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Acridine-Labeled Primers as Tools for the Study 
of Nonenzymatic RNA Oligomerization 

by Markus Kurz. Karin Gobel. Christian Hartel, and Michael W. Gobel I ) *  

Departement de Chimie Organique, Universitk de Geneve, 30, Quai Ernest-Ansermet. CH-1211 Geneve 4 

Short, dye-labeled oligonucleotides have been used as primers in template-controlled polymerization reac- 
tions of RNA. The synthesis of appropriate acridine derivatives and their attachment to nucleic acids is described. 
In the nonenzymatic oligomerization of 2-methyl-1 H-imidazole-activated guanosine 5'-monophosphate, two ob- 
servations deserve special notice: I) reaction rates are almost unchanged by variations of the Na' concentration; 
2) the conformational type of the primer-template duplex (A vs.  B) has considerable influence on the rates and 
yields of RNA oligomerization. When the incorporation of cytidine was studied in the presence of I M  Na + or K ' , 
the process was almost inhibited by quadruplex formation of the oligo-dG template. However, if these cations were 
omitted, an efficient primer extension could be observed using template concentrations as  high as 100 PM. The 
chances for nonenzymatic self-replication of RNA thus might be distinctly better than previously assumed. 

1. Introduction. - Engaged in the design of artificial phosphodiesterases [I] ,  we have 
recently reported on the hydrolysis of RNA induced by bis(guanidinium) ions [2]. Similar 
compounds might as well catalyse the reversal of RNA degradation: bond formation 
between ribonucleotides. This speculation initiated our interest [3] for the nonenzymatic 
oligomerization of RNA [4]. Since the occurrence of molecular information carriers 
capable of reproduction and evolutionary development is often seen as a prerequisite for 
the origin of life, the search for self-replication phenomena in general 2, and specifically 
for nonenzymatic RNA reproduction is considered a major scientific objective. 

As shown by Orgel [4c] and others [7], the polymerization of activated ribonucle- 
otides on complementary oligonucleotide templates may proceed without the help of 
enzymes This process is exclusively controlled by the Watson-Crick base-pairing rules 
and by stacking interactions. The first example of self-replication ~ the ligation of 
trinucleotides forming a palindromic hexamer duplex - was given by von Kiedrowski [sa]. 
Replicative oligonucleotide ligation also occurs in the case of pyranosyl-RNA 
(p-RNA) [9]. A mechanism leading from stereoisomeric starting materials to homochiral 
polymers by chiroselective ligation processes was recently proposed by Eschenmoser and 
coworkers [lo]. 

For RNA, according to present knowledge, self-replication based on monomers is 
blocked by serious obstacles. While oligomerization steps of activated guanosine on 
polycytidylic acid can be highly efficient, templates rich in guanosine tend to form 

I )  

2 ,  

') 

New address: Institut fur Orgdnische Chemie der Johann Wolfgang Goethe-Universitit, Marie-Curie-Str. 1 I ,  
D-60439 Frankfurt am Main. 
For self-replicating oligonucleotides, see [ 5 ] ,  and for self-replication phenomena observed in non-natural 
systems, see [6]. 
For catalysis of RNA formation by metal ions. peptides, and ribozymes, see [8]. 
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tetrameric aggregates. Because only single-stranded molecules can act as templates for 
the polymerization of cytidine, strand aggregation prevents the second phase of the 
replication process4). The template-mediated assembly of cytidine [12] has been realized, 
however, on polymeric 7-deazaguanosine, a synthetic non-aggregating analogue of 
polyguanylic acid [13]. With naturally occurring ribonucleotides, a special experimental 
setup was necessary to demonstrate the template controlled incorporation of cy- 
tidine [ 14~1. Orgel and coworkers constructed DNA hairpins with a single-stranded, 
32P-labeled 5’-region [14]. While the single-stranded parts of these molecules acted as 
templates, the 3’-ends, formed by ribonucleotides, served as primers (Scheme f). Chain 
elongation by ribonucleoside 5‘-phosphorimidazolides ( = ribonucleoside 5’-(imida- 
zolylphosphonates)) was studied by gel electrophoresis combined with autoradiography. 
Due to the high sensitivity of radioactive-tracer techniques, extremely low hairpin con- 
centrations could be used, thus preventing the aggregation of guanosine rich templates 
[14c]. 

Scheme 1. Hairpin Oligonucleotides Introduced bjj Orgel and Coworkers [14]. The single-stranded template region 
directs the incorporation of 5 guanosine units. Due to the radioactive label, these experiments can be performed 
at nanomolar hairpin concentrations. Quadruplex formation of corresponding oligo-dG templates is thus avoided. 

Ribonucleotides are symbolized by bold, deoxyribonucleotides by outlined letters. 
primer 

template 

G* 1 

In the present work, we describe an alternative approach to study template-controlled 
RNA oligomerization based on HPLC analysis of nonradioactive samples. The experi- 
mental setup allows the rapid and precise determination of chain-extended products 
formed by reaction of activated mononucleotides (1 or 5 )  with a short, acridine-labeled 
primer molecule [15] (e.g., 2 or 4, see Scheme 2) in the presence of hybridized template 
oligonucleotides 9. The dissection of primer and template into different molecules has 
several advantages: 1) It simplifies HPLC analysis. 2) By combination with different 
templates, a large set of experiments is possible using the same labeled primer molecule. 
3) PCR-Like experiments might be realized in the future [16]. Due to the color, fluores- 

4, According to Orgel and coworkers, base pairing between adenosine and uridine is too weak to allow 
oligomerization of monomeric adenosine derivatives on polyuridylic acid templates with an efficiency com- 
parable to that in the guanosine-cytidine system [I 11. 
Parts of our results have been published as communications [3a][15]. 5 ,  
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cence, and duplex-stabilizing properties of the acridine dye, high sensitivity was achieved 
even with short pentanucleotide primers. A typical experiment with primer 2 and tem- 
plate 3 is outlined in Scheme 3 (Exper.  I ;  a survey is given in Scheme 4 ) .  

Scheme 2. Chain Eutension of the Acridine-Labeled Primers 2 and 4 by the Activutrd Nucleotidcy 1 ( =  G C )  und 5 
( =  C*) 

0 

2 R = H  

4 R=OH 

HO. OH 

2. Preparation of Acridine Derivatives. ~ To achieve a specific detection of the primer 
and of all chain-extended products, a nonradioactive 5'-end label of the primer by 
fluorescent dyes was needed. Furthermore, short primer sequences should facilitate the 
separation of oligomerization products by HPLC. A prerequisite for template-controlled 
reactions, on the other hand, is duplex formation of primer and template. Since duplex 
stabilities depend on the type and number of base pairs as well as on strand concentra- 
tions, the association properties of very short primers are insufficient for oligomerization 
experiments in the micromolar or submicromolar range. To fulfil these contradicting 
requirements, i.e., strong primer-template association in spite of a low number of base 
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Scheme 3. Template 3 Controlling tlte Chain Extension of Primer 2 (Exper. 1)  Ribonucleotides are symbolized by 
bold, deoxyribonucleotides by outlined letters. The acridine dye is represented by a black rectangle. 

primer 2 template 3 
- acridine 

-c - A - c  -G3'  '&-C-G-T-G -c - c-c  - c -G5 '  

11 hybridization 

1. 

G* I1 
1 chain exiension 

primer - template duplex 

double helical aggregate 

extended duplex 

pairs, a dye with duplex-stabilizing properties was chosen [ 171 6). Intercalating acridin-9- 
amines are well-known to enhance the melting points of double helices. They can be 
attached to oligonucleotides as phosphoramidite derivatives [ 171. However, their 
C(9)-N bond is prone to hydrolysis which complicates the preparation and use of such 
oligonucleotide conjugates (see Fig. I ) .  During hydrolysis, strongly fluorescent acridi- 
nones are liberated that interfere with the detection of chain-extended oligomerization 
products by HPLC. Since no satisfying results could be obtained in preliminary experi- 
ments using acridin-9-amines, we decided to develop a novel type of chemically stable 
acridine dye. In the final molecule, a Me group replaced the labile 9-amino group, and 
an ether linkage was used to connect dye and oligonucleotide [I51 (Fig. I ) .  

Starting from 6,9-dichloro-2-methoxyacridine (6), the Me group was introduced by 
reaction with sodium diethyl malonate followed by acidic ester hydrolysis of 7 and 
decarboxylation (87 % of 8). In contrast to Campbell et al. [20], we used DMSO instead 
of EtOH in the first step. This allowed complete alkylation of the starting material 6 
which is otherwise hydrolyzed to the sparingly soluble acridinone derivative. Acridinone 
formation not only lowers the yield but severely complicates the purification of 
product 8. In the next step, the methyl ether of 8 was cleaved by HBr in AcOH. Alkyla- 
tion of the crude phenol 9 with tetrahydro-2H-pyran-2-yl(THP)-protected 6-bromohex- 
anol or 7-bromoheptanol [22] in the presence of Cs,CO, and DMSO gave rac-10, or 
rue-12, respectively (90-98 %). After removal of the THP group, the crystalline acridi- 
nols 11 and 13 were obtained in 93-96% yield. 

The alcohols 11 and 13 could be transformed to all major types of phosphorylated 
derivatives used in oligonucleotide synthesis (Fig. 2). Treatment o f  11 with 2-cyanoethyl 
tetraisopropyl phosphorodiamidite gave phosphoramidite r ~ c - 1 4 ~ )  in 71 'YO yield [23]. 

6 ,  

') 
For acridines linked to DNA, see [18], and for intercalator-DNA conjugates, see [19]. 
Samples of the (acridiny1oxy)hexyI phosphoramidite rac-14 are available from the authors on request 
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H 
acridine with 9-amino linker: 
sensitive against hydrolysis the corresponding acridinone stable against hydrolysis 

acridine with 2-alkoxy linker: 

6 7 8 9 

CI 

12 13 

Fig. 1. Preparation of the ucridinols 11 und 13 

The H-phosphonates 15 and 16 were obtained by reaction of 11 and 13 with phosphorous 
trichloride, 1 H-l,2,4-triazole, and N-methylmorpholine in 63-66 YO yield [25]. In addi- 
tion, the phosphodiester 17 was prepared from 11 and 2-chlorophenyl phosphorodichlo- 
ridate for application in the phosphotriester technique [26] (65 %). To prevent substitu- 
tion of the OH group by C1 or pyridine, the temperature in the latter reaction should be 
kept at - 10". 

&o-'""""->p< - Et3NHt 

ANA I 

CI 

14 
CN 

15 n = 6  16 n = 7  

Fig. 2. Acridine huilding hlocks ,for different techniques of oligonucleotide .synrhrsis 
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3. Synthesis and Physical Properties of Oligonucleotides. - To facilitate the synthesis 
and to improve chemical stability, deoxyribonucleotides were chosen for the construction 
of primer 2. In experiments of Wu and Orgel according to Scheme 1, however, the 
reaction rates of 3'-terminal ribonucleotides proved to be tenfold higher than those of the 
corresponding deoxyribonucleotides. This can be explained by pKa differences of the 
OH groups [14a]. Furthermore, a riboguanosine in position 3' would offer maximal 
stacking interactions with the first mononucleotide to be incorporated. So, for primer 2 
the sequence S'-a~ridine-d(GCAC)riboG-3'~) was selected (Scheme 2). Using manual 
solid-phase synthesis and H-phosphonate building blocks [25] (see Fig. 3), up to 80 mg 
of purified 2 could be conveniently obtained in one batch (49 % based on solid support). 
The 'H-NMR spectrum of 2 is shown in Fig. 4 .  . 

18 R = P02H- Et3NH+ 19 R = PO2H- Et3NH' 20 R = PO2H- Et3NH' 21 R = PO2H- Et3NH+ 

Fig. 3. H-Phosphonares used f i r  the synthesis of primers 2 and 23 

Although only five base pairs are involved, primer 2 formed a stable duplex with 
template 3. On addition of 3, a positive Cotton effect around 400 nm was induced in the 
CD spectrum of 2. Thermal denaturation studies with 3 and the acridine-free oligo- 
nucleotide d(GCACG) demonstrated an increase of T, by 15" due to the presence of the 
dye (Table 1). So, duplex stabilities with primer 2 would allow template-controlled 
oligomerization experiments even in the high nanomolar range. 

Table 1.  Thermal Srabiliries o/ Oligonucleotide Duple.re.7 

Primer Template Tma)  Conditions 

30 L ~ M  2 

30 p~ d(GCACG) 
1.2 p~ d(GCACG) 
0.8 p~ 2 
0.8 p~ 4 

1.2 p M  2 
50 p~ 3 

2 p M  3 
50 PM 3 
2 PM 3 
0.8 p~ 3 
0.8 PM 3 

50.2" 
31.3 
35.1' 
18.8" 
19.8" 
19.8" 

") Detection at 260 nm. b, 0.25~ Tris HCI, pH 7.65. ') 10 IIIM phosphate buffer, pH 7.0, 70 mM NaCI. 

') The short form 'acridine' is used for the 5'-end label '6-[(6-chloro-9-methylacridin-2-yl)oxy]hexyl'. For 
convenience, the hyphens representing the diesterified phosphate residues between nucleosides are omitted in 
the abbreviated names of oligonucleotides, except at the 5'-end in acridine-modified oligonucleotides. 
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Compared to standard fluorescent dyes used in DNA sequencing (e.g., fluoresceine, 
Cy 5 ,  ‘Texas Red’ etc.), the fluorescence of acridines is less pronounced. Since the 
quantum yields are further reduced in primer 2 by partial quenching due to the 5’-termi- 
nal guanosine, we alternatively prepared the primer sequence 5’-acridine- 
d(CTAC)riboG-3’ (23) in the same way as before. Indeed, primer 23 exhibited a fourfold 
stronger fluorescence than compound 2. This formal advantage, however, was impaired 
by insufficient duplex stabilities. So, primer 2 and its RNA analogue 5’-acridine-ribo- 
(GCACG)-3’ (4) were exclusively used in all experiments discussed below. In the case 
of 4, we applied the acridine building block rrtc-14 together with Ogilvie’s 2’-silylated 
ribonucleotide phosphoramidites [27] following standard synthesizer protocols. 

4. Oligomerization Experiments: Incorporation of Guanosine. - 4.1. Experimental 
Setup and Product Identification. Scheme 3 outlines a typical experiment: Primer 2 (30 p ~ )  
was mixed in aqueous buffer pH 7.7, containing ,IM NaCl and 200 mM Mg2’, with 
oligonucleotide 3‘-d(GCGTGCCCCC)-5’ (3) (100 p~). The high T, value of the duplex 
2 . 3 guarantees complete hybridization of primer 2 at 10”. The single-stranded portion 
of the complex 2 .  3 serves as the template, associating with up to four monomeric 
guanosine units 1 (50 mM). The 2-methyl-I H-imidazole-activated [28a] nucleoside 
5’-monophosphates (e.g., 1, 5) have been introduced by Inoue and Orgel. These com- 
pounds and their less efficient [14b] 1 H-imidazole analogues [28b] have been successfully 
used in oligomerization experiments by Orgel and coworkers [4] [12- 141 and other 
groups [3][7][8a][8d-h][29I9). 

Within the double-helical aggregate (l), . 2 . 3, chain extension occurs. This process 
could be easily analyzed by reversed-phase HPLC. While the unmodified mono- and 
oligonucleotides were rapidly eluted, 2 was strongly retained on the column due to its 
lipophilic dye component. Since each chain-extension step increases the polarity of the 
products, their HPLC peaks are shifted towards shorter retention times. Fluorescence 
detection led to a further improvement in the detection limit, as shown by the typical 
chromatogram in Fig. 5. 

As expected, the consecutive formation of four new peaks was observed. The first 
peak could be unequivocally identified as compound 24 (= 2 + I )  by direct comparison 
with an authentic sample. Consequently, the peaks were assigned to the four chain- 
extension products of primer 2, i.e., 2 + I to 2 + ZV. Enzymatic degradation of these 
oligonucleotides by ribonuclease T1 followed by alkaline phosphatase led to the unmod- 
ified primer 2, exclusively [14]. Since ribonuclease TI cleaves only 3 ‘ 3  bonds after 
guanosines, leaving 2 ’ 3  bonds untouched, the first guanosine must have been incorpo- 
rated with high constitutional selectivity. According to Orgel and coworkers, this 
3’3’ selectivity is an intrinsic property of 2-methyl-l H-imidazole-activated nucleotides 
[28a]. It is, therefore, reasonable to assume that all further nucleotides are preferentially 
linked by 3‘,5‘ bonds as well. After long reaction times, small quantities of a supplemen- 
tary product became visible, expected to be the fivefold-extended primer. It might be 
formed either in a non-template controlled step, or by ‘sliding’ of the primer on the 
template [31]. 

9, For activation of nucleoside 5’-monophosphates by adenine, see [30] 
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4 W-VIS 

I Fluoro 

5.00 10.00 15.00 20.00 [mill] 

Fig. 5 .  Template 3 controlling the chain extension ofprimer 2,’typical chromatogram: a) U V  detection at 260 nm and 
b)fluorescence detection. From right to left 2, 2 + I ,  2 + I / ,  2 + I / / ,  and 2 + IV. The mixture of unlabeled mono- 

and oligonucleotides is eluted within the first 5 min and is invisible by fluorescence detection. 

Chain elongation is a template-controlled process : when oligonucleotide 3 was omit- 
ted, less than 10% of primer 2 reacted within 47 h. In addition to ca. 1 % of 24 (= 2 + I ) ,  
a second product with slightly longer retention times was observed (ca. 8 %), presumably 
the 2’,5’-linked isomer of 24. In contrast, the half-life of primer 2 is reduced to ca. 4 h in 
the presence of template 3. No reaction at all occurred when replacing imidazolide 1 with 
nonactivated guanosine 5’-monophosphate. Finally, Mg2+ ions proved to be indispens- 
able as catalyst for the phosphoryl-transfer step. They could not be substituted by Na’ 
or several ammonium and guanidinium derivatives we have checked. 

4.2. Kinetics of Chain Extension. The calculation of rate constants from the corrected 
UV integrals of chain-extension products is based on the assumption of four consecutive 
elongation steps, each being first-order in the oligonucleotide involved (Eqns. 1-5) .  

d[2] = - kl[2]dt 

d[2 + r] = (- k2[2 + I] + kl[2])dt 

d[2 + 14 = ( -k3[2 + Zr] + k2[2 + 4)dt 

d[2 + 114 = ( -k4[2 + Zrr] + k,[2 + Zr])dr 

d[2 + Z V l  = + k4[2 + ZZr]dt ( 5 )  
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Curves of concentration vs. time were obtained by numerical integration of Eqns. 1-5 
using a spread-sheet program. By variation of the hypothetical rate constants, beginning 
with k ,  , a good correspondance between calculated and experimental concentrations 
could be achieved (Fig. 6). This set of variables was assumed as experimental rate 
constants (Table 2). 

2 9 

5 40 

'0 4 301 
g 20 
a 

1°LA 0 

0 3 6 9 12 

\ 

0 3 6 9 12 

time/h - timeh - 
Fig. 6. Best f i t  of the experimentul and calculated product distribution a) in Exper. 1 (m: primer 2, 0 :  2 + I ,  
. : 2 + 1 1 , 0 : 2  t 111,r:2+1~andb)inExper.3usingRNAprimer4(m:primer4,o:4+1,o:4+11,o:4+111, 

A: 4 + Iv) 

Table 2. Pseudo-Firsr-Order Rate Constanrs [h- '1 for Primer Extensions by the Guanosine Building Block 1 
(30 PM primer, 100 PM template, 50 m M  1, 0.25~ HEPES . NaOH pH 7.7, 1~ NaCI, 0.2M M g Z f ,  10") 

E-yper. Primer Template Step 1 Step 2 Step 3 Step 4 

1 2 (DNA) 3 (DNA) 0.17 0.96 0.54 0.05 
2 24 (mixed) 3 (DNA) 1.20 0.90 0.08 
3 4 (RNA) 3 (DNA) 1.20 1.50 0.72 0.07 
4 2 (DNA) 25 (RNA) 1.20 2.20 0.87 0.09 
5 24 (mixed) 25 (RNA) 2.22 1.20 0.13 
6 4 (RNA) 25 (RNA) 1 S O  1.20 0.4Sa) 

") The determination of both rate constants was prevented by insufficent peak separation. 

The consistency of theoretical and experimental data for the chain elongation of 
primer 2 in the presence of 1 and template 3 (see Fig. 6) verifies of the basic assumptions. 
After long reaction times (more than 7 h), however, considerable deviations were ob- 
served. They are due to side reactions not included into Eqns. i -5. Especially pyrophos- 
phate formation from imidazolide 1 may strongly influence chain-extension rates, as 
shown by Kanavarioti and coworkers [7c]. 

The oligomerization experiments showed good reproducibility across independent 
runs. Rate constants rarely deviated more than 15 % from the average values. Although 
we cannot exclude some systematic errors due to the difficult calibration of the extinction 
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coefficients, this is not relevant to our investigation of catalytical effects (dealing with 
relative rates). When several experiments were performed from identical stock solutions, 
the consistency of different runs was excellent. Even minor influences of additives could 
be clearly detected under these conditions. 

To our surprise, the concentration of Na+ in the range from 50 mM to 1.2M hardly 
affects the kinetics of guanosine oligomerization (Table 3). Since Na' ions block the 
reaction of guanosine-rich templates, this observation will be of central importance in the 
second part of our studies dealing with cytosine incorporation (see below). Guanidinium, 
a classical denaturating agent for proteins, is tolerated up to high concentrations 
(Table 4) .  The template-controlled oligomerization of imidazolide 1 proceeded in even 
4~ solutions of guanidinium hydrochloride. As guanidinium ions are known to interact 
preferentially with the Huugsreea sites of guanosine, we consider 'selective denaturation' 
of guanosine quadruplexes as an alternative strategy for template-controlled incorpora- 
tion of oligocytidine stretches. 

Table 3. Extension OJ the Duplex 2 .  3 hy Guanosine: Product Distribution after Constant Time as a Function 
of Sodium Concentrations (30 VM 2, 100 VM 3, 50 mM 1, 0 . 2 5 ~  Tris.  HCI pH 7.7 (sodium-free), NaCI, 
0 . 2 ~  Mgz+,  10"). Since 1 was used as a sodium salt, the minimal Na' concentration was 0 . 0 5 ~ .  The data shown 

in Tables 3 and 4 were obtained with different templates; thus, they are not fully comparable. 

"a 'I Primer 2 2 + 1  2 + I1 2 + I l l  2 + I V  

0.85M 16.8% 5.1 % 9.4% 52.9% 15.7 '/' 
0 . 2 5 ~  22.4% 5.8% 9.7% 49.3 Yo 12.8% 
0 . 1 5 M  24.0 yo 5.6% 9.9% 48.0% 12.4% 
0.05M 23.2% 4.8 % 8.4% 50.6% 12.9% 

Table 4. Exterrsion of' the Duplex 2 . 28 by  Guanosine: Produci Distribution afier Constant Time as a Funcrion of 
Guanidiniwn Concentrations (30 FM 2, 55 p~ 28, 50 mM 1 . 0 . 2 5 ~  Tri.7. HCI pH 7.7 (sodium free), 0.2M Mg", 10"). 
The data shown in Tables3 and 4 were obtained with different templates; thus. they are not fully comparable. 

[Guanidine HCI] Primer 2 2 + l  2 + I1 2 + 111 2 + IV  

OM (after 3 h) 24.7% 4.1 Ye 2.9% 61.6 % 6.7 % 
1M 47.1 % 4.4 % 4.7% 41.8 Yo 2.0% 
2M 67.8 Yo 3.5% 4.2 % 24.5 Yo 
4M 84.1 Yo 2.3 O h  2.7 yo 10.4% 0.5 % 

OM (after 20 h) 21.4% 1.5% 2.1 % 38.5% 36.4% 
1M 17.8% 1.9% 0.5% 53.1 '10 26.6% 
2M 20.6% 2.4% 1.2 Yo 55.4% 20.5 Yo 
4M 30.1 Yo 4.1 % 3.8% 50.0% 12.0% 

Regarding the kinetical data of Exper. 1 (Fig. 6 and Table Z), three phenomena 
require special attention: 

f) Although template 3 was used in large excess, ca. 20% of primer 2 did not react 
at all. Summarizing the results of different experiments, this residue correlates inversely 
with the initial rates of primer elongation; high values of k ,  led to complete consumation 
of the primer, whereas the amount of unreacted primer increased when k ,  declined. 
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Probably, this inhibition is caused by a template-controlled assembly of the monomer to 
dimers or oligomers not linked to the primer molecule (and hence invisible). 

2) While the central nucleotides were introduced with high and comparable rates, the 
last nucleotide was incorporated tenfold slower. According to Wu and Orgel[14a], this 
effect can be in part explained by reduced stacking interactions of the last mononucle- 
otide in the complex (I),, . 2 . 3 .  Furthermore, there is good evidence that the condensa- 
tion step of one nucleotide is directly catalyzed by a second phosphoric 2-methyl-I H-im- 
idazolide in its neighborhood [14b]. 

3 )  Compared with k,, the rate constant k ,  decreased by a factor of 5. To rationalize 
this phenomenon, we propose the following hypothesis: chain extension is most efficient 
if the primer template duplex adopts A-type conformations. The complex 2 . 3, however, 
is composed of DNA and thus prefers the B‘conformation. As a consequence, the first 
elongation step is slow. RNA-DNA Hybrids are known to be restricted to A-type 
conformations lo) .  When the first bond between ribonucleotides is formed during chain 
extension, at least a partial change of duplex conformation from B to A can be expected. 
All further elongation steps are conformationally favored and proceed with higher rates. 

4.3. Correlation hetween Duplex Conformations and Reactivity. Two different primers 
were synthesized to test this hypothesis: 24 S-acridine-d(GCAC)riboGriboG-3’ 
(24 = 2 + 4, the first elongation product of Exper. 1, and S-acridine-ribo(GCACG)-3’ 
(4), an oligonucleotide with the same sequence as primer 2 but composed entirely of 
ribonucleotides. Since C D  spectroscopy is a suitable method to detect conformational 
changes of oligonucleotide duplexes [ 3 3 ] ,  hybrids of primers 2, 4, and 24 with both, 
DNA template 3 and RNA template 25 were studied (Fig. 7). In spite of the fact that the 
bands of the acridine moiety were overlapping with those of the nucleotides, the spectrum 
of 2 . 3  (DNA/DNA) closely resembled that of B-form duplexes. In contrast, the duplex 
4 . 3 (RNA/DNA) gave a completely different spectrum, bearing the characteristics of 
the A form. Quite similar spectra were obtained from the duplexes 2 .25  (DNA/RNA) 
and 4 . 2 5  (RNA/RNA), respectively. In accordance with our hypothesis, a conforma- 
tional change was observed when additional ribonucleotides were attached to the 
duplex 2 .  3. While the first elongation product formed a duplex 24.  3 with spectral 
properties ranging between those of 2 ’ 3  and 4 . 3, the fully extended duplex 2 + ZY ’ 3  
clearly had the spectrum of an A-type double helix. A survey of primer template duplexes 
is given in Scheme 4. 

Can duplex conformations be correlated with kinetic behavior? When the hexamer 
primer 24 reacted in the presence of 3 and 1, the first extension step was fast indeed 
(Exper. 2; see Scheme 4). As the reactions of Exper. 2 are part of Exper. 1 as well, the 
similarity of corresponding rate constants was no surprise (Table 2). The crucial test for 
our hypothesis is Exper. 3 in which DNA primer 2 was substituted by its RNA ana- 
logue 4. As predicted, all rate constants k ,  -k, were comparably fast under these condi- 
tions. The same result was obtained when either the DNA primer was combined with the 
RNA template (2 . 25; Exper. 4 )  or when both molecules consisted of ribonucleotides 
(4 . 25; Exper. 6). According to C D  spectroscopy, the primer template duplexes from 
Exper. 1-6 formed two different families bearing the characteristics of either A- or 

lo )  For a recent discussion of DNA-RNA hybrid conformation, see [32]. 
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Scheme 4. Survey of Exper. 1 -6. For symbols, see Scheme 3 
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Fig. 7. CD Spectra of the primer ternplate duplexes (2 PM primer, 2 PM template, 30 mM phosphate buffer pH 7.0, 
7 0 m ~  NaCl, 5". 0 in mdeg). a) . . . . . :  2 '  3 (DNA/DNA), - - - :  2 25 (DNA/RNA), -: 4 - 25 (RNA/RNA). 

b)  -: 4 . 3  (RNA/DNA), ' .  . . .: 24 ' 3  (mixed/DNA), ---: 24.  25 (mixed/RNA). 

B-type conformation. The strict correlation between CD-spectroscopic behavior and 
reactivity pattern gave strong evidence for the postulation proposed above. Further 
support came from the conformational change seen in Exper. 1 on ribonucleotide incor- 
poration. The understanding of these mechanistical details is of major practical impor- 
tance, since the overall efficiency of template-controlled RNA oligomerization critically 
depends on high initial rates. In Exper. 3, for example, primer consumation is almost 
quantitative compared to only 80% in Exper. 1 .  
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5. Oligomerization Experiments: Incorporation of Cytidine. - When hybridized with 
primer 2, the single-stranded part of template 26 should direct the incorporation of one 
cytidine and four guanosines (Scheme 5 ,  Exper. 7; general conditions, see Exper. 1). The 
first extension step was slow, because stacking interactions of pyrimidines are weaker 
than those of purines [14b]. It was, furthermore, hampered by the unfavorable B-type 
conformation of the primer template helix. Consequently, the overall performance of 
Exper. 7 was weak. About 50% of the primer did not react at all, and only 1 2 %  of the 
fully extended chain was produced within 7 d. In the absence of cytidine imidazolide 5, 
almost no reaction occurred between primer and guanosine imidazolide 1. In Exper. 8, 
the DNA primer 2 was substituted by its RNA counterpart 4. As a result, the reaction 
became much more efficient. Within 7 d, 94% of primer 4 was consumed ( t , , 2  8 h), 
leading to 70% of the two most elongated chains. 

Scheme 5 .  Survey of Exper. 7-10. For symbols, see Scheme 3. 
template 26 template 27 

primer 2 primer 2 

template 26 template 27 

primer 4 primer 4 

One of the most challenging problems preventing nonenzymatic self-replication of 
RNA up to now is the tendency of guanosine-rich oligonucleotides to form quadruplex- 
es [34]. Templates for the polymerization of cytidine are thus inhibited. Certain metal 
ions, especially K + and Na', strongly stabilize the so-called G-quartetts [35] which 
might be regarded as self-assembling crown ethers [36] (Fig. 8). In Exper. 9, the 
template 27 should lead to the incorporation of four cytidine residues. We suspected, 
however, that high alkali-ion concentrations - traditionally present in these experiments 
- might be sufficient to cause self-aggregation of template 27. Indeed, CD spectra of 27 
revealed drastic conformational changes on addition of 1~ K + .  The maximum is shifted 
from 289 to 263 nm. Similar spectroscopic behavior was associated with the formation 
of parallel quadruple strands [37]. Those effects are less pronounced in the presence of 
Na+ and almost disappeared when K +  was substituted by Li+ (Fig. 9). In contrast, the 
spectrum of the oligo-C template 3 remained almost unaffected by the addition of K +  
or Na'. 

In accord with earlier results, the extension of DNA primer 2 in 1~ NaCl solution 
was very inefficient (TubLe 5) .  Lowering the Na' concentration to 50 mM led to a strong 
rate enhancement (Exper. 9). The influence of alkali-metal ions on the reactivity of RNA 
primer 4 correlated with their potential to induce quadruplex formation: K +  led to very 
strong inhibition of chain extension, Na' to strong and Li' to negligible effects 
(Exper. 10). Our present HPLC system did not allow a complete resolution of the second 
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Fig. 8. Strucrurr o/ the gumsosine quarrel 

- 1 0 4 . .  . . . . .  . . , a .  . . I . .  . . I . .  

230 250 270 290 310 

l l n m  - Alnm - 
Fig. 9. CD Spectra ofthe templates 3 and 27 us a function of alkali-ion concenlration. a )  Oligo-dC template 3. 
/I) Oligo-dG template 27. Conditions: 20 VM template, 0 . 2 5 ~  Tris . HCI buffer pH 7.7, lo", -: 0 . 2 5 ~  Tris . HCI, 

- - - :  1.OM LicI, ' . . . . :  i.OM NaCI, 1.oM KCI 0 in mdeg. 

and third elongation product in Exper. 9 and 10. Although we cannot exclude that a 
fourth cytidine was properly attached to the primer, we assume that the limitations found 
in Orgel's system (Scheme 1) are valid in our case as well. Using highly diluted hairpins 
with a single-stranded (guanosine), template, only n - 1 cytidines were efficiently incor- 
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porated [14b]. Because of this uncertainty, Table 5 contains product concentrations 
instead of rate constants. The data clearly show, however, that the first step in the 
template-controlled oligomerization of cytidine (Exper. 10, 50 mM Na +) may proceed 
with comparable rates as guanosine incorporation in Exper. f. 

Table 5. Prinier E-vtiwsion bj, the Cytidine Building Biock 5 :  Product Distribution ufter Constant Time in u 7jpicul 
E\-/~urin7cw (30 IIM primer 2 or 4, 100 PM 27, 50 mM 5, 0 . 2 5 ~  Tris HCI pH 7.7 (sodium free), additional salts, 

0.2M Mg2+,  10") 

I [h] DNA Primer 2, 1~ NaCl 

2 2 f l  2 t N t o  2 i IV 2 2 t 1  2 + l l t o  2 f I V  

DNA Primer 2, 50 mM NaCl 

4 92.7% 6.8 % 0.5 % 81.5% 15.6% 2.8% 
12 82.4% 13.2% 4.4% 58.1 Yo 25.1 Yo 16.8% 
24 73.3% 15.4% 11.3% 45.6% 24.6% 29.9% 

1 [hl RNA Primer 4, I M  KCI 

4 4 + 1  4 +  I I t o  4 f I V  4 4 i 1  4 i  I I t o  4 t  IV 

RNA Primer 4, 1 M NaCl 

4 89.6% 9.2% 1.2% 75.3% 20.2% 4.5 % 
12 81.4% 14.0% 4.6% 56.5% 27.2% 16.3% 
24 75.7% 18.3% 6.0 Yo 42.2% 26.5% 31.3% 

' [hl RNA Primer 4, 1~ LiCl 

4 4 i 1  4 f I1 to 4 f I V  4 4 + 1  4 + I I t o  4 + I V  

RNA Primer 4, 50 mM NaCl 

4 51.5% 36.7% 11.8% 52.3 Yo 32.7% 15.0% 

24 13.8% 25.0% 61.2 Yo 14.8% 20.5% 64.7 %") 
12 31.0% 39.7% 30.4% 27.3% 28.4% 44.3 % 

") Cu. 87% after 5 days 

6. Comparison with Earlier Work and Conclusions. - In a recent article, it was stated 
that the 'creation of artificial chemical life' will be 'a  radical challenge.for synthetic organic 
chemistry in the first half of the coming ceniiiry' [38]. Based on present knowledge, 
however, the outlook for RNA as a candidate for nonenzymatic self-replication is rather 
bad [14c, d]. The tendency of oligo-guanosine sequences to form tetrameric aggregates 
was identified as a major obstacle l).  In addition, certain template sequences turned out 
to be either partial (TT, TG, GT) or total barriers (e.g., AT, TA, AA, GA, AG) for chain 
extension [I 4c]. Furthermore, in a prebiotic world, RNA self-replication would suffer 
from enantiomeric cross inhibition due to the presence of racemic monomers [39]. 

Our work was motivated by the idea that the incorporation of pyrimidine nucleotides 
might be promoted by simple catalysts like guanidinium and bis(guanidinium) ions. 

11) Wu and Orgel commented on this problem by the following statement [14b]: 'We do not see any way of 
destabilizing the oligo(G) self-structure without greatly weakening the interaction of oligo(G) with C-containing 
monomers'. 
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Acridine-labeled primers turned out to be a valuable tool for detecting even minor 
influences on chain extension kinetics. In spite of the fact that such catalysts have not yet 
been identified, the important result of these experiments is that Na+ can be omitted 
from the reaction mixture without negative effects. In contrast, all previous studies used 
NaCl concentrations higher than IM. 

In the case of guanosine incorporation, Wu and Orgel reported a half-life of 3 h for 
the disappearance of the primer (0') [14a] (Scheme I ) .  Using the RNA template oligo-C, 
Kanavarioti and coworkers observed a half-life of 0.23 h at 23" [7c]. In Exper. 3 with 
template 3 and RNA primer 4, t1 ,2  at 10" was determined to be 0.58 h. These differences 
can be well explained by the temperature changes. When DNA primers were combined 
with DNA templates, the B-type conformation of the duplex retarded the first elongation 
step and reduced the overall performance of RNA oligomerization. This effect was not 
considered by Orgel and coworkers. Nevertheless, it might be in part responsible for 
some of the negative results obtained in his DNA hairpin system. 

For the incorporation of a single cytidine residue within a stretch of guanosines 
(Exper. 8, lo", t1 ,2 8 h), again the correspondence of our results with literature is satisfac- 
tory ([14b]; O", t I j z  16 h). 

While many observations of previous studies could be reproduced in our primer-ex- 
tension system, fundamental differences were seen as far as oligo-dG templates are 
concerned. Simply by reducing Na' concentrations from 1.2M to 50 mM, a rapid 
oligomerization of cytidine could be achieved using template concentrations as high as 
100 p ~ .  Similar results have been obtained in Orgel's hairpin system, but the template 
was diluted to the nanomolar range in order to avoid quadruplex formation [14b]. This 
means that, in Exper. 10, the problem of guanosine aggregation is virtually eliminated. 
It might be argued that Na+-free conditions are not relevant to prebiotic earth. However, 
the principal aim of our studies is not to 'explain' the historical origin of life but to 
achieve in the future a laboratory demonstration of nonenzymatic self-replication and 
evolution. Since quadruplex formation of oligo-G sequences can be modulated to a large 
extent by choosing appropriate reaction conditions, this obstacle has lost much of its 
power. When the problem of insufficient A-U association might be solved either by 
catalysis or by modified base structures [16], the outlook for nonenzymatic self-replica- 
tion of RNA would be much better than previously assumed. 

Financial support from Suiss Nutional Science Founduiion, Deutsche Forschungsgemeinscliaft. and F0nd.Y der 
Chemischen Industrie, Frankfurt, Germany, is gratefully acknowledged. 

Experimental Part 

General. Water bath: Luuda R M T 6 ;  precision 0.2". TLC: glass plates coated with silica gel F254/366 
(0.25 mm, Macherey-Nugel). Column chromatography (CC): Silicatech 63-200 (ICN) .  HPLC: Jasco high-pressure 
gradient system consisting of 2 pumps PU-980, UVjVIS detector UV-970 and fluorescence detector FP-920; 
column: Merck LiChrospher 100 RP-18 (5 pm), 125 x 4 mm; t ,  in min. M.p.: KoJIer hot plate microscope, 
uncorrected. UV: Vuriun Cary I Bio equipped with a Cary thermoelectric controller or Carp I5 (Applied Physics 
Corporation). CD: Jasco J-715. FT-IR: Perkin-Elmer 1600; in t [cm-'I. 'H-NMR: Varian XL 200, Bruker 
A M  250, Bruker WH 270, or Bruker A M X  400 spectrometers; chemical shifts (6) in ppm relativ to Me,Si 
(0.00 ppm) or (DJDMSO (2.50 ppm) as internal standards, J in Hz. "P-NMR: Bruker A M X 4 0 0  (161.98 MHz); 
6 rel. to phosphoric acid as external standard (0.00 ppni). ESI-MS: Fisons VG Pfufjorm I I  or Finnigun SSQ 7000. 
Elemental analysis: Herueus HCN-Rapid, performed at the Institut fur Orgdnische Chemie. J.W. Goethe-Univer- 
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sitiit, Frankfurt. Abbreviations. acr: acridine; ar: aryl; dam: (dimethy1amino)rnethylidene; DMAP: 4-(dimethyl- 
amino)pyridine; EDC: N-[(dimethylamino)propyl]-N'-ethylcarbodiimide; HEPES : 4-(2-hydroxyethyl)piperazine- 
1-ethanesulfonic acid; NMM : N-methylmorpholine; Tris: 1.1 ,l-tris(hydroxymethy1)methylamine (= 2-amino-2- 
(hydroxymethyl)propane-1,3-diol. 

2. Acridine Derivatives. - 2.1. 6-Chloro-2-methoxy-9-meihylaeridine (8) [20]. NaH (3.63 g, 91 mmol, 55-65 % 
in oil) was suspended under Ar in dry DMSO (10 ml). After cooling to O", a soh.  of diethyl malonate (20.7 ml, 
136.3 mmol) in DMSO (15 rnl) was added dropwise. Then, 6,9-dichloro-2-methoxyacridine (6; 5.0 g, 18.2 rnmol) 
was added and dissolved by heating to 120" for 2 h, giving a dark-red mixture and a precipitation of NaCI. The 
resulting yellow intermediate 7 was precipitated by careful addition of H,O (10 ml) and fuming aq. HCI soh.  
(35 ml) at O", and decarboxylated by heating to 100" for 1 h. This suspension was cooled to 0" again and poured 
into a mixture of 6M aq. NaOH (80 ml) and ice (15Og). After dilution with H,O (200 ml), AcOEt (500 ml) was 
added at neutral pH. Remaining solids were dissolved by vigorous stirring and heating. Then, the phases were 
separated, the aq. layer was extracted with hot AcOEt (100 ml), and the combined org. phases were dried 
(Na,SO,). Spontaneous crystallization during the evaporation afforded 8 (4.10 g, 87%) in two portions. Yellow 
needles. M.p. 173" ([20]: 169-170"). IR (KBr): 3448m, 2962~,2934w, 2829~,1634s, 1567a, 1472s. 1422m, 1272~1, 
1233m. 12205, 115Oa, 1042m. 1026m, 913m, 823s, 799s. 'H-NMR ((D,)DMSO, 200 MHz): 2.99 (s, Me); 3.96 
(~,Me0);7.41(d,J=2.1,H-C(l));7.50(dd,~J=9.3,~5=2.6,H-C(3));7.52(dd,~J=9.2,~J= 2.2,H-C(7)); 
7.98 (d, J =  9.4, H-C(4)); 8.06 (d ,J  = 2.1, H-C(5)); 8.31 (d, J = 9.3, H-C(8)). NOE: 2.99 (Me) + 7.41 
(H-C(l)), 8.31 (H-C(8)). ESI-MS: 257 (88, M ' ) ,  214 (IOO), 179 (41), 151 (24). Anal. calc. for C,,H,,CINO 
(257.72): C 69.91, H 4.69, N 5.43; found: C 69.83, H 4.88, N 5.38. 

2.2. 6-Chloro-9-metl1~l-2-(6-~f(2RS)-~etral1pdr~pyran-2-I.l/oxy,l/te.uy(ox~~)at.ridine (rar-10). A suspension 
of 8 (2.5 g, 9.7 mrnol) in HBr (50 ml, 33% in AcOH) and H,O (5 ml) was degassed in vaeuo and refluxed under 
N, for 26 h until TLC (rnicroworkup: NaHCO,, AcOEt) showed completion of the reaction [21]. Evaporation, 
co-evaporation with i-PrOH in order to remove traces of acid, and drying in vaeuo at 50" afforded phenol 9 as 
an orange powder which was resuspended in dry DMF (100 ml) and degassed again. Addition of Cs,CO, (12 g, 
36.8 mmol) resulted in a dark-red mixture. After addition of 1 -bromo-6-([(2RS)-tetrahydropyran-2-yl]oxyJhexane 
(3.9 g, 14.6 mmol) [22] and heating to 120" for 4 h, the mixture was cooled down to r.t. and distributed between 
H,O (300 ml) and Et,O (600 ml). The phases were separated, the org. layer was reextracted with Et,O (200 ml), 
and the combined org. phases were washed twice with brine (150 ml) and dried (Na,SO,). Then, Et,N (5 ml) and 
silica gel (5 g) were added, the solvent was evaporated and the residue purified by FC (silica gel, 250 g, AcOEt/hex- 
ane 1 :3 + 1 :2). Crystallization from AcOEtjhexane yielded rae-10 (3.74 g, 90%). Yellow needles. M.p. 96-97". 
UVjVIS (EtOH): 263.2 (145600). 319.5 (2670), 334.5 (5100), 352.0 (7570). 382.5 (6640), 402.0 (6300). IR (KBr): 
3420w, 3062w, 2941.7, 2870m. 2786~1, 16305, 1560~3, 1 5 1 8 ~ .  1460s, 1421m. 1388~1, 1366w, 1350w, 1269m, 1232s, 
12175, 1171m. 1139m, 10745, 10333, 917m, 819m. 'H-NMR ((D,)DMSO. 200 MHz): 1.38-1.58 (m, 2 H-C(3'), 
2 H-C(4), 2 H-C(5'), 2 H-C(3"), 2 H-C(4')), 2 H-C(5)); 1.77-1.81 (m. 2 H-C(2)); 3.01 (s, Me); 3.32-3.42 
(m, 2 H, H-C(6), H-C(6)); 3.57-3.77 (m, H'-C(6), H'-C(6")); 4.17 (I, J = 6.4, 2 H-C(1')); 4.51 -4.52 
(m, H-C(2')); 7.43 (d, J = 2.6, H-C(1)); 7.50 (dd, = 2.2, 

343 (1.5), 256 (5), 245 ( l l ) ,  243 (30). 85 (100). Anal. calc. for C,,H,,CINO, (427.97): C 70.16, H 7.07, N 3.27; 
found: C 70.23, H 6.95, N 3.36. 

2.3. 6-Chloro-9-methylacridin-2-01 (9) was isolated once for anal. purposes. 'H-NMR ((D,)DMSO, 
270MHz): 2.94 (s,Me); 7.42 (d , J=2 .5 ,  H-C(l)); 7.49 (dd,'J=9.1, 4J=2.5 ,  H-C(3)); 7.53 (dd, ,J=9.2,  

2.4. 6-Chloro-9-methyl-2-( 7-([(2RS)-teirahydropyran-2-yl]oxy~hepi~~loxy)acridine (rac-12) was prepared as 
described in 2.2: 98% overall yield. Yellow needles. M.p. 99-100". UVjVlS (EtOH): 263.0 (148600), 319.5 (2750), 
335.0 (5190), 351.8 (7580), 382.5 (6650), 402.0 (6330). IR (KBr): 2940m, 2868m, 1629.7, 1552w, 1461s, 1423m, 
1389m, 1269m, 1218s, 1120m. 1026m, 917m, 821w. 'H-NMR ((D,)DMSO, 270 MHz): 1.33-1.75 (m, 2 H-C(3'), 
2 H-C(4'), 2 H-C(5'), 2 H-C(6), 2 H-C(3"), 2 H - C ( 4 ) ,  2 H-C(5")); 1.82 (m, 2 H-C(2')); 3.04 (s, Me); 

1 H-C(6)); 4.20 (t, J = 6.4.2 H-C(l')); 4.53 (m, H-C(2)); 7.48 (s, H-C(1)); 7.55 (m, H-C(3), H-C(7)); 8.01 
(4 J = 9.4, 1 H, H-C(4)); 8.10 (d, J = 1.7, H-C(5)); 8.38 (d, J = 9.3, H-C(8)). Anal. calc. for C,,H,,CIN03 
(441.99): C70.65, H7.28,N3.17;found: C70.55, H7.27,N3.11. 

2.5. 6-[(6-Chloro-9-methylacridin-2-yl/oxy]hexan-l-ol(l1). Compound rae-10 (2.39 g, 5.58 rnmol) was dis- 
solved in EtOH (50 ml) at slightly increased temp. Conc. aq. HCI soh.  (20 ml) was added, and the resulting 
suspension refluxed for 1 h. The mixture was cooled down to r.t., and then poured carefully into a mixture of 6hl 

= 9.2, 4J = 2.6, H-C(3)); 7.55 (dd, 3J = 9.3, 
H-C(7)); 7.99 (d, J = 9.4, H-C(4)); 8.08 (d, J =  2.0, H-C(5)); 8.34 (d, J = 9.4, H-C(8)). ESI-MS: 427 (4, M +), 

4J=2.2 ,  H-C(7)); 7.99 ( d , J = 9 . 3 ,  H-C(4)); 8.06 (4 J =  2.1, H-C(5)); 8.32 ( d , J =  9.4, H-C(8)). 

3.25-3.45 (m, H-C(7'), H-C(6')); 3.62 (di, ' J  = 9.6, 3J = 6.8, 1 H-C(7')); 3.72 (ddd, ' J  = 11.3, ' J  = 7.7, 3.4, 
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aq. NaOH (35 ml), ice (100 8). and H,O (100 ml). After extracting twice with hot AcOEt (2 x 250 ml), the org. 
phase was dried (Na,SO,) and concentrated in vacuo until the product started to crystallize. Completion of the 
crystallization at 4" overnight afforded 11 (1.85 g, 96%). Regular yellow crystals. M.p. 160- 162'. UV/VIS 
(EtOH): 263.2 (142400). 319.0 (2670), 335.0(5000). 351.5 (7360), 382.3 (6500). 401.5 (6190). IR (KBr): 3299 (br.), 
2939s, 2863s. 1629s, 1564w, 1518w, 1458s, 1422m. 1389tn, 13441~, 13251~. 1271m, 1218s. 115111.. 1074m. 1009m, 
914m. 'H-NMR ((D,)DMSO, 200MHz): 1.38-1.46 (m. 2 H-C(3), 2 H-C(4), 2 H-C(5)); 1.76-1.82 
(m, 2 H-C(2));2.97 (s. Me); 3.39(Il/t, J = 5.2,2 H-C(6));4.14(1, J = 6.4,2 H-C(1));4.36(/, J = 5.l.OH); 7.38 
( d , J =  2.5, 1 H. H-C(l')); 7.48 (dd, ' J =  9.5, 4 J =  2.5, H-C(3')); 7.52 (dd, ' J =  9.4. , J =  2.2, H-C(7')); 7.97 
(d, J = 9.4, 1 H, H-C(4)); 8.05 (d, J = 2.0. H-C(5')); 8.30 (d, J = 9.4, H-C(8')). ESI-MS: 343 (24, M ' ) ,  243 
(43), 178 (11), 83 (12), 55 (100). Anal. calc. for C,,H,,CINO, (343.85): C 69.86, H 6.45, N 4.07; found: C 70.12, 
H 6.44. N 4.07. 

2.6. 7-[(6-Chloro-9-methylacridin-2-?.l)o.~~~]heptan-l-ol(13) was prepared as described in 2.5: 93 % overall 
yield. Regular yellow crystals. M.p. 154-155". UV/VIS (EtOH): 263.2 (133600), 319.0 (1740), 335.0 (4000). 351.5 
(6280), 382.3 (5850), 401.5 (5850). IR (KBr): 3441m, 3282~1, 3124m. 2942s. 2855~1, 1630s, 1 5 6 6 ~ .  15201t.. 1459s, 
1423m, 1381m. 1272m. 1220s. 1154m. 1071~1, 1004m, 921m. 884m. 829m. 'H-NMR ((DJDMSO. 270 MHz): 
1.33-1.53 (m, 2 H-C(3), 2 H-C(4), 2 H-C(5), 2 H-C(6)); 1.82 (m, 2 H-C(2)); 3.02 (s. Me); 3.39 (m, J = 5.9, 
2H-C(7)):4.18 ( t , J=6 .5 ,  2 H - C ( 1 ) ) ; 4 . 3 4 ( t . J = 5 , l , O H ) ;  7.44(d ,J=2.6 ,  H-C(1')); 7.52(dd,3J=9.5, 
4J=2.5 ,  H-C(4)); 8.09 ( d , J = 2 . 1 ,  H-C(3')); 7.56 (dd, ' J=9.2,  4 J = 2 . 1 ,  H-C(7')); 7.99 (d , J=9 .4 ,  
H-C(5')); 8.36 (d, J = 9.4. H-C(8')). Anal. calc. for C,,H,,CINO, (357.88): C 70.48, H 6.76, N 3.91; found: 
C 70.60, H 6.79, N 4.04. 

2.7. 6-[(6-Cl1l~~ro-9-nietli~~lacridin-2-~l)o.u~.]he.u~.l2-C~~anoerl1)~l Dii.soprop~lphosphora~ii(lite (rue- 14) [23]. Di- 
isopropylammonium tetrazolide (75 mg, 0.44 mmol; see 2.8) [24] and l l  (300 mg, 0.87 mmol) were co-evaporated 
from dry pyridine (50 ml), dried in vacuo, and dissolved in dry CH,CI, (50 ml) under Ar. Freshly distilled 
(132- 135"/0.6 Torr) 2-cyanoethyl tetraisopropylphosphorodiamidite (0.33 ml, 1.05 mmol) was added and the 
mixture stirred for 2 h at r.t. After extraction with aq. Na,CO, soh .  (50 ml, 5 % ) ,  the phases were separated, the 
org. layer was washed with aq. Na,CO, s o h .  (2 x 20 ml), and the aq. phases were reextracted with CH,CI, 
(2 x 20 ml). Then. the combined org. layers were dried (Na,SO,), evaporated. and purified by FC (silica gel ( I S  g). 
toluene/hexane 1 : 1 + 3 %  Et,N). Crystallization from Et,O/hexane afforded rcrc-14 (338 mg, 71 %) in two por- 
tions. Yellow leaflets. M.p. 80-82". IR (KBr): 34481~. 2965m, 2939s. 2868m, 1630s, 1 5 6 0 ~ .  15181~. 1459s, 14241~, 
1391~7, 1 3 6 4 ~ .  126811.. 1234m, 1220s. 1183m, 1154w, 1125w, 1072m. 1042~1, 1013s. 974s, 917m. 'H-NMR (C,D,. 
400 MHz): 1.14 (d .  J = 6.8, Me,CH); 1.16 (d, J = 6.8, Me,CH); 1.42 (mi, 2 H-C(3), 2 H-C(4)); 1.61 ( I  with fine 
structure, J = 6.7, CH,CN); 1.70-1.75 (m, 2 H-C(2). 2 H-C(5)); 2.46 (s, Me); 3.29 ((fddd3 2J = 10.2, 
J(H,P) = 7.2, ' J  = 6.5. 5.6, H-C(6)); 3.38 (dddd, = 10.2, J(H,P) = 7.2, ' J  = 6.5, 5.6. 1 H-C(6)); 3.57 (2 sept., 
both 3J = 6.8, 2 Me,CH); 3.65 (simplified dddd, ' J  = 12.6, ' J  = 7.8, 6.2. 1 H, CH,CH,CN); 3.73 (simplified 
dddd, = 12.6, ' J  = 7.8, 6.2, 1 H, CH,CH,CN); 3.78 ( r ,  J = 6.4. 2 H-C(1)); 7.07 (d, J = 2.5, H-C(1')); 7.23 

8.26(d, J = 9.4, H-C(4)); 8.54 (d, J = 1.8, H-C(5')). "P-NMR (C,D,): 148.48 (ni, afterdecouplings). ESI-MS: 
543.2 (26, M ' ) .  390.2 (38), 326.2 (59). 243.1 (87). Anal. calc. for C,,H,,CIN,O,P~ 0.75 H,O (555.57): C 62.70, 
H6.98,N7.56;found:C62.56,H7.10,N7.55. 

2.8. Diisopropylammoniuni fH-Tetra-ol-f-ide [24]. Freshly distilled (i-Pr),NH (1.20 ml. 8.49 mmol) was added 
to a s o h .  of sublimed 1H-tetrazole (365 mg, 5.21 mmol) in dry MeCN (8 ml). The resulting suspension was stirred 
for 20 min at r.t., evaporated, and dried in vacuo: 852 mg (95%) of product. Colorless leaflets. M.p. 112-116. 
IR (KBr): 3050m, 2986m. 2874m. 2739s. 2504s. 2143m. 1626m. 1522m. 1473s. 1442~1, 1423m. 1400s. 1383m. 
1320m, 1278n., 1184s. 1154m, 1126s. 1102m. 10733, 1021~7, 997m. 942w, 885m. 8 0 5 ~ .  703s, 522s. Anal. calc. for 
C,H,,N, (171.25): C49.10, H 10.01, N40.90; found: C48.80, H9.72, N40.98. 

2.9. Triethylammonium 6-[i6-ChIoro-9-meth.v/ acridin-2-~~l)o.~~~]he.u?.l H-Phosphonate (15) [25]. I H-1 ,2.4- 
Triazole (2.70g, 39.2 mmol) was added to a mixture of PCI, (0.45 ml, 5.16 mmol) and NMM (5.67 ml. 51.62 mmol) 
in dry CH,Cl, (60 ml). After stirring at r.t. for 30 min, a warm s o h .  of 11 (355 mg. 1.03 mmol) in CH,CI, (25 ml) 
was added dropwise at 0'; after 20 min the mixture was washed twice with 1 M  (Et,NH)HCO, (50 ml) and brine 
(50 ml), dried (Na,SO,), and evaporated. The residue was adsorbed to silica gel (1 g) and purified by FC (silica 
gel (30 g), CH,CI,/MeOH/Et,N/hexane 96:2:2:20 + 82:15:2:20). Then, the combined product containing frac- 
tions were diluted with CH,CI, (60 ml), again washed with I M  (Et,NH) HCO, (2 x 50 ml). dried (Na,SO,). and 
evaporated. After further drying in vacuo, 15 (344 mg, 66%) was obtained as a yellow solid. A small amount was 
recrystallized from CH,CI,/Et,O for anal. purposes. Yellow leaflets. M.p. 73-75". UV (50 mM phosphate buffer, 
pH 7.0): 262 (104900), 337 (4600), 353 (7080), 382 (5540); 260 (97400). IR (KBr): 3374nz. 2940m. 2871w, 
2738w, 2676m, 2491 I$', 2324n1, 1630s. 15591v, 1459.r. 1 4 2 4 ~ .  13951~. 1 2 7 2 ~ .  1215s. 1054s. 1013m. 983ni. 'H-NMR 

(dd, ' J  = 9.4, , J =  2.2, H-C(7')); 7.37 (dd  ' J  = 9.4, = 2.6, H-C(3')); 7.59 (dd, ' J  = 9.3. = 0.5. HPC(8')); 
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((D,)DMSO. 270 MHz): 1.17 ( t .  J = 7.3, Et,NH); 1.37-1.62 (ni, 2 H-C(3), 2 H-C(4), 2 H-C(5)); 1.82 
(m.  2 H-C(2)); 2.99 (y, J = 7.3, Et,NH); 3.02 (s, overlapped by Et,NH, Me): 3.69 ( I n ,  2 H-C(6)); 4.19 
(1. J = 6.4, 2 H-C(l)); 5.76 (s. CH,CI,); 6.58 ( h J  = 589, PH); 7.45 (d, J = 2.3, 1 H, H-C(1')); 7.53 
(dd, ' J  = 9.3, 4J = 2.5, H-C(3')); 7.56 (dd. = 9.4, 4J = 2.2, HpC(7')); 8.00 (d, J = 9.4, H-C(4)); 8.09 
(d. J = 2.1, H-C(5')); 8.36 (d, J = 9.4, H-C(8')); 11.33 (br. .s, exchangeable with D,O, Et,NH). , 'P-NMR 
((D,)DMSO): 2.55 (dt, J(H,P) = 589.3, J(P,H-C(6)) = 8.1, after decouplings). ESI-MS: 406.4 (M -; calc. 406.8). 
Anal. calc. for C,,H,,CIN,O,P~ 1/3 CH,CI, (537.34): C 58.86, H 7.25. N 5.21; found: C 58.92, H 7.56. N 5.21. 

2.10. Triethylammonium 7-/(6-Chloro-9-mrth~~larridin-2-?,l/o.~~~]lieptyl H- Pltosphonate ( 16) was prepared as 
described in  2.9: 63% overall yield. Yellow solid. IR (KBr): 3418m. 2976m. 2941s, 2677m. 2 3 3 0 ~ .  1629s, 1475s, 
1397m, 1220s. 1037s. 984m. 91914', 822m. 'H-NMR ((D,)DMSO, 270 MHz): 1.19 ( r ,  J = 7.3. Et,NH); 1.30-1.42 
(m,  2 H-C(4). 2 H-C(5)); 1.43-1.57 (m, 2 H-C(3), 2 H-C(6)); 1.83 (m, 2 H-C(2)); 3.03 (4. J = 7.3, Et,NH); 
3.06(s. Me); 3.64 (m, 2 H-C(7));4.21 ( t ,  J = 6.4,2 H-C(l)); 6.57 (d, J = 589.3. PH); 7.49 (d, J = 2.6, H-C(1')); 

(d, f = 2.0, H-CtS)); 8.38 (d. J = 9.3, H-C(8')); 10.49 (br. s, exchangeable with D,O, Et,NH). ,'P-NMR 
((D,)DMSO): 2.51 (dt, J(P,H) = 589.3, J(P,H-C(7)) = 8.1, after decoupling s). EX-MS: 420.2 ( M - ;  calc. 
420.9). 

2.1 1. 6-/(6-Chloro-9-methylacridin-2-?.l/ox~~]hex~~l 2-Chlorophenyl Hydrogen Phosphate (17). Alcohol 11 
(100 mg, 0.291 mmol) was co-evaporated in dry pyridine and dissolved in dry, warm pyridine (7 ml). Then. the 
soh. was cooled down to r.t. and added dropwise to a mixture of 2-chlorophenyl phosphorodichloridate (94 pl, 
0.581 mmol) in dry pyridine at -10". The reaction was stopped with H,O (1 ml) and the solvent removed in vacuo. 
Crystallization with MeOH/pyridine/H,O and recrystallization with pyridine/acetone afforded 17 (100 mg, 65%). 
Yellow crystals. M.p. 190". IR (KBr): 3426m, 3071w, 2941m, 19831~. 1629s, 1586ni. 1481s. 1452s, 1392m. 1233s, 
1093s. 1061.~ 906m. 846m,765m, 6 7 3 ~ .  'H-NMR ((D,)DMSO, 400 MHz): 1.39-1.53 (m, 2 H-C(3), 2 H-C(4)); 
1.65 (m, 2 H-C(S)); 1.80 (m. 2 H-C(2)); 3.03 (s, Me); 4.03 (m, J = 6.7, 2 H-C(6)); 4.16 ( t ,  J = 6.5, 2 H-C(1)); 
7.11(r,J=7.4,Iarom.H);7.30(dt,3J=7.6,4J=1.5,1arom.H);7.43(d,J=2.5,H-C(1'));7.47(d.J=8.2, 
1 arom. H); 7.49 (d, J = 8.4, 1 arom. H); 7.55 (dd, ' J  = 9.4, = 2.2, 

((D,)DMSO): -5.50 ( t .  J(P,H-C(6)) = 7.1, after decoupling s). Anal. calc. for C,,H,,CI,NO,P (534.37): 
C58.44,H4.90,N2.62;found:C58.11,H5.11,N2.33.  

7 . 5 4 ( d d , 3 J = 9 . 4 , 4 J = 2 . 6 , H - C ( 3 ' ) ) ; 7 . 5 8 ( ~ / l . 3 J = 9 . 4 , 4 J = 2 . 2 ,  H-C(7'));8.01 (d,J=9.4,H-C(4)) ;8 .11 

= 2.5, H-C(3')); 7.59 (dd, ' J  = 9.3, 
H-C(7')); 8.01 (d,  J = 9.4, H-C(4)); 8.10 (d, J = 2.1, H-C(5')); 8.36 (d. J = 9.3, H-C(8')). ,'P-NMR 

3. Preparation of Mononucleotides. - 3.1. Cytidine 5'-/Sodium ~2-Meth,~l-IH-imidazol- f -~l~pho.sp~1~nate]  
(5  ' Na') [40]. Cytidine 5'-dihydrogen phosphate (465 mg, 1.44 mmol, dried by co-evaporation with DMF) and 
2-methyl-lH-imidazole (1.0 g, 12.2mmol) were dissolved under N, in dry, warm DMSO (10 ml). DMF (10ml). 
Et,N (0.5 ml, 3.59 mmol), and Ph,P (0.7 g, 2.67 mmol) were added, and the mixture was gently heated until a clear 
soh.  was obtained. After addition of 2,T-bipyridine 1.1'-disulfide (0.8 g, 3.63 mmol), the yellow soh. was stirred 
for 2 h at r.t. and then poured into a stirred mixture of acetone (400 ml), Et,O (250 ml), Et,N (30 ml), and sat. 
NaCIO, in acetone (2 ml). The precipitate was isolated by filtration, washed with acetone/Et,O 1 : 1 and Et,O, and 
dried in vacuo: 559 mg (95%) of 5 ' Na+.  Colorless powder. M.p. > 230". IR (KBr): 3366s, 3226s. 2931m, 1654s, 
1609m, 1 5 2 8 ~ ~  1492m, 1 4 0 5 ~ .  1260~1, 1200w, 1102s, 1047m, 9931~. 'H-NMR ((D,)DMSO, 400 MHz): 2.36 
(s, Me); 3.63 (m, H-C(S)); 3.70 (m. H-C(S)); 3.83 (m, H-C(3'), H-C(4)); 3.88 (m, H-C(2')); 5.15, 5.31 
(2 br. s, exchangeable with D,O, OH); 5.68 (d, J = 7.4, 1 H, H-C(5)); 5.77 (d, J = 4.4, H-C(1')); 6.59 ($s, 1 H 
(imidazole)); 7.01 ($s, 1 H (imidazole)); 7.02 (br. s, exchangeable with D,O, NH); 7.22 (br. s, exchangeable with 
D,O, NH); 7.73 (d, J = 7.4, H-C(6)). ESI-MS: 410 (100, [5 .  Na+ + HI'). 

3.2. Guanosine S-[Sodium (2-Methyl-fH-imidazol-f-yl)phosphonare] (1 Na') [40]. As described in 3.1, with 
guanosine S'-(dihydrogen phosphate) ( x  14% H,O; 500 mg, 1.18 mmol, dried by co-evaporation with DMF). 
Precipitation yielded 513 mg (93%) of 1. Colorless powder. IR (KBr): 3355s. 3320s, 2938m, 1692s. 1602m, 1534w, 
1483w, 1404m, 1260m, 1200m, 1101s, 1044m, 992~8, 802~1, 681w, 573m. 'H-NMR ((D,)DMSO, 270 MHz): 2.37 
(s, Me); 3.62 (m, H-C(5')); 3.73 (rn, H-C(S)); 3.87 (m, H-C(4)); 3.99 (dd, J = 4.7, 2.9, H-C(3')); 4.48 
( t ,  J = 5.7, H-C(2')); 5.40 (br. s, exchangeable with D,O, 2 OH); 5.66 (d, J = 6.4, H-C(1')); 6.59 (t ,  J = 1.2, 1 H 
(imidazole)); 6.76 (br. s, exchangeable with D,O, NH,); 7.06 ( I ,  J = 1.2, 1 H (imidazole)); 7.87 (s, H-C(8)). 
,'P-NMR ((D,)DMSO): -8.63 ( t ,  J = 6.2, after decoupling s). ESI-MS: 426.2 ( M - ;  calc. 426.3). Anal. calc. for 
C,,H,,N,NaO,P 2 H,O (467.31): C 35.98, H 4.10, N 20.98; found: C 36.41, H 4.79, N 19.93. 

4. Preparation of Oligonucleotides. - 4.1. Guanosine-Functionalized Solid Support with 5'-0-(Dirnerhoxytrityl)- 
N2-/ldimefhylamino)methylidene]guanosine (22) [41]. In addition to classical techniques [42a], the follow- 
ing method was used: Succinic anhydride (1.1 5 g, 11.5 mmol) and DMAP (28 mg, 0.23 mmol) were added to a 
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suspension of Tenragel [43] (Rapp Polymere) (1.00 g, ca. 0.23 mmol of RNH,) in dry pyridine (10ml). After 
shaking for 24 h, the derivatized resin was collected, washed with pyridine and CH,CI,, and dried in vucuo. Then, 
dried 22 (177 mg, 0.277 mmol) was taken up in dry pyridine (10 ml), the modified Tentage1 (400 mg, ca. 92 pmol 
of -COOH), EDC (265 mg, 1.38 mmol), Et,N (0.1 ml). and DMAP (34 mg, 0.277 mmol) were added, and the 
mixture was shaken for 2 d. Nonreacted carboxylate groups were deactivated by addition of 4-nitrophenol 
(193 mg, 1.39 mmol), shaking for 5 h, and reaction with piperidine (2 ml) for 5 min. The resin was collected, 
washed (MeOH, Et,O), dried in vucuo, and allowed to react with Ac,O (2 ml) and DMAP (10 mg) in pyridine 
(6 ml) for 2.5 h. After collection, washing (MeOH, Et,O) and drying in vacuo, the guanosine-functionalized 
Tentagel was obtained: 412 mg. The loading concentration of the monomer, as ascertained by the trityl cation 
release assay, was typically 75-1 10 pmol/g. 

4.2. Appuratus. Syntheses were performed in a glass reaction vessel fitted with a ground glass joint and a 
stopper at the top, a sintered glass frit and a tap at the bottom. To achieve sufficient agitation o f  the reaction 
mixture, the apparatus was mounted on a shaker (Vibrumux). Resin and reagents were filled in under N,. After 
each step. wash and reagent solns. were removed by application of gentle vacuum. DimethoxytrityI deprotection 
phases were collected for the determination of coupling yields. 

4.3. Assembly o/Oligonucleotides [25][42a]. H-Phosphonate building blocks 18-21 (see Fig. 3)  were prepared 
according to published procedures [42] [44-461. Using manual solid-phase synthesis, the following steps were 
carried out: 1) MeCN/pyridine 1 : 1 (2 x 5 ml) wash. 2) CH,CI, (2 x 10 ml) wash. 3)  5’-O-(MeO),Tr deprotection: 
CI,CHCOOH in CH,CI, (2.5%. 5 x 4 ml). Eluates from this step were collected to determine the coupling yields. 
4 )  MeCN (2 x 5 ml) wash. 5 )  MeCN/pyridine 1 : 1 (2 x 5 ml) wash. 6 )  Coupling: 0 . 1 2 ~  H-phosphonate in MeCN/ 
pyridine 1 : 1 (5 equiv.) and pivaloyl chloride 0.2M in MeCN/pyridine 1 : 1 (1 5 equiv. in several portions, see below). 
7) MeCNipyridine 1 : 1 (2 x 5 ml) wash. 8) MeCN wash (2 x 5 ml). 9)  Repeat of steps 2-8 until the chain assembly 
is finished. 10) Oxidation I :  0 . 1 0 ~  I, in pyridine/l-methyl-lH-imidazole/H,O/THF 5: 1 :5:90 (10 ml, 2.5 rnin). 
I f )  Oxidation I1 [25c]: 0 . 1 0 ~  I ,  in Et,N/H,O/THF 5:5:90 (10ml. 2.5 min). 12) MeCNipyridine 1: l  ( 6 x 5  ml) 
wash. 13) MeCN (6 x 5 ml) wash. 14) Cleavage from the support: conc. aq. NH, (2 x 10 ml, 2 x 60 min). The 
reaction s o h .  were collected into pressure-resistant glass ampoules. f5) Deprotection: heating to 55” (16 h). 
16) Evaporation and purification. 

4.4. Acridine-dlGCAC)rG’) (2). Following the general method described in 4.3, guanosine-functionalized 
Tentugel (692 mg, 60 pmol; loading 87 pmol/g) was reacted with the deoxynucleoside H-phosphonates 18, 19, 
and 20, and the acridine H-phosphonate 15 (2.5 ml, 0.3 mmol. 0 . 1 2 ~  in MeCN/pyridine 1 : 1, each) in thc presence 
of pivaloyl chloride (3 x 1.5 ml, 0.3 mmol, 0.2M in MeCN/pyridine 1 : 1 ; added in 3 portions within 3 min to the 
suspension of ff-phosphonate s o h  and resin). After each addition the mixture was thouroughly shaken. After the 
final addition the reagents were allowed to react for further 2 min and then removed by filtration. Only for the 
coupling with 15, the pivaloyl chloride soh .  was added in two portions (2 x 2.25 ml, 2 x 1 min). Average conden- 
sation yields 93 %, as determined by dimethoxytrityl assay. Deprotection, evaporation, purification (RP-18 
HPLC; MeCN ( A )  and 0 . 0 5 ~  (Et,NH)OAc pH 7 ( B ) ;  10-60% A in 30 rnin; flow rate 4 ml min-’; detection at 
280 nm), and desalting (50 g Sephadex G 10) afforded 2. One aliquot was isolated as the triethylammonium salt 
(45 mg, 31 YO). A second aliquot, after ion-exchange filtration with Chelex (5 g, Na’ form), gave additional 22 mg 
of the sodium salt (18%; 49% combined overall yield). Pale-yellow solid. Anal. HPLC (RP-18;  MeCN/O.OSM 
(Et,NH)OAc 60:40 ( A )  and MeCN/0.05~ (Et,NH)OAc 10:90 ( B ) ;  5-36% A in 22 min; flow rate 1 ml min-’): 
rR 18.6 min. ‘H-NMR (D,O, 400 MHz, 57”, Na’ salt)”): 1.64-1.66 (m! 2 H-C(3) (hex), 2 H-C(4) (hex)); 1.94 
(m,  2 H-C(2) (hex), 2 H-C(5) (hex)); 2.11 (ddd, (‘quint.’), H-C(2.c)); 2.38 (ddd, (‘quint.’), 1 H-C(2.b)); 2.63 
(ddd, (‘dd‘), ’ J  = 12.4, ’ J  = 6.2, H-C(2’.c)); 2.73-2.88 (m, H-C(2.b), 2 H-C(2.d)); 2.91 -2.98 
(m, 2 H-C(2’.a)); 4.01 -4.08 (m, 2 H-C(1) (hex) 2 H-C(6) (hex)); 4.20 (2dd(‘q’), 2 H-C(5‘)); 4.28-4.48 
(m, H-C(T.e), 7 H-C(5‘), Me(acr)); 4.51 (m,  H-C(4.c)); 4.58 (m, H-C(4.b)); 4.65 (m, H-C(S’.e)); 4.70 
(m. H-C(4.d)); 4.76-4.80 (m,  overlapped, H-C(4.a), H-C(4.e)); 4.97 (dd, (‘t’), J = 5.2, H-C(3’.e)); 5.05 
(m, H-C(3’.c)); 5-12 (m, H-C(3’.b)); 5.24 (m. H-C(3‘.a), H-C(3’.d)); 6.01 (d, J = 7.5, H-C(5.b)); 6.05 
( d , J = 5 . 1 ,  H-C(l’.e));6.12(d,J=7.5, H-C(5.d)); 6 .24(dd,J=8.1,6.1,  H-C(l‘.d)); 6 .36(dd,J=8.0,  5.6, 
H-C(l’.c)); 6.39-6.45 (m, H-C(l’.b), H-C(1’a)); 6.86 (d ,J  = 2.4, H-C(l)(acr)); 7.29 (dd, ’ J =  9.2, 4J= 1.8, 
H-C(?)(acr)); 7.35 (dd, 3J = 9.4, 4J = 2.5, H-C(3)(acr)); 7.79 (d, s), H-C(S)(acr)); 7.80 (d, overlapped by acr 
H-C(5), J = 9.2, acr H-C(4)); 7.84 (d, overlapped by H-C(8)(acr), J = 7.3, H-C(6)(Cyt)); 7.85 (d, overlapped 
by H-C(6)(Cyt), J = 10.6, H-C(S)(acr)); 7.91 (d, J = 7.5, H-C(6)(Cyt)); 8.17 (s, H-C(s)(purine)); 8.19 (s, 2 H, 
H-C(8)(purine)); 8.46 (s, 1 H, H-C(Z)(purine)); the signals were assigned by ‘H,’H-TOCSY. ”P-NMR (D,O, 

”) The furanose and base moieties are labeled a,b,c elc., starting from the 5’-end 
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27 ): -0.50, -0.42, -0.31 (3s, overlapped, 4 P); 1.03 (s, 1 P). ESI-MS: 953,964,975,986,997,1008,1019 (charge 
series -2withalkal inietal ions[anion+.~H+ + y N a +  + z K t J z - ; x + v + z = 3 ) ,  1294,1301,1308,1316,1323, 
1330, 1338, 1345, 1352([2xanion+rH+ + y N a +  + ~ K + ] ~ - ; x + y + z = 7 ) .  

4.5. Acridine-d(CTAC)rG ') (23). Following the synthesis cycle described in 4.3 guanosine-functionalized 
Ewtugd (400 mg, 30 pmol, loading 75 pmol/g) was reacted with the deoxynucleoside H-phosphonates 18, 20, 
and 21, and the acridine H-phosphonate 15 (2.2 ml, 0.1 5 mmol, 0 . 1 3 ~  in MeCNipyridine 1 : 1, each) in the presence 
of pivaloyl chloride (2 x 1 . I  ml, 0.45 mmol, 0.2M in MeCN/pyridine 1 : 1 ; added in 2 portions within 1 min to the 
suspension of H-phosphonate soh.  and resin). After each addition, the mixture was thouroughly shaken. After 
the final addition the reagents were allowed to react for further 2 min and then removed by filtration. Average 
condensation yields 96%. as determined by dirnethoxytrityl assay. Deprotection, evaporation, purification, and 
desalting as described in 4.4 afforded 23 (13.4 mg, 22%. salt with N a + ,  after ion-exchange filtration with Chelex 
(4 g, Na+ form)). Yellow solid. Anal. HPLC (RP-18: MeCN/O.OSM (Et,NH)OAc 60:40 ( A )  and MeCN/O.OSu 
(Et,NH)OAc 10:90 ( B ) ;  5 3 6 %  A in 22 min; flow rate 1 ml min-'): I, 16.8 min. 'H-NMR (D,O. 400 MHz, 
70")"): 1.84-1.94 (m, 2 H-C(3) (hex), 2 H-C(4) (hex)); 2.10 (yuinf., J = 6.2, 2 H-C(2) (hex)); 2.22 (s, Me(b)); 
2.22-2.36 (m, overlapped, 2 H-C(5) (hex), H-C(T.d)); 2.51 -2.58 (ni,  1 H-C(2'.a), 1 H-C(2.b)); 2.65-2.71 

(hex)); 4.39-4.74 (m. overlapped, 20 H, all H-C(4) and H-C(5'). 2 H-C(6) (hex), and Me(acr)); 4.89 
(dd, CI'), J = 3.9, H-C(3'.e)); 5.08 (m, H-C(T.e)); 5.18 (n?, H-C(Y.d)); 5.25 (m. 2 H-C(3')); 5.37 
(m, H-C(3'.a) or H-C(3'.b)); 6.17 (m, H-C(l'.e)); 6.34 (24  ( ' I . ) ) ;  H-C(5.a). H-C(5.d)); 6.43 (dd, ('f') = 8.0, 
H-C(l'.d)): 6.57-6.64 (m, 3 H, H-C(1')); 7.66 (s, H-C(l)(acr)); 7.81 (d ,  J = 8.4, H-C(7)(acr)); 7.83 
(23, overlapped, H-C(6.b), H-C(R)(purine)); 7.87 (d. J = 9.7, H-C(3)(acr)): 8.14 (d, J = 7.1, H-C(6.a)); 8.19 
(d ,  J = 8.0, H-C(6.d)); 8.30 (d, J = 10, H-C(4)(acr)); 8.31 (s, overlapped by H-C(4)(acr), H-C(S)(acr)); 
8.37 (s, H-C(S)(purine)); 8.47 (d, J = 10.2, H-C@)(acr)); 8.60 (s, H-C(Z)(purine)); assignments by 

4.6. Acridine-r(GCACG) ') (4). Primer 4 was assembled on a 381A DNA synthesizer (Applied Biosystems) 
using standard methods (I-pmol scale). Phosphoramidites of damG, BzA, BzC were prepared according to 
published procedures [27]. To avoid crystallization of (acridiny1oxy)hexyl phosphoramidite rue-14 during synthe- 
sis, a soh.  of rue-14 in MeCN ( 0 . 0 5 ~ )  was attached to port X of the synthesizer prior to the coupling step. After 
the synthesis, the capillary system of the apparatus was immediately washed with MeCN. The oligonucleotide was 
cleaved from the solid support by treating with a mixture of aq. NH, soln./EtOH 3.1. This soh .  was heated at 
55" for 12 h to remove the base and phosphate protecting groups. The crude product (70 OD)  was purified in 
charges of S O D  using HPLC (RP- f8 ;  MeCN/O.OSM (Et,NH)OAc, pH6.5, 60:40 ( A )  and MeCN/O.OSw 
(Et,NH)OAc 10:90 ( B ) ;  30-90% A in 30min; flow rate 1 ml min-I). Desilylation was accomplished using 
Et,N. 3 H F  for 12 h, followed by desalting on a SepPuk RP-18 (Wufers) cartridge. 

(m, 1 H-C(2')); 2.91-2.98 (m, 1 H-C(T.a), 1 H-C(T.b)); 3.06-3.11 (m, 2 H-C(2'.c)); 4.33 (m. 2 H-C(1) 

'H,'H-COSY. "P-NMR (D,O, 25"): -1.00, -0.63, -0.49, -0.41, 0.96 (5s. 5 P). 

4.7. Acridine-d(GCAC)rGrG ') (24). As described in 4.6. 
4.8. rICCCCCGUGCG) ') (25). As described in 4.6. d(CCCCCGTGCG) (3). d(CCCCGCGTGCG) (26). 

d(GGGGCGTGCG) (27), d(GTCGACCCCCCGTGCC3) (28), d(GTCGACCCCCCGTAGG) (29), and all other 
DNA oligomers were purchased from MWG Biotech. 

4.9. Oligomerizution Experiments. Into a 1.5-ml Eppendorftube were pipetted the following 3 s o h :  buffer, 
primer (2,4 or 23-24), and template (3 or 25-29). The mixture was heated to 90" for 1 min. After equilibration 
for 15 min at r.t., it was cooled to 10". Finally, a freshly prepared aq. soln. of mononucleotides 1 or 5 was added, 
the soh .  mixed ( t  = 0) ,  and the tube sealed, and maintained at 10 0.2". The final conc. were: 30 p~ primer, 
100 pM template, 50 mM mononucleotide, 250 mM buffer (Tris . HCI, pH 7.7, Na+ free or I M  in KCI, NaCl or LiCI; 
or HEPES, pH 7.7, 1~ NaCI), 200 mM M g Z f .  

4.10. HPLC Analysis ofOligomerization Experiments. An aliquot from the reaction mixture (3 pl) was diluted 
with 8M aq. urea soln. (10 pl), heated to 90" for 1-2 min and then, after cooling, injected onto the column (RP-18; 
MeCN/O.OSrd (Et,NH)OAc, pH 6.5, 60:40 ( A )  and MeCN/O.OSu (Et,NH)OAc 10:90 (B);  linear gradient from 
5-36%0 A in 22 min; flow rate 1 ml min-'; UV detection at 260 nm; fluorescence: I,, 355 nm, I,, 450 nm). The 
determination of primer and product concentrations from the integrated chromatograms is complicated by the 
fact that the extinction coefficients of the products increase with the chain length. Therefore, the integrals were 
multiplied by correction factors obtained by division of the primer coefficient ( E J  by the corresponding E ~ + .  of 
the extended products. To estimate zZ6,, of the primers ( E ~ )  and the elongation products E ~ + ~ ~ ,  E ~ + , ~ ~ ,  and 

the sum of the corresponding extinction coefficients of the monomers'was multiplied by the usual factor 
of 0.9 for single stranded DNA (acridine: 97400; G:  11300; C: 7400; A: 15300; T:  9000). 2 (Acr-d(GCAC)rG): 
E~~~ 135000; 23 (Acr-d(CTAC)rG): E~~~ 133000. To obtain the percentage of products formed, each corrected 
integral was divided by the sum of all corrected areas (primer + products). In some cases, minor signals were 
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observed as shoulders in the main peaks, which probably correspond to newly formed 2' + 5' phosphodiester 
isomers. These signals were integrated together with the main peak. Assuming a series of consecutive elongation 
steps, each governed by a first-order rate law, a numerical simulation of the polymerization process led to 
theoretical curves (concentration vs. time) that were fitted to the experimental data. Those variables producing the 
best fit were then considered as  experimental rate constants. In the case of incomplete primer consumation (e .g . ,  
Exper. I), a further correction was introduced in the numerical simulations: the residual concentration of primer 
was subtracted from [primer] when applying Eqns. 1 and 2. However, for the display of the theoretical concentra- 
tion curves this values was added to each calculated point of [primer] 

4.1 1 .  UV/VIS Spectroscopy. Thermal melting profiles of oligomers were carried out by monitoring ab- 
sorbance at  260 and 355 nm on a Car)] 1-Bio UVjVIS spectrometer. A heating rate of 0.8"imin was maintained 
by a Cary temp. programmer. Absorbance and temperature were recorded every 0.3". T,,, Values could be deduced 
by numerical differentiation of the absorbance-temperature curves. 

4.12. C D  Spectroscopy. C D  Spectra were recorded on a Jasco J-715 spectropolarimeter using 1-cm rectangu- 
lar quartz cells. A temp. of 5 0.3' or 10 f 0.3" was maintained by an external water bath. All C D  data were 
base line corrected for signals due to the cell and the buffer. 

4.13. Alkaline Hydrolwis of Elongarion Products. A sample of the oligomerization mixture (15 pl) was 
incubated in 1~ aq. NaOH (15 pl) at  60". After 20 min, the reaction was stopped by addition of AcOH (10 pl). 
The soh .  was desalted on a Sephadex G 25 cartridge ( P D - f 0 ,  Pharmacia), lyophylized, and dissolved in H,O 
(15 pl). An aliquot (3  pl) was then analyzed by HPLC. 

4.14. Rihonuclease T1 Digestion of Elongation Products. An aliquot of the oligomerization mixture (10 pl) 
was lyophylized and dissolved in Tris/EDTA buffer (20 pl, Tris . HCI, 50 mM, pH 8.8: EDTA, 0.1 mM). T I  Ribonu- 
clease (1 pl, 500 units) was added and the s o h  was incubated on a water bath at 37". At appropriate times ( 1 ,  2, 
21 h), an aliquot of the s o h .  (6 pl) was withdrawn and mixed with SM aq. urea (6 pi). The soh. obtained was then 
analyzed by HPLC. 

REFERENCES 

[ I ]  a) M.-S. Muche, M. W. Gobel, Tetrahedron Lett. 1997. 2923; b) M . 4 .  Muche, M .  W. Gobel, Angew.. Chem. 
1996, 108, 2263; ihid., Inr. Ed. Engl. 1996, 35, 2126: c) G. Miiller, G. Diirner, J. W. Bats, M.  W. Bats, 
M. W. Gobel, Liehigs Ann. Chem. 1994, 1075. 

[2] a) K .  Kurz. M. W. Gobel, Hdv.  Chim. Acta 1996, 79, 1967; b) K. Kurz, Ph.D. Thesis, Universitat Frankfurt, 
1996. 

[3] a) M. Kurz. K. Gobel, C. Hartel. M .  W. Gobel, Angew. C/iem. 1997, 109, 873: ihid., b t .  Ed. Engl. 1997, 36, 
842; b) K. Schiitz, Ph.D. Thesis, Universitit Frankfurt, 1995; c) M .  Kurz, Ph.D. Thesis, Universitit Frank- 
furt, 3996. 

[4] Reviews: a) G. F. Joyce, in 'Cold Spring Harbor Symposia on Quantitative Biology'; Cold Spring Harbor 
Press, Cold Spring Harbor, NY. 1987, Vol. LII, pp. 41 : b) A. Kanavarioti, Origins Life Evol. Biosphere 1994, 
24, 479: c) L. E. Orgel, Ace. Chem. Res. 1995, 28, 109. 

[5] a) G. von Kiedrowski. Angew. Chem. 1986,98.932; ihid., In!. Ed. Engl. 1986,25,932: b) G. von Kiedrowski, 
B. Wlotzka, J. Helbing, ihid. 1989, 101, 1259: ihid.. Int. Ed. Engl. 1989, 28, 1235: c) G. von Kiedrowski. 
B. Wlotzka, J. Helbing, M. Matzen, S. Jordan, Angetv. Chem. 1991, 103.456, 1066; ;bid., Int. E d  Engl. 1991, 
30, 423, 892; d) D. Sievers, G. von Kiedrowski, Nature (London) 1994, 369, 221; e) T. Li. K. C. Nicolaou, 
ihid. 1994, 369, 218; 0 B. G. Bag, G. von Kiedrowski, Pure Appl. Chem. 1996, 68, 2145. 

[6] a) A. Terfort, G. von Kiedrowski, Angew. Chem. 1992, 104, 626; ;hid., Inr. Ed. Engl. 1992, 31, 654; 
b) E. A. Wintner, B. Tsao, J. Rebek, Jr., J.  Org. Chem. 1995,60,7997; c) D. N. Reinhoudt. D. M .  Rudkevich, 
F. de Jong, J.  Am. Chem. Soc. 1996, 118, 6880; d)  R. Wick, P. Walde, P. L. Luisi. ihid. 1995, 117, 1435; 
e) K. Morigaki, S. Dallavalle, P. Walde, S. Colonna. P. L. Luisi, ihid. 1997, 119. 292; e)  D. H .  Lee, 
K. Severin, Y. Yokobayashi, M .  R. Ghadiri, Nature (London) 1997, 390, 591. 

[7] a) A. Kanavarioti, D. H. White, Origins Life Evol. Biosphere 1987, 17, 333; b) A. Kanavarioti, S. Chang, 
D. J. Alberas, J.  Mol. Evol. 1990, 31, 462: c) A. Kanavarioti. C. F. Bernasconi, D. J. Alberas, E. E. Baird, 
J.  Am. Chem. Soc. 1993, 115, 8537: d)  A. Kanavarioti, Origins Life Evol. Biosphere 1997. 27, 357. 

[8] Catalysis by metal ions: a) H. Sawai. K. Higa, K. Kuroda, J.  Chem. Soc.. Perkin Trans. 1 1992, 505; 
b) R .  Rohatgi, D. P. Bartel. J. W Szostak, J. Am. Chem. Soc. 1996, 118, 3332: c) R. Rohatgi, D. P. Bartel, 
J. W. Szostak, ihid. 1996, 118, 3340; by minerals: d)  G. Ertem, J. P. Ferris, Nature (London) 1996,379, 238: 
e) J. P. Ferris, A. R. Hill, R. H. Liu. L. E. Orgel, ihid. 1996.381. 59; f, P. Z. Ding. K. Kawamura, J. P. Ferris, 



HELVETICA CHIMICA ACTA - Vol. 81 (1998) 1179 

Origins LI/i. E i d .  Biczyphere 1996. 26. 151 ; g) G. Ertem, J. P. Ferris, J. Am. Chem. Soc. 1997. 119, 7197; by 
peptides h) €3. Barbier, J. Visscher. A. W. Schwartz, J.  Mol. Evol. 1993.37, 554; by ribozymes: i )  E. H. Ekland, 
J. W. Szostak, D. P. Bartel, Science 1995, 269. 364; j) E. H. Ekland, D. P. Bartel. Ntiture (London) 1996,382, 
373: erratum: ibid 1996, 383, 129; k) A. J. Hager, J. D. Pollard, J. W. Szostak, C h i .  Bid.  19%. 3, 717; 
I) J. Burmeister, G. von Kiedrowski. A. D. Ellington. Angew. Chem. 1997,109,1379; ihid., h i t .  Ed. Engl. 1997. 
36. 1321 ; M. C.  Wright. G. F. Joyce, Scicwe 1997, 276, 614. 

191 a) S. Pitsch. R. Krishnamurthy, M. Bolli. S. Wendeborn, A. Holzner, M. Minton, C.  Lesueur, 1 .  Schlonvogt, 
B. Jaun. A. Eschenmoser. Helv. Chim. Actu 1995. 78. 1621; b) M. Bolli. R. Micura, S. Pitsch, 
A. Eschenmoser, ibicl. 1997, 80, 1901. 

[lo] M. Bolli. R. Micura. A. Eschenmoser, Chem. Biol. 1997. 4, 309. 
[ I  I] i i )  L. E. Orgel, R. Lohrmann, Acc. Chem. Res. 1974, 368; b) R. Lohrmann, L. E. Orgel, J. Mol. E d .  1979. 

12. 237: c)  H. L. Sleeper, R. Lohrmann, L. E. Orgel, ;hid 1979, 13. 203. 
[I?] H. Rembold, L. E. Orgel, J.  Mid. E i d .  1994, 38, 205. 
1131 H. Rembold. R. K. Robins. F. Seela, L. E. Orgel. J.  Mol. Evol. 1994, 38, 21 1.  
1141 a)T. Wu, L. E. Orgel, J.  Am. Chem. Soc. 1992, 114, 317; b)T. Wu, L. E. Orgel, ibid. 1992, 114,5496;c)T. Wu, 

L. E. Orgel, ihid. 1992. 114, 7963; d)  A. R. Hill, Jr.. L. E. Orgel, T. Wu. Origins Life Elso/. Biosphere 1993, 23, 
285. 

1151 K. Schutz. M. Kurz. M. W. Gobel, Tetrahetiron Lett. 1995, 8407. 
1161 C. Hartel, Ph.D. Thesis, in preparation. 
1171 a)  U. Asseline. N. T. Thuong, C. Helene. Nucleosides Nueleotides 1986, 5, 45; b) N. T. Thuong, 

M. Chassignol, Tftrahedrcm Lett. 1988. 29, 5905; c) N. T. Thuong, U. Asseline. in ‘Oligonucleotides and 
Analogues’. Ed. F. Eckstein. IRL Press, Oxford. 1991. p. 283: d)  U. Asseline, E. Bontils, D. Dupret. 
N. T. Thuong, Bioconjugate Clwm. 1996, 7, 369. 

(181 a)  U. Moller, D. Cech. F. Schubert, Liebigs Ann. Chem. 1990, 1221: b) F. M. Orson, B. M. Kinsey, 
W. M. McShan. Nucleic Acidr Res. 1994, 22, 479; c) K. Fukui, K. Iwane. T. Shimidzu, K. Tanaka, 7i.trcrhe- 
t b o n  Lett. 1996, 4983; d) K. Fukui, M. Morimoto. H. Segawa. K. Tanaka, and T. Shimidzu, Bioconjugate 
Chem. 1996, 7, 349. 

1191 a)G.  C. Silver. J. S. Sun. C. H. Nguyen. A. S. Boutorine, E. Bisagni, C. Helene, J. Am. Cheni. Soc. 1997, 119, 
263; b) A. Garbesi. S. Bonazzi, S. Zanella. M. L. Capobianco, G. Gianni, F. Arcamone. Nucleic Acids Res. 
1997, 25. 2121; c) Y. Z .  Kan, B. Armitage, G. B. Schuster, Biochemistry 1997, 36, 1461 ; d )  E. N. Timofeev. 
1. P. Smirnov, L. A. Haff, E. I. Tishchenko, A. D. Mirzabekov, V. L. Florentiev, Tetrohe(/roii L i t .  1996, 
8467: reviews: e)  S. L. Beaucage, R. P. Iyer. Tetrahedron 1993, 49, 1925; f) N. T. Thuong. C.  Helene, Angen. 
Cliem. 1993, 105, 697, ihid.. h i t .  Ed. Engl. 1993, 32, 666. 

[20] A. Campbell, C.  S. Franklin. E. N. Morgan, D. J. Tivey, J.  Chum. Soc. 1958, 1145. 
[21] A. Albert, ‘The Acridines’, 2nd edn., Arnold, London, 1966. 
1221 a) G. Quinkert, U.-M. Billhardt, H. Jakob, G. Fischer, J. Glenneberg, P. Nagler, V. Autze. N. Heim, 

M. Wacker. T. Schwalbe, Y Kurth. J. W. Bats, G. Diirner, G. Zimmermann, H. Kessler. Huh. Chim. Actu 
1987, 70, 771; b) A. Butenandt, E. Hecker, M. Hopp, W. Koch, Liebig.$ Ann. Chem. 1962, 658, 39: 
c) E. Logemann, K .  RiOler, G. Schill, H. Fritz, Chem. Ber. 1981, 114. 2255. 

1231 a) A. D. Barone, J.-Y Tang, M. H. Caruthers, Nucleic Acids Res. 1984, 12. 4051 ; b) N. D. Sinha, J. Biernat, 
J. McManus, H. Koster. ihid. 1984, 12, 4539; c) S. L. Beaucage. in ’Protocols for Oligonucleotides and 
Analogs’, Ed. S. Agrawal, Humana Press, New Jersey, 1993. 

(241 a) K. v. Jan, Ph.D. Thesis, Stuttgart. 1987; b) A. Becker, Ph.D. Thesis. Stuttgart, 1993. 
[25] a) B. C.  Froehler, M. D. Matteucci, Tetrahedron b i t .  1986, 469; b) P. J. Garegg, I .  Lingh. T. Regberg. 

J. Stawinski, R. Stromberg. ibid. 1986, 4051 ; c) B. C.  Froehler, G. P. Ng, M. D. Matteucci, Nucleis Acids 
Res. 1986, 14, 5399; d)  A. Andrus, J. W. Efcavitch, L. J. McBride, B. Giusti, Tetruhedron Lett. 1988, 861 ; 
e) B. C. Froehler in ‘Protocols for Oligonucleotides and Analogs’. Ed. S. Agrawal, Humana Press, New 
Jersey, 1993. 

(261 a) C. B. Reese, Tetrahedron 1978,34.3143; b) S. S. Jones, B. Rayner, C.  B. Reese, A. Ubasawa, M. Ubasawa, 
ibid. 1980, 36, 3075; c) W. A. Denny, W. Leupin, D. R. Kearns, Heh. Chim. Acta 1982, 65, 2372. 

(271 a ) N .  Usrnan, K. K. Ogilvie, M.-Y. Jiang, R. J. Cedergren. J.  Am. Chem. Soc. 1987,109,7845; b) M. H. Lyttle, 
P. B. Wright, N. H. Sinha, J. D. Bain, A. R. Chambertin, J 0r.g. Chem. 1991, 56, 4608; c) T. L. Sheppard, 
A. T. Rosenblatt, R. Breslow, ibid. 1994, 59, 7243; d)  Applied Biosysterns User Bulletins 54 and 56. 

I281 a) T. Inoue, L. E. Orgel, J. Mol. Biol. 1982,162,201 ; b) F. Cramer, H. Schaller, H. A. Staab, Chem. Ber. 1961, 
94, 1612, 1621, 1634. 

I291 T. P. Prakash, C. Roberts, C .  Switzer, Angew. Chem. 1997, 109, 1523; ihid., Inr. Ed. Engl. 1997, 36, 1522. 



1180 

[30] K. J. Prabahar, J. P. Ferris, J.  Am. Chem. Soc. 1997, 119, 4330. 
[31] C. B. Chen, T. Inoue, L. E. Orgel, J.  Mol. Biol. 1985, 181, 271. 
[32] T. E. Cheatham, 111, P. A. Kollman, J.  Am. Chem. Soc. 1997, 119, 4805. 
[33] D. M. Gray, S.-H. Hung, K.  H. Johnson, Methods Enzymol. 1995, 246, 19. 
[34] a) S. Arnott, R. Chandrasekaran, C. M. Marttila, J. Biochem. 1974, 141, 537;  b) S. B. Zimmerman, 

[35] a) F. B. Howard, J. Frazier, H. T. Miles, Biopoiymers 1977, 16, 791 ; b) H. T. Miles, J. Frazier, J.  Am. Chem. 

[36] a) J. T. Davis, S. K. Tirumala, A. L. Marlow, J.  Am. Chem. Soc. 1997, f19, 5271; b) S. K. Tirumala, 

[37] P. Balagurumoorthy, S. K. Brahmachari. D. Mohanty, M. Bansal, V. Sasisekharan, Nucleic Acids Res. 1992, 

[38] A. Eschenmoser, M. V. Kisakiirek, Helv. Chim. Arra 1996, 79, 1249. 
[39] a) G. F. Joyce, G. M. Visser, C. A. A. van Boeckel, J. H. van Boom, L. E. Orgel, J. van Westrenen, Narure 

[40] G.  F. Joyce, T. Inoue. L. E. Orgel, J.  Mol. Biol. 1984, 176, 279. 
[41] R. T. Pon, in ‘Protocols for Oligonucleotides and Analogs’, Ed. S. Agrawal, Humana Press, New Jersey, 

1993. 
[42] a) M. J. Gait, Oligonucleotide synthesis (a practical approach), IRL-Press, Oxford, 1984; b) H. Schaller, 

G. Weinmann, B. Lerch, H. G. Khorana, J.  Am. Chem. SOC. 1963,85, 3821; c) C. Bleasdale, S. B. Ellwood, 
B. T. Golding, J.  Chem. Soc.. Perkin Trans. 1 1990, 803; d) S. A. Narang, R. Brousseau, H. M. Hsiung, 
J. J. Michniewicsz, Merhods Enzymol. 1980, 65. 610. 

HELVETICA CHIMICA ACTA - Vol. 81 (1998) 

G. H. Cohen, D. R.  Davies. J.  Mol. Biol. 1975, 92, 181. 

Soc. 1978, 100, 8037. 

J. T. Davis, ibid. 1997, 1 19, 2769. 

20,4061; M. Lu, Q. Guo, N. R. Kallenbach, Biochemisrry 1993, 32. 598. 

(London) 1984, 310, 602; b) J. G. Schmidt, P. E. Nielsen, L. E. Orgel, J.  Am. Chem. Soc. 1997, 119, 1494. 

[43] P. Wright, D. Lloyd, W Rapp, A. Andrus, Terrahedron Lert. 1993, 34, 3373. 
[44] a) J. Zemlicka, A. Holy. Collecr. Czech. Chem. Commun. 1967, 32, 3159; b) H. Vu, C. McCollum, 

K. Jacobson, P. Theisen, R. Vinayak, E. Spiess, A. Andrus, Tetrahedron Lerr. 1990, 7260; c) P.-P. Kung, 
R. A. Jones, ibid. 1992, 5869. 

[45] L. Arnold, Z. Tocik, E. Bradkova, U. Hostomsky, V. Paces, J. Smrt. Collect. Czech. Chem. Commun. 1989, 
54, 523. 

[46] H. Takaku, S. Yamakage. 0. Sakatsume, Chem. Lett. 1988, 1675. 
[47] J. E. Marugg, M. Tromp, E. Kuyl-Yeheskiely, G. A. van der Marel, J. H. van Boom, Tetrahedron Letr. 1986, 

2661. 

Received February 2, 1998 




