand, the novel 
type of purine-purine Watson-Crick pairing between guanine and isoguanine (Fig. 3 ) ,  
observed for the first time in homo-DNA [6] [12] [13], is also found in p-RNA. Purine- 
purine Watson-Crick pairing of this type can be expected to constitute a general property 
of pairing systems whose duplexes have a quasi-linear (only weakly twisted) ladder 
structure. 

Table 1. Dutu of p-RNA Duplexes in Comparison with Corresponding DNA ( R N A )  and Homo-DNA Duplexes. 
T,, Values determined by temperature-dependent UV spectroscopy [ I  I], detection wavelengths 260 nm (A,T,U) 
and 270 nm (G,C), in ca. 10 PM aqueous solution, 0.15M NaCI, 0 . 0 1 ~  Tris. HCI, pH 7.0 (when not stated otherwise). 
Data for DNA and homo-DNA duplexes taken from [111 (data of d(CGAATTCG) duplex newly determined); 

thermodynamic data determined from concentration dependence of T,, values [15] [ l  I]. 

Duplex Oligonucleotide T i  (10 PM) AC(25') A H  TAS (25") 
base sequences system [kcal/mol] [kcdl/mol] [kcal/mol] 

-AAAAUUUU 
UUUUAAAA- 

-ATATATAT 
TATATATA- 

-CGAATTCG 
GCTTAAGC- 

-GC'GCGC 
CGCGCG- 

-CGCGCG 
G C G C G C - 

-GGGGGG 
cccccc- 

p-RN A') 
RNA') 

p-RNA 
DNA 

p-RNA 
DNA 

homo-DNA 

p-RNA 
DNA 

homo-DNA 

p-RNA 
DNA 

homo-DNA 

p-RNA 
DNA 

homo-DNA 

210 
5 9  

38" 
70 

60" 
3 2" 
51' 

62" 
52" (50 P M )  

64' (50 P M )  

65" 
53" (39 PM) 
62" (35 F M )  

61" (3 .5  + 3.5 PM) 

61" (25  + 25 p ~ )  
33" (25 + 25 F M )  

6.2 
3.3 

--9.2 
-3.8 

-12.6 
8.2 

-10.6 

-11.3 
-10.8 
-10.3 

12.5 
-10.2 
- 10.6 

-13.5 
-7.1 

--10.9 

4 4 . 3  
-5 I .0 

58.7 
4 8 . 0  

-54.9 
-54.4 
-55.3 

-40.5 
-61.5 
~39.1 

47.9 
-53.7 
41 .4  

54.3 
-61.3 

39.5 

38 I 
41 1 

4 9  5 
4 4  2 

4 2  3 
46 2 

4 4  7 

29 2 
-50 3 

29 4 

-35 4 
4 3  5 

30 8 

4 0  8 
-54 2 
-28 0 

'I)  

') 

1 . 0 0 ~  NaCI. 0 . 0 1 ~  Na,HP04.NaOH, 1 0 - 4 ~  EDTA. 
Extrapolatcd from thermodynamic data takeii from [I41 



Fig. 3. The two Watson-Crick base pairs involving guanine observed in thep-RNA series: 
guanine-cytosine and guanine-isoguanine 

Tridentate Watson-Crick pairing in p-RNA is enantioselective. Homochiral strands of 
p-Ribo(G6) and p-Ribo(1,) with opposite sense of chirality do not show any pairing 
(Fig.2) under conditiorls where the strands with the same sense of chirality form a 
duplex that melts at 34" (10 p~). In the case of the purine-pyrimidine duplexes 
p-Ribo(G,).p-Ribo(C,) (n = 6 and S), the strong pairing of the homochiral strands 
with identical sense of chirality (T, = 61" and 82" respectively, see Table 2 )  is replaced 
by a drastically weaker interaction (T,  z 0" and ca. lS"), presumably of a didentate 
reverse- Watson-Crick type, when the two homochiral strands are opposite in their 
sense of chirality. An analogous behavior is observed with the strands p-Ribo(Dp,) and 
p-Ribo(T,) (Table 2 ) .  

The exceptional selectivity of p-RNA with regard to pairing modes as well as the 
enantioselectivity of its pairing are rationalized as hinging on three specific structural 
features (see also [ 11). First, the pyranosyl-(4' + 2')-oligonucleotide backbone is expected 
to be much less flexible (less adjustable) than that of homo-DNA or DNA. The backbone 
unit of DNA has six, that of homo-DNAfive, but the backbone unit of p-RNA onlyfbur 
flexible bonds: in contrast to the furanose ring in DNA, the pyranosyl chairs of homo- 

Table 2. T, Values of p-RNA Duplexes (methods and conditions, see Table I ) ,  illustruting Enantioselectivity 
of Watson-Crick Base Pairing. Thermodynamic data for duplex D-(G~).D-(I~):  AG (25') = -12.5 kcal/mol 

(AH = -50.2 and TAS = -37.7 kcal/mol), determined under standard conditions (see Table I ) .  
~ 

Duplex base sequences T,  (C = 5 + 5 pM) 

72 
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DNA and p-RNA, with three large substituents in equatorial positions will not allow 
rotation around the endocyclic backbone bonds, since this would imply chair inversion. 
Second, the phosphodiester groups in p-RNA are per se sterically more constrained than 
in homo-DNA or DNA, being attached on both sides to secondary C-atoms. Third, the 
axes defined by the p-RNA backbone in its idealized (quasi-linear) pairing conformation 

Fig. 4. With I J - R N A  single strands in their ideulized (linear) repetitive conformation (all single bonds staggered) 
purine-pyrimidine base pairing in antiparallel strand orientation in the Watson-Cirk mode requires minimal conforma- 
tionaladjustment of the two strands (a). In contrast,purine-pyrimidinepairing in the Hoogsteen (b) orpurine-purine in 
the reverse- Hoogsteen (c) mode demands extended conformational changes in the backbones for  adjusting base pairs. 
The same is true, if two homochiral purine-pyrimidine strandy of opposite chirality (nucleobases of one strand in 
syn-conformation) were to pair in the Watson-Crick mode with antiparallel strand orientation (d). The computer 
drawings show complementary single-strand models in idealized (linear) conformation and antiparallel strand 
orientation with one base pair adjusted in pertinent pairing mode (see also [l]); note that in Fig. 9 of [ 11, the drawing 

of the backbone-base pair shear of a p-RNA duplex has the inverted sense of chirality. 
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and by the Watson-Crick base pairs are strongly inclined toward each other (more so than 
they are in homo-DNA or, for that matter, in DNA and RNA) by constitutional as well 
as conformational reasons. Besides providing the spatial relationships for nearly optimal 
inter strand base stacking in p-RNA duplexes, it is this structural feature that is consid- 
ered to be responsible for the strand orientation in duplexes being strictly antiparallel and 
- together with the backbone’s rigidity - for the preference of p-RNA strands (with 
identical sense of chirality) to pair in the Watson-Crick mode and to avoid both Hoog- 
steen and reverse-Hoogsteen pairing (Fig. 4 ) .  

Replicative Template-Directed Ligation. - Whether a given structural nucleic-acid 
alternative is relevant to the chemical aetiology of the natural nucleic acids’ structure, or, 
in more general terms, relevant to the problem of the origin of biological information, 
depends on criteria such as the alternative system’s potential for constitutional self-as- 
sembly from natural constituents, its pairing properties, and, above all, on its potential 
for self-replication in the absence of enzymes as we know them today. The results of our 
first successful experiments carried out on p-RNA’s suitability for template-directed 
copying of sequence information are as follows. 

The tetramer-2’-phosphate p-Ribo(C4)-2’-p is ligated to the octamer p-Ribo(C8)-2’-p 
and the dodecamer p-Ribo(C,,)-2’-p in thepresence, but not in the absence of the template 
p-Ribo(G,) by the water-soluble carbodiimide EDC [ 191 under the reaction conditions 
given in Fig. 5. The reaction is accompanied by formation of the 2‘,3‘-cyclophosphate 
derivative of the 2’-phosphorylated oligomers by the carbodiimide reagent. Analogously, 
the tetramer p-Ribo(G4)-2’-p is ligated to the octamer p-Ribo(G8)-2’-p and dodecamer 
p-Ribo(G,,)-2’-p (and corresponding 2’,3’-cyclophosphate derivatives) with comparable 
efficiency in the presence of the complementary template p-Ribo(C,). 

Ligation products were separated by HPLC (Fig. 5 )  and characterized by their molec- 
ular weights determined by MALDI-TOF-MS [lo] and, in the case of the main products 
p-Ribo(C,)-cp, p-Ribo(C,)-p, p-Ribo(G,)-cp, and p-Ribo(G,)-p, by confirming duplex 
formation with their complementary template strands p-Ribo(G,) and p-Ribo(C,), re- 
spectively, by temperature-dependent UV and CD spectroscopy (melting and CD curves 
similar to those of the duplex formed by the 1 : 1 mixture of the two authentic template 
sequences; T,,, z 82”, c = 2.5 + 2.5 p~). The structure assignments of these ligation prod- 
ucts is further based on HPLC identification (co-injection) of the dephosphorylation 
products, obtained from p-Ribo(C8)-2’-p and p-Ribo(G8)-2’-p by treatment with alkaline 
phosphatase, with authentic p-Ribo(C,) and p-Ribo(G,), respectively, as well as by 
converting p-Ribo(C8)-2’-p and p-Ribo(G8)-2’-p into the corresponding 2’,3’-cyclo- 
phosphates ( I M  DEC.HC1 in H,O; 1.5 h; room temperature) and identifying them by 
HPLC with the ligation-product fractions p-Ribo(Cg)-2’,3’-cp and p-Ribo(G8)-2’,3’-cp. 
Finally, the ligation-product fractions p-Ribo(Cg)-2’-p and p-Ribo(C8)-2’,3’-cp were 
compared directly (HPLC, co-injection) with authentic material prepared for comparison 
purposes by automated synthesis using the solid-support methodology applied in the 
preparation of the tetramer-2‘-phosphates p-Ribo(C,)-Y-p and p-Ribo(G,)-2’-p (cf. the 
caption of Fig. 5). 

In control experiments carried out under identical conditions but in the absence of 
template, it was determined by HPLC that ligation in both series - if it had occurred at 
all- had done so to an extent of less than ca. 0.01 YO yield (Fig. 5). In these experiments, the 
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Flg.5. a) Ri,plicutiva ligation e.uperiments using the wzter-soluhle carhodiinzide DEC’ HCI (N-[3-(dimethylamino)- 
propyll-N-ethylcarbodiimide hydrochloride) us activating agent. Reaction conditions: H,O; 450 PM in tetramer-2’- 
phosphates, 150 VM in template octamers (free 2’-ends), 1 . 5 ~  NaCI, 0 . 1 2 5 ~  MgCI,, 0 . 1 ~  HEPES buffer, pH 6.3; 
DEC . HCI in large excess, 40”, 36 h. Product isolation by first desalting reaction mixtures using a Sep-Pak cartridge 
(washing with 0. I M triethylammonium hydrogen carbonate buffer and elution of oligonucleotide with H20/MeCN 
3:1), followed by HPLC (see below) and subsequent desalting of the individual fractions (as above). Material thus 
isolated (purity > 95%) amounts to 70-90% of products in reaction mixture. HPLC: Mono-Q-HR 5j5 column 
(0.5 x 5 cm; Pharmacia), elution at pH 11.5 (10 i n M  sodium phosphate buffer = denaturing conditions) with 
linear NaCl gradient (0 + 1 .OM within 30 min); detection at 270 nm. Tetramer-2‘-phosphates prepared by auto- 
mated solid-phase oligonucleotide synthesis using the solid-support starter group described in [I81 (obtaincd from 
Dr. U .  Pielrs and Dr. H .  Moser, Cibrr A G ,  Bask). b) Reaction mixrures (!/ligation experimmts in the presence und in 
the ahsrncc of templates us observed hy HPLC (see above) after desalling (for product assignements, see text). 
Product yields refer to templates and were determined by HPLC with reference to standard solutions of cor- 
responding (unphosphorylated) product oligonucleotides. Ligation products exist as duplexes with templates in the 

reaction mixture, but as single strands under HPLC conditions. 
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reactant p-Ribo(C,)-2’-p remained essentially intact (recovery 86 Ye) apart from being 
largely converted to the corresponding 2’,3‘-cyclophosphate by the carbodiimide, 
whereas in the case of the reactant p-Ribo(G4)-2’-p only ca. 25% was recovered (as 
2’,3’-cyclophosphate), and the remainder observed in HPLC (Fig. 5 )  to consist of a 
complex mixture of unidentified components, the origin of which is to be sought in 
modifications of the (single-stranded) tetramer’s guanine bases by the carbodiimide. In 
similar control experiments, but without carbodiimide, p-Ribo(G4)-2’-p was recovered in 
94% yield (HPLC). It is noteworthy that such modifications of guanine nuclei by the 
carbodiimide do not seem to occur, when the guanines are engaged in duplex pairing, as is 
the case in the presence of the template. 

As Fig.5,b, shows, in the ligation experiment described above by-products are ob- 
served which, according to their MALDI-TOF-MS data, are the corresponding dode- 
camers. Their formation is of interest, since it points to the ability of the corresponding 
templates to act in shifted frames. 

The bulk of product formation in the ligations by carbodiimide did not proceed via 
the tetramer-2‘,3‘-cyclophosphates which are formed under the reaction conditions in a 
competing side reaction; this was shown by control experiments. However, while 2’,3’- 
cyclophosphates of the p-RNA series are fairly stable toward hydrolysis under slightly 
acidic conditions, they have been observed to be hydrolyzed to mixtures of 2’- and 
3’-phosphates in slightly basic aqueous solution, provided that, e.g., Mg2’ is present. Such 

2‘ 2’ 

4‘ 4’ 

Fig. 6 .  Ligation of p-RNA oligonucleotide-Z’,3’-cyclophosphate on p-RNA templates. Note that, due to the large 
inclination between backbone and base-pair axes, (4+2’)-opening of the 2’,3’-cyclophosphate group to form a 
(4-2’)-phosphodiester junction is expected to be unambiguously favored over (4’+3’)-, (3’+2’)-, or (3’+3’)- 

opening. 

conditions can be kept mild enough to maintain the phosphodiester groups of the p-RNA 
backbone essentially untouched. Therefore, conditions were searched for under which 
template-assisted ligation of p-RNA tetramers to octamers could be achieved by simple 
isomerization (transesterification) of 2’,3’-cyclophosphates (Fig. 6 )  without any further 
activating reagent. This, indeed, is possible, as the experiments summarized in Fig. 7 
illustrate. 

73 
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A) q - G C C C - 2 b , 3 0 - ~ p  ~ ‘ - G G G C - ~ , ~ ’ - C P  

2 - C G G G C G G G - 4 ‘  z-CCCGCCCG-c 
-3’-p as template 

c - G G G C G G G C - Z ’ , Y - C ~  
-2,(3’)-P -2,(3’)-P 

as template 

~-GCCCGCCC-Z’,~’-CP 

Fig. I .  A) Keplicutive ligation e,~pperinients using 2’,3‘-c~~~lophosp/lutrs (is uctiwtedform uf ligund oligonucleotides. 
Reaction conditions: H,O; 450 ~ L M  in tetramer-2’,3’-cyclophosphates, 150 p~ in template octamers (with free 
2’-ends); 1 . 0 ~  NaCI, 0 . 0 2 5 ~  MgCI,, 0 . 1 ~  HEPES buffer, pH 8.0; ca. 25”. I 4  weeks. Product isolation and HPLC, 
see caption of Fig. 5. Tetramer-2’,3’-cyclophosphates were prepared from corresponding 2’-phosphates (see cap- 
tion of Fig.5)  by treatment with DEC’HCI (2 h, r.t.). B) Reaction mixture at a) the beginning and b) the end o f a  
ligation experiment in the presence qf the G-rich template referred to above (for product assignments, see text). C) a) 
H P L C  Truces of ligation experiment referred to in B followed during 4 weehs, yields qf ligation product.r (see B) with 
refer~nce to templute. b) Same experiment in the absence of tcmplate. Note progressive hydrolysis of ligand-2’,3’- 
cyclophosphates to a mixture of 2’- and 3’-phosphates. c) Same experiment in the presence of template only. Note 

the stability of the template over 4 weeks under the conditions of the ligation. 
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C) 

Fig. 7 (cont.) 

The p-RNA-tetramer-2’,3’-cyclophosphate p-Ribo(GCCC)-2’,3’-cp in the presence 
of 0.33 mol-equiv. of the octamer template p-Ribo(GGGCGGGC) and 0.025111 MgCl,, 
at pH 8 and room temperature undergoes two reactions: ligation to the octamer 
p-Ribo(GCCCGCCC)-2’,3’-cp and, alternatively, cyclophosphate hydrolysis to the 
p-Ribo(GCCC)-2’-p besides smaller amounts of what is assumed to be the corresponding 
3‘-phosphate. Again, in the ubsence of template, but under otherwise identical conditions, 
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there is no ligation detectable by HPLC (less than ca. 0.01%). The two competing 
reactions, ligation and hydrolysis, proceed with comparable rate and, under the condi- 
tions used, very slowly (days to weeks), but essentially without side reactions, the Mg2’ 
concentration being kept low enough to avoid any strand scission by phosphodiester 
hydrolysis. As the reaction proceeds, the ligated octamer accumulates as the 2‘-phosphate 
(besides small amounts of - presumably - the 3’-phosphate). In the complementary 
system, ligation of p-Ribo(GGGC)-2’,3’-cp to p-Ribo(GGGCGGGC)-2’-p and -3’-p on 
the template p-Ribo(GCCCGCCC) behaves analogously, except that the competition 
between ligation and hydrolysis is slightly shifted toward cyclophosphate hydrolysis. 
Product characterizations and structure assignments were carried out similarly to the 
carbodiimide experiments by MALDI-TOF-MS, UV, and CD characterization of duplex 
formation between (isolated) ligation products and template strands, as well as by HPLC 
identification of products after interconversion by alkaline phosphatase (of 2’-phosphate 
fraction) and cyclophosphate formation (from 2’-phosphate fraction) by carbodiimide. 

Ligation in the p-RNA system is regioselective : no indication has been found in the 
experiments referred to above that ligation would proceed by any of the formally possible 
regioisomeric pathways leading either to a (4’ --f 3’)-phosphodiester junction (isomeric 
opening of the cyclophosphate group by the 4’-OH function), or one of the junctions 
3’ + 2’ or 3’ + 3’ which would result, if the 3’-OH instead of the 4’-OH group acted as the 
nucleophile. In our view, the identity of the product properties observed (UV melting 
curves and CD spectra of product-template duplexes, HPLC of product single strands 
after dephosphorylation) with those of the corresponding authentic products precludes 
the possibility that the ligation products could contain a phosphodiester junction other 
than 4‘ + 2’ at the site of ligation. Consideration of models [ I ]  of p-RNA ligation 
complexes predict the regioselectivity : as a consequence of the strong inclination between 
backbone and base-pair axes, the equatorial 4-OH group seems perfectly positioned for a 
co-linear backside substitution [20] at the cyclophosphate group with the 3’-O-atom (and 
not the 2’-O-atom) as the leaving group (Fig. 6), whereas the adjacent (axial) 3’-OH group 
would seem to have no chance of reaching the cyclophosphate substitution center. 
Correspondingly, duplex models that are given a (4‘ + 3‘)-, (3’ + 2’)- or (3’ + 3’)-phos- 
phodiester junction at the ligation site are markedly strained. 

The conspicuous absence of ligation in the absence of templates in the experiments 
described above strongly suggests that the template-induced ligation of tetramer-2’,3’- 
cyclophosphates, under the conditions used, will be sequence-selective. This expectation is 
corroborated by observations made in, so far, two control experiments: no ligation (but 
partial cyclophosphate hydrolysis) was observed by HPLC, when, under otherwise iden- 
tical conditions, the tetramer 4-GCCC-2’,3’-cp was incubated with the ‘wrong’ template 
sequence 4‘-GCCCGCCC-2’, and 4’-GGGC-2’,3’-cp with 4’-GGGCGGGC-2’, respec- 
tively (4 mismatches in product octamers). 

So far, we have carried out one experiment to test our expectation that template-con- 
trolled ligation in the p-RNA series will be enantioselective and not inhibited by the 
presence of enantiomers of the ligation components. The ligation of ~-p-Ribo(G,)-2’-p 
mediated by the template D-p-Ribo(C,) under the conditions of the carbodiimide experi- 
ments referred to above (Fig .5)  is observed to proceed equally well in the presence (of 
equimolar amounts), as it does in the absence of the enantiomeric building block L-p- 
Ribo(G4)-2’-p. 
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Discussion. - Of the two versions of template-controlled ligation described above, the 
one via isomerization of 2’,3’-cyclophosphates is clearly the more interesting. There are 
two factors (only) that limit the ligation yield in this system under the reaction conditions 
used: the hydrolysis of the cyclophosphate group of the tetramer, occurring competitively 
with ligation and in comparable rate, and the consumption of the template due to 
non-dissociation, under the reaction conditions used, of the duplexes formed between 
ligation product and template. The first of these is expected (and, in preliminary experi- 
ments, observed) to be largely compensated by an excess of tetramer cyclophosphate, 
taking advantage of the remarkable fact that there are no tetramer-consuming processes 
occurring under the conditions used, other than ligation and cyclophosphate hydrolysis. 
Both the rate of ligation and of cyclophosphate hydrolysis depend strongly on the Mgz+ 
concentration. Preliminary tests beyond those described above indicate that lowering the 
Mg2+ concentration even further (under otherwise identical conditions) slows down 
further the ligation rate, but markedly increases the ligation yield (with respect to 
template consumption) which, therefore, can be expected to become the higher, the 
slower the reaction is made to proceed (by manipulating the Mgz+ concentration). It 
should be noted that in the aetiological context in which this work is carried out, a 
slow rate of ligation is not necessarily to be considered a shortcoming, provided that 
competing and consuming side reactions proceed even more slowly. Yet, the observations 
made so far stipulate a search for selective catalysis of the ligation reaction as well as 
for selective inhibition of cyclophosphate hydrolysis, this primarily in view of the chal- 
lenge to design conditions that will promote the ligation processes from their present 
status of template-directed replicative steps to the level of autocatalytic self-replicative 
growth. 

Thanks to the pioneering studies of Orgel and coworkers [21-251, much is known 
today about nonenzymatic template-directed oligonucleotide synthesis in the RNA 
series. In exploring mainly the most demanding of the conceivable versions of template- 
controlled sequence copying, namely, condensation of appropriately activated mono- 
nucleotide units, Orgel and coworkers observed that replicative copying of RNA se- 
quences, while working in the pyrimidine + purine direction, can be seriously hampered 
in the purine --f pyrimidine direction by self-deactivation of G-rich template sequences 
through self-pairing of guanine. The absence of ternplate self-deactivation in the p-RNA 
series, as deduceable f rom,  and partially shown in, the present investigation, is one of the 
remarkable and important features by which the pyranosyl- and furanosyl-RNA isomers 
differ f rom each other chemically. 

Internucleotide bond formation by cyclophosphate + phosphodiester isomerization 
would appear to offer the simplest as well as a potentially natural pathway for nonenzy- 
matic assembly of oligonucleotide chains. This possibility had also been examined by 
Orgel and coworkers [26] in their early attempts in the RNA series to polymerize 
adenosine-Y,3’-cyclophosphate on a poly(U) (triplex) template, with limited success, 
however. Unfavorable hydrolysis/coupling ratios and almost exclusively (2’ -+ 5’)-inter- 
nucleotide junctions in the dinucleotide(s) formed were observed (see also the work of 
Usher [27] and Usher and McHaZe [28]). Our observations in the p-RNA series seem to 
support our expectation that the driving force of ligation through cyclophosphate iso- 
merization has to come in important measure from the energetics of base pairing and base 
stacking in the ligand-template and product-template complexes. 
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The strategy of template-directed ligation of short oligonucleotides (instead of mono- 
nucleotides) as building blocks [29] [30] has recently provided the basis for experimental 
demonstrations of autocatalytic, informational replication [3 112) of modified oligo- 
nucleotides in the DNA series by v. Kiedrowski et al. [34-36] (see also the reports of 
Zielinski and Orgel [37], and of Li and Nicoluou [38], and, in this context, also [39] [13]). In 
view of the widely propounded concept of an ‘RNA world’ [40] [41] [31], an extension of 
these studies from the DNA series to the chemically demanding and aetiologically more 
relevant RNA series is eagerly awaited. 

Comparison of the chemical properties so far observed for p-RNA and RNA oligonu- 
cleotides elicits a comprehensive experimental inquiry into p-RNA’s potential for non- 
enzymatic self-replication as well as for constitutional self-assembly in homochiral form. 
Such studies are part of a chemical aetiology of the RNA structure, the quest for a 
chemicnl rationalization of Nature’s evolution of the structure of nucleic acids [la] [42]. 
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