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Abstract: Methyladenine and adeniféphosphoryl derivatives of adenosinerBonophosphate (AMP) and uridine
5'-monophosphate (8JMP) are synthesized, and their structures are elucidated. The oligomerization reactions of
the adenine derivatives of-phosphoramidates of adenosine on montmorillonite are investigated. 1-Methyladenine
and 3-methyladenine derivatives on montmorillonite yielded oligoadenylates as long as undecamer, and the
2-methyladenine and adenine derivatives on montmorillonite yielded oligomers up to hexamers and pentamers,
respectively. The 1-methyladenine derivative yielded linear, cyclic, atypA-derived oligonucleotides with a
regioselectivity for the 35-phosphodiester linkages averaging 84%. The effectkaf gnd amine structure of
phosphate-activating groups on the montmorillonite-catalyzed oligomerization dfphe&phoramidate of adenosine

are discussed. The binding and reaction of methyladenine and adéipinesphoryl derivatives of adenosine are
described.

Introduction gomers containing up to 12-mers were produced in which the
regioselectivity for 35'-phosphodiester bond formation aver-
aged 88%. It was concluded from the study that heterocyclic
bases which have 4-aminopyridine type structural units may
have been utilized as phosphate-activating groups for the
condensation of mononucleotides on the primitive eargince

Spurines and pyrimidine derivatives have structural units similar

to 4-aminopyridine and they were essential for the prebiotic

synthesis of RNA monomers, purines and pyrimidines were
investigated as phosphate-activating groups for the condensation
of adenosine 'smonophosphate on montmorillonite.

The observation that RNA can function as an enzyme and
store genetic information revealed that RNA or RNA-like
molecules may have played a central role in the first primitive
life on earth!2 This scenario implies that organic precursors
for the RNA-like monomers formed spontaneously and then
underwent self-condensation reaction on the minerals catalyst
to yield short oligonucleotides. The short oligomers could have
been elongated on the mineral surface by reaction with RNA
monomers.

Studies from our laboratory demonstrated that the condensa-
tion of 5-phosphoroimidazolides of nucleosides on montmo-
rillonite in aqueous solution yields oligonucleotides as long as
undecamef® The heterogeneous RNA oligomers formed by General. 'H NMR spectra were recorded on Varian XL-200 and
mineral catalysis could have served as templates for the Varian Unity 500 instruments, artdC NMR spectra were recorded on
formation of their complementary oligome¥s. Varian Unl.ty 500 instrument operating (_:1t 125 MHZ. NMR spectra

The condensation of mononucleotides on montmorillonite and V<" obtained as DMSO andz0 solutions using the following

. . . references: tetramethylsilane (TMS) and 3-(trimethylsilyl)-1-propane-
the template-directed synthesis of complementary oligonucle- ¢ ;¢ nic acid (Tsp) forH NMR and DMSO# solvent peaks foFC

otides are successful when the phosphate group of the mono R, The chemical shifts are reported in ppm. UV spectra are
nucleotide is activated by imidazole or substituted imidazoles; recorded on Varian Cary 219 spectrophotometer. High-resolution mass
nucleoside di- and triphosphates react slowly and undergo spectra (FAB; matrix of dithiothreitol and dithioerythritol) were obtained
hydrolysis® The effect of structure of the amine phosphate- at the School of Chemical Sciences, University of lllinois, Urbana, IL.
activating group on the oligomerization of adenosife 5 The Gs Bondapak reverse phase gel 100 A (mesh-26um) was
monophosphate on montmorillonite showed that 4-aminopyri- Purchased from Waters for the use in the preparative reverse phase
dine derivatives are the most effective phosphate-activating column. The Dowex 50 W-X8 cation exchange resin (mesh2(j

roups for oligoadenvlate formation on montmorillonite. Oli- Was purchased from Bio-rad laboratories and activated by the Cooper
group 9 y proceduré?® Adenosine 5monophosphate (BAMP), uridine B3-

Experimental Section

® Abstract published idvance ACS Abstractdjay 1, 1997. monophosphate (8JMP), 1-methyladenine, 2-methyladenine hemisul-
(1) Been, M. D.; Cech, T. RSciencel98§ 239, 1412-1416. fate, adenine hemisulfate, 3-methyladenine, 1-ethyl-3-((dimethylamino)-
Cegfig%‘?g};%lgﬁ%%@ C.; Gardiner, K.; Marsh, T.; Pace, N.; Altman, S. propy)carbodiimide (EDAC), ribonuclease (RNase ), and bacterial
(3) Ferris, 3. P.; Hill, A. R., Jr.; Liu, R.; Orgel, L. Bature 1996 38, alkaline phosphatase (APH) were obtained from Sigma:-Qi@yridyl
50-61. disulfide, triphenylphosphine, and 4-(dimethylamino)pyridine were
(4) Ferris, J. P.; Ertem, GBciencel992 257, 1387-1389. obtained from Aldrich. DMF and DMSO were purchased from Fisher,
(5) Ferris, J. P.; Ertem, G. Am. Chem. S0d993 115, 12270-12275. and ether, acetone, and triethylamine were obtained from Mallinckrodt.
(6) Ding, Z. P.; Kawamura, K.; Ferris, J. ®rigins Life Evol. Biosphere
1996 26, 151-171. (9) Prabahar, K. J.; Cole, T. D.; Ferris, J. P.Am. Chem. S0od.994
(7) Ertem, G.; Ferris, J. Mature 1996 379 238-240. 116 10914-10920.
(8) Wieman, B. J.; Lohrmann, R.; Orgel, L. E.; Schneider-Bernloehr, (10) Cooper, T. GThe Tools of Biochemistrylohn Wiley and Sons:
H.; Sulston, J. ESciencel968 161, 387. New York, 1977.
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Volclay SPV-200 was a gift from the American Colloid Co., Arlington
Heights, IL. The homoionic volclay montmorillonite was prepared by
titration method!
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n-propanol, concentrated ammonia, and water (22:4:14 mL), and the
products were identified by cochromatography with the authentic
samples.

HPLC analyses were performed on a Waters HPLC system equipped Adenosine 5-Phosphoro-1-methyladeninium (1-CHadenpA) (4a).

with Lamda-Max model 481 UV detector, oueBondapak Gg reverse
phase column using a gradient of 0.005 M NBBy in 5% methanol

at pH 3.5 mixed with 0.01 M Na#PO, (40% methanol) at pH 4.0 and
on a HEMA-IEC BIO Q anion exchange column from Alltech using a
gradient of 6-0.4 M NaClQ, at pH 8 with 2 mM Tris buffer. No Tris

Compound4a was obtained as a colorless solid (0.130 g, 81.6%) and
was shown to be 96% pure by HPLC on a reverse phase column. It
showed poor solubility in water and gave a clear solution only if the
concentration was<0.005 M. *H NMR (DMSO-ds): 6 3.75 (s, 3H),
3.82 (m, 2H), 3.99 (m, 1H), 4.07 (m, 1H), 4.59 (m, 1H), 5.24 (bs,

was used when samples were collected for further analysis, and the-OH), 5.47 (bs, -OH), 5.87 (d, 1H), 7.29 (s, -NH8.12 (s, 1H), 8.32

column was eluted in an isocratic mode using a buffer A (98%) and
buffer B (2%) mixture for 6 min followed by a regular gradient elution
mode.

General Procedure for the Preparation of Activated Nucleotides
(4a, 5a)*? A mixture of 3-NMP-H,0 (free acid) (0.33 mmol) and
1-methyladenine (0.049, 0.33 mmol) was dissolved in water (2 mL),
and the pH of the solution was adjusted to 5. 1-Ethyl-3-(3-(dimethy-
lamino)propyl)carbodiimide hydrochloride [EDAC] (0.191 g, 1 mmol)
was added to this reaction mixture with stirring. Two additional
portions of EDAC (2x 0.0636 g, 2x 0.33 mmol) were added at 1 h

(s, 1H), 8.40 (s, 1H), 8.54 (s, 1H)**C NMR (DMSO<s): ¢ 37.6,
65.9, 70.8, 73.7, 83.7, 86.9, 118.9, 120.1, 139.6, 146.9, 147.0, 148.6,
149.7, 150.7, 152.8, 156.1. High-resolution MS (positive ion FAB)
calcd for GeHz0N1006P [MH] 479.3711, found 479.1300.

Adenosine 3-Phosphoro-2-methyladenine (2-ChHadenpA) (4b).
Compound4b was obtained as a colorless solid (0.200 g, 79.8%) and
was shown to be 94% pure by HPLC on a reverse phase coldkhn.
NMR (DMSO-dg): 6 2.32 (s, 3H), 3.78 (m, 2H), 3.89 (m, 1H), 3.96
(m, 1H), 4.52 (m, 1H), 5.26 (bs, -OH), 5.45 (bs, -OH), 5.84 (d, 1H),
7.28 (s, -NH), 8.09 (s, 1H), 8.14 (s, 1H), 8.32 (s, 1H}3C NMR

intervals, and the reaction was allowed to proceed for 4 h. During the (DMSO-de): 6 25.4, 65.0, 70.8, 73.5, 83.5, 87.0, 109.3, 119.4, 139.4,

reaction, the EDAC was hydrolyzed to the corresponding urea which

147.5, 149.7, 152.6, 152.8, 156.2, 160.9, 161.6. High-resolution MS

was separated from the activated nucleotide by passing the reaction(positive ion FAB) calcd for @Hi9N1¢OsPNa [MH] 501.3529, found

mixture through a DOWEX 50 W-X8 cation exchange column and
elution with water (150 mL). The collected eluate was lyophilized to
yield a colorless solid.

General Procedure for the Preparation of Activated Nucleotides
(4b—d, 5b—d).*® A mixture of 3-NMP-H,O (free acid, 0.5 mmol)
and heterocyclic basg (0.5 mmol) was dissolved in DMF (10 mL)
and DMSO (5 mL) in a 50 mL flask, and the solvents were evaporated
to 2 mL at a reduced pressure to remow©OH The evaporation was
repeated twice with DMF (% 10 mL). The residue was dissolved in
DMF (10 mL) and cooled to—15 °C in an ice-salt mixture.
Triethylamine (2 mL) was added to the reaction mixture with stirring
followed by a solution of 2,2dipyridyl disulfide (0.333 g, 1.5 mmol)
and triphenylphosphine (0.393 g, 1.5 mmol) in DMF (5 mL). The
stirring was continued for 4 h, and the resulting clear yellow reaction
mixture was added dropwise & 1 L flask containing a cold solution
of anhydrous sodium perchlorate (1 g) in a mixture of ether (100 mL),
acetone (90 mL), and triethylamine (8 mL) with stirring under argon

501.1122.

Adenosine 5-Phosphoroadenilide (AdenpA) (4c). Compound4c
was purified by a fractional precipitation method. The colorless solid
obtained from the synthesis was dissolved in cold DMF (5 mL), and
the solution was centrifuged. The DMF soluble portion was repre-
cipitated as the sodium salt at-6 °C using cold acetone solution of
sodium perchlorate. The solid was allowed to settle for 15 min, the
supernatant was decanted, the remaining portion was centrifuged, and
the supernatant was removed. The resulting colorless pellet was washed
twice with acetone, centrifuged, and dried under vacuum. The dried
sample was passed through a preparative reverse phase column and
eluted with water (100 mL) followed by 15% acetonitrileater (3x
150 mL). The fractions which containeit were lyophilized to yield
the colorless solid (0.175 g, 72.0%). The compound was shown to be
94% pure by HPLC on an anion exchange colurid.NMR (DMSO-
de): 6 3.32 (m, 2H), 3.65 (m, 1H), 4.00 (m, 1H), 4.54 (m, 1H), 5.33
(bs, -OH), 5.50 (bs, -OH), 5.86 (d, 1H), 7.28 (s, -NHB.09 (s, 1H),

atmosphere. The stirring was continued for 1 h, and a colorless 8:11 (s, 1H), 8.19 (s, 1H), 8.31 (s, 1H}3C NMR (DMSO-g): ¢
flocculant solid separated. The stirring was stopped, the solid was 63.0, 70.8, 73.5, 83.5, 87.0, 111.1, 119.1, 139.4, 147.8, 149.7, 152.9,
allowed to settle for 15 min, the supernatant was drained, and the 153.0, 156.2, 160.7, 162.5. High-resolution MS (positive ion FAB)

remaining portion was centrifuged. The resulting colorless pellet was
washed twice with 50% acetonether mixture, centrifuged, and dried
under vacuum.

General Procedure for the Purification of Activated Nucleotides
(4,5). The activated nucleotided and 5 were purified using a
preparative reverse phase column (83@B00 mm). The column was
eluted with water and then a watescetonitrile mixture. The pH of
the eluents was adjusted te-8 with a trace amount of triethylamine;
10 uL of triethylamine is sufficient for 1000 mL of water (excess
triethylamine leads to the formation of triethylammonium salts of the
activated nucleotides). The chromatography was performed’@t 4
and the column was eluted under 50 psi of argon pressure with the
flow rate of 710 mL/min. Fractions (100 mL) were collected and

calcd for GsHi17N100sPNa [MH] 487.3261, found 487.1321.

Adenosine 5-Phosphoro-3-methyladeninium (3-CHadenpA) (4d).
Compound4d was obtained as a colorless solid (0.189 g, 79.0%) and
was shown to be 75% pure by HPLC on a reverse phase column.
Compound4d hydrolyzed during the purification process using the
preparative reverse phase chromatography so was not purified further.
H NMR (DMSO-dg): 6 3.80 (s, 3H), 3.85 (m, 2H), 4.00 (m, 1H),
4.25 (m, 1H), 4.50 (m, 1H), 5.80 (d, 1H), 7.32 (s, -NHB.08 (s, 1H),
8.17 (s, 1H), 8.45 (s, 1H), 8.58 (s, 1H).

Uridine 5'-Phosphoro-1-methyladeninium (1-CHadenpU) (5a).
Compoundba was obtained as a colorless solid (0.120 g, 79.1%) and
was shown to be 97% pure by HPLC on a reverse phase coldkhn.
NMR (DMSO-dg): 6 3.66 (s, 3H), 3.81 (m, 2H), 3.87 (m, 1H), 3.93

analyzed by reverse phase HPLC. The fractions which contained the(m, 1H), 4.04 (m, 1H), 5.25 (bs, -OH), 5.47 (bs, -OH), 5.69 (d, 1H),

activated nucleotides were pooled and lyophilized to yield the sodium
salts of the activated nucleotides as colorless solids.

General Procedure for the Analysis of Activated Nucleotides
(4—7) by Thin-Layer Chromatography (TLC). *# Thin-layer chro-

5.75 (d, 1H), 7.78 (d, 1H), 8.14 (s, 1H), 8.33 (s, 1HFC NMR
(DMSO-dg): ¢ 37.5, 65.7, 70.4, 73.2, 83.3, 87.5, 102.2, 120.4, 140.9,
146.7, 147.1, 148.4, 150.8, 151.0, 163.2. WW.ax (0.01 M HEPES,

pH 7): 257 nm. High-resolution MS (positive ion FAB) calcd for

matography was carried out on the precoated 0.25 mm silica gel pIatesClSH19N7OBP [MH] 456.3309, found 456.1039.
by ascending technique. The solvent system was prepared from Uridine 5'-Phosphoro-2-methyladenine (2-ChadenpU) (5b).

(11) Banin, A,; Lawless, J. G.; Mazzurco, J.; Church, F. M.; Margulies,
L.; Orenberg, J. BOrigins Life Evol. Biospherel985 15, 89.

(12) Ivanovskaya, M. G.; Gottikh, M. B.; Sabarova, Z. Rucleosides
Nucleotidesl1987, 6, 913-934.

(13) Mukaiyama, T.; Hashimoto, MBull. Chem. Soc. Jpril971, 44,
2284.

(14) Verlander, M. S.; Lohrmann, R.; Orgel, L. &. Mol. Evol. 1973
2, 303-316.

Compoundsb was obtained as a colorless solid (0.185 g, 77.4%) and
was shown to be 95% pure by HPLC on a reverse phase coldhhn.
NMR (DMSO-dg): 6 2.34 (s, 3H), 3.58 (m, 2H), 3.78 (m, 1H), 3.84
(m, 1H), 3.96 (m, 1H), 5.19 (bs, -OH), 5.39 (bs, -OH), 5.61 (d, 1H),
5.75 (d, 1H), 7.61 (d, 1H), 8.13 (s, 1H}C NMR (DMSO-d): ¢

25.4, 65.0, 70.4, 73.3, 83.3, 87.2, 102.2, 109.2, 140.2, 147.5, 150.9,
152.6, 160.9, 161.6, 163.2. High-resolution MS (positive ion FAB)
calcd for GsH1gN,OgPNa 478.3127, found 478.0855.
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Uridine 5'-Phosphoroadenine (AdenpU) (5¢).Compoundbcwas

Prabahar and Ferris

fractions (60QuL) from the reaction of 1-CkhdenpA 4a) require the

obtained as a colorless solid (0.165 g, 71.1%) and was shown to beuse of 1.5 units of enzyme at 3T for 5 h and 0.6 unit of enzyme at

94% pure by HPLC on a reverse phase columH. NMR (DMSO-
dg): 0 3.63 (m, 1H), 3.80 (m, 1H), 3.85 (m, 1H), 3.96 (m, 1H), 5.27
(bs, -OH), 5.48 (bs, -OH), 5.57 (d, 1H), 5.76 (d, 1H), 7.56 (d, 1H),
8.14 (s, 1H), 8. 22 (s, 1H)13C NMR (DMSO-dg): 6 65.0, 70.4, 73.3,

37 °C for 4 h for the tetramer fraction (600L). The RNase T
hydrolysates (60Q:L) were adjusted to pH 8 and then treated with
APH (0.33 unit) at 37C for 4 h. The RNase ghydrolysis of dimer
fraction (600uL) from the reaction of 2-CkhdenpA #b) was carried

83.2,87.2,102.2, 111.1, 140.2, 147.7, 150.9, 152.9, 153.0, 160.8, 163.3out with 0.6 unit of RNase Jat 37°C for 4 h and the trimer fraction

High-resolution MS (positive ion FAB) calcd for 1¢H:6N7OsPNa

(600 uL) with 1.0 unit of RNase Tat 37°C for 5 h. The RNase i

464.2859, found 464.0699. hydrolysates (60Q:L) were adjusted to pH 8 and then treated with
Uridine 5'-Phosphoro-3-methyladeninium (3-CHadenpU) (5d). APH (0.33 unit) at 37C for 4 h. The RNase ghydrolysis of dimer
Compoundbd was obtained as a colorless solid (0.177 g, 77.8%) and fraction from the reaction of AdenpA4€) was carried out with an
was shown to be 74% pure by HPLC on a reverse phase column. aliquot amount of dimer fraction (6Q@L) and RNase T (0.6 unit) at
Compound5d hydrolyzed during the purification process using the 37 °C for 3 h. The RNase sJhydrolysis of the corresponding trimer
preparative reverse phase chromatography and as a result was nofraction was carried out with an aliquot of trimer fraction (60D)
purified further. *H NMR (DMSO-ds): ¢ 3.80 (s, 3H), 3.83 (m, 2H), and RNase 7(1.0 unit) at 37°C for 5 h. The RNase jhydrolysates
4.05 (m, 1H), 4.28 (m, 1H), 4.50 (m, 1H), 5.20 (bs, -OH), 5.45 (bs, (600uL) were adjusted to pH 8 and then treated with APH (0.33 unit)
-OH), 5.67 (d, 1H), 5.75 (d, 1H), 7.54 (d, 1H), 8.53 (s, 1H), 8.66 (s, at 37°C for 4 h.
1H). General Procedure for Determining the Binding Reaction of
General Procedure for the Clay-Mediated Oligomerization 1-CHzadenpA (4a), 2-CHadenpA (4b), ImpA (6), and 4-(CHs),NpypA
Reaction of Activated Nucleotides. A stock solution (2.5 mL) of  (7) on Na" Montmorillonite. A solution of activated nucleotide (2
activated nucleotide (0.015 M) was prepared from the sodium chloride mL, 0.0025 M) was prepared in 0.2 M NaCl, 0.075 M MgGind 0.1
(0.2 M)/magnesium chloride (0.075 M) electrolyte solution (pH 8). This M HEPES buffer solution (pH 8) at2C. One milliliter of this solution
solution (1 mL) was added to Nanontmorillonite (50 mg), the reaction  was added to Namontmorillonite (50 mg), and the reaction mixture
mixture was vortexed for 30 s, the pH was again adjusted to 8, and the was vortexed for 30 s. The reaction mixture was centrifuged at regular

mi>_(ture was kept at room temperature for 7 days. A control reaction intervals and an aliquot (16L) was analyzed by HPLC on the anion
which did not contain montmorillonite was allowed to stand under the exchange HPLC, and the extent of binding and oligomer formation

same conditions. The reaction with montmorillonite was centrifuged, \was determined from peak areas.

and the supernatant was removed from the clay and filtered through a  Effect of Concentration on the Oligomerization of 1-CHadenpA

0.45 mm pore filter. Ammonium acetate (0.1 M, 1 mL) was added to (4a), ImpA (6), and 4-(CHs):NpypA (7) on Na* Montmorillonite.

the montmorillonite, vortexed, and allowed to stand for 24 h. The ggutions of various concentrations (0.25, 0.5, 1.0, 2.5, 5.0, and 10.0

ammonium acetate clay mixture was centrifuged, and the supernatanty\y of activated nucleotide (2 mL) were prepared using sodium

was removed. The supernatant was filtered and combined with the ¢poride (0.2 M), magnesium chloride (0.075 M), and HEPES (0.1 M)

first supernatant. _ o buffer solution (pH 8). Each solution (1 mL) was added to*Na
Effect of pH on the Oligomerization of 2-CHsadenpA (4b) on montmorillonite (50 mg). The reactions were performed as explained

Montmorillonite. - Solutions of compoundb (0.015 M, 3x 2.5 mL) in the general procedure for clay-mediated oligomerization of activated

were prepared in the buffer solutions A [MES (8-fnorpholino]- nucleotides. The reaction mixtures were analyzed by HPLC on the

ethanesulfonic acid) (0.1 M), NaCl (0.2 M), and Mg(®.075 M), pH anion exchange HPLC, and the plot of total yields of oligomers versus
6], B [HEPES (-[2-hydroxyethyl]piperazindN'-[2-ethanesulfonic acid) concentration is given in Figure 2.

(0.1 M), NaCl (0.2 M), and MgGl(0.075 M), pH 7], and C [HEPES
(0.1 M), NaCl (0.2 M), and MgGl(0.075 M), pH 8]. One milliliter

of each solution was added to Nenontmorillonite (50 mg), and the
reaction mixture was vortexed for 30 s. The reactions proceeded as |n initial studies of the effects of the phosphate-activating

described in the general procedure for the clay-mediated oligomerization group on the oligomerization AMP on montmorillonite, it

of activated nucleotides. The products were analyzed by anion was concluded that the nucleophilic displacement of amine-
exchange HPLC. activating group proceeds in a concerted prode$he reactivity

General Procedure for the Analysis of Oligomers Formed from fth . tivati lated with Ks and
the Reaction of Compounds 4ac on Na" Montmorillonite. The of thé amin€ as an activating group correfated wi an

reaction mixture (5@L) was separated using the anion exchange HPLC, With the extent of its stabilization by charge delocalization. In
and the monomer, dimer, trimer, and tetramer fractions were collected the course of this initial study it was shown that the 4-ami-
separately. The collected fractions (20D) were reinjected on the ~ nopyridines are more efficient phosphate-activating groups in
anion exchange HPLC to check the homogeneity of the collected the montmorillonite-catalyzed oligomerization of activated
samples. The monomer, dimer, and trimer fractions were analyzed by monomers of SAMP than is imidazolé. It appears unlikely
reverse phase HPLC and the presence i pAZpA, pA*pA?pA, that 4-aminopyridines or imidazoles were present in high
PA®pA3pA, and *pASpATpA were determined form their retention ~ CONcentrations on the primitive earth so alternative bases were
times and by coinjecting with the authentic samples. investigated. Since purines and pyrimidines are essential for
The proportion of oligomers containing a terminal phosphate group the prebiotic synthesis of RNA monomers and they contain the
was determined by the APH hydrolysis of the individual fractions. An - same or similar functionality present in imidazole and 4-ami-
aliquot (600uL) was treated with APH (0.33 units) at 3T for 4 h. nopyridine, they were investigated as possible activating groups
The reaction mixtures were analyzed by HPLC on the reverse phasefor RNA formation. Previous studies suggested that the most
and anion exchange columns. ) _ _ effective activating groups for use in the montmorillonite-
_ T_he percent 35’—phosphod|e_ster linkages form_ed in the oligomer- catalyzed synthesis of RNA oligomers haw,walues in the
ization reaction was determined by hydrolysis of the separated 6—9 range® so purines and pyrimidines with theskzvalues

oligomeric fractions with RNase,T They were also determined by . . . . .
hydrolyses with RNase;ffollowed by APH hydrolysis. The hydroly- were investigated first. These include 1-methyladeniri, (p

sates were analyzed by HPLC on the anion exchange and reverse phasb-2): 3-methyladenine  6.1), 3-methylcytosine . 7.4),"°
columns. The proportion of pyrophosphate-derived oligomers was 4-(dimethylamino)pyrimidine (Ka 6.35), 4-(methylamino)-

Results and Discussion

determined from the sequential hydrolysis by RNasarid APH and

analysis of products on the reverse phase HPLC. No oligomers

containing the AppA?pA structural unit were detected.

Analysis of Oligomers Formed from the Reactions of
1-CHsadenpA (4a), 2-CHadenpA (4b), and AdenpA (4c) on N&
Montmorillonite. The RNase T hydrolyses of dimer and trimer

pyrimidine (K, 6.12), and 4-aminopyrimidine K 5.71)16

(15) Hurst, D. T.An Introduction to Chemistry and Biochemistry of
Pyrimidines Purines and Pteridineslohn Wiley & Sons: New York, 1980;
pp 15-103.

(16) Albert, A.Synthetic Procedures in Nucleic Acid ChemisBgrbach,

W. W., Tipson, R. S., Eds.; Interscience: New York, 1973; pplé.
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Later studies were extended to 2-methyladenini, (p.1),
adenine (K4 4.12), and 8-methyladeniré.

Synthesis and Purification of Activated Nucleotides (4,5).
The activated nucleotide4a and 5a were synthesized by a
modified procedure of lvanovskay al. in which EDAC was
used as the condensing agent (Schemé& 1An excess of
1-methyladenine was avoided in the synthesedaénd 5a,
since the separation of activated nucleotidésgdnd5a) from
the partially soluble, unreacted 1-methyladenine is difficult.
Compoundgla and5awere separated from the urea derivative
formed by the hydrolysis of EDAC by passing the reaction
mixture through a NaDowex 50 cation exchange column and
washing the column with water. Compoudd showed poor
solubility in water and gave a clear solution when its concentra-
tion was <0.005 M. Compoundstb—d and 5b—d were
synthesized by using diphenylphosphine and dipyridyl disulfide
as condensing ageris.Since the free bases of 2-methyladenine
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The activated nucleotided and 5 were purified on a
preparative reverse phase column-atd0C. They were eluted
with water followed by a wateracetonitrile mixture. The
eluent pH was adjusted to® by adding a few microliters of
triethylamine to minimize the acid hydrolysis of the activated
nucleotide. The strong binding of adenine to the free silanol
groups of the reverse phase column caused special problems in
the purification of 4c. The peak for adenine tailed and
overlapped with that ofic so it was not possible to purifc
by reverse phase HPLE and addition of dimethylformamide
as a reverse phase modifier did not eliminate tailfhdt was
possible to remove the adenine frodt by its selective
precipitation by dissolution ofic in DMF, centrifugation to
remove the adenine, and then reprecipitatiodoby acetone
addition to the supernatant. This procedure was repeated twice
to obtain the purdc. Compoundgld and5d hydrolyzed during
the preparative reverse phase column chromatography, therefore
the oligomerization ofid was performed on sample which was
75% pure.

Structural Characterization of Activated Monomers
(4, 5). The structures ofla—d were determined by NMR and
high-resolution FAB mass spectrometry. The phosphorylation
of the adenines could have taken place at positions 9, 7, and
NS, but reverse phase HPLC and silica gel TLC indicated the
presence of only one phosphorylated adenine derivative. To
our knowledge, the phosphorylation of adenine derivatives has
not been reported in the literature. Initial NMR studieglatd
in DMSO and DO did not reveal the site of phosphorylation
because these compounds have two adenine rings, consequently
it was not possible to distinguish tAel and13C NMR peaks
of the adenine-activating group from the nucleobase adenine
moiety. Thus, the corresponding derivatives of uridirie 5
monophosphatesa—d) were synthesized, and tAe and!3C
NMR spectra were measured. Comparison of NMR chemical
shifts for the adenine protons and carbondén-d with those
of the carbons and hydrogens in the adenine-activating groups
in 5a—d made it possible to assign the NMR peaks of the
phosphorylated adenine of compourdds-d (Tables 1 and 2).

The isomers of acyladenines were identified from the dif-
ferences between the chemical shifts of H-2 and H-8 of adenine
protons A0).2° Attempted determination of the site of phos-
phorylation of the adenine ring by correlation of the difference
in chemical shifts of the H-8 and H-2 ring protons with those
of the acyladenines was not successful.

It was possible to establish the sites of the phosphorylation
of the adenines by comparison of tH€ NMR chemical shifts
of the phosphorylated adenine with that of the nonphosphory-
lated derivativeél?2 The peak upfield in5c (6 111.1) was

and adenine are insoluble in most organic and agueous solventsassigned to C-5 since the highaselectron density is predicted
the more soluble hemisulfate salts were used to synthesize thdgo be at that carbon. The other carbons have signals down field

compoundsgt b,cand5 b,c. Unsuccessful attempts were made
to synthesize thdl-phosphoryl-5derivatives of the other purine
derivatives 8-methyladenine ah§-(methylamino)purine. The
pyrimidine derivatives, 3-methylcytosine, 4-aminopyrimidine,
4-(methylamino)pyrimidine, and 4-(dimethylamino)pyrimidine
were used in attempts to synthesize their respedtiyEhos-
phoryl-5-derivatives but only diadenosing3-pyrophosphate
(A%ppA) was obtained as the product. TNephosphoryl-5
derivatives of pyrimidines may have formed in the reaction
mixture which then reacted rapidly with the nucleoside 5
monophosphate to yield %ppA.

(17) Singer, B.Progress in Nucleic Acid Research and Molecular
Biology, Cohn, W. E., Ed. Academic Press: New York, 1975; Vol. 15, pp
219-284.

ato 160.8, 153.0, 152.9, and 147.7, which are assigned to C-6,
C-2, C-4, and C-8 respectively. Phosphorylation resulted in
the shift of the C-5 signal upfield frord 120 to 111 and the
downfield shift of C-8 fromd 139 to 147 due to the presence
of 9-phosphoryl substitution. The C-6 resonance value was

(18) Twitchett, P. J.; Moffat, A. CJ. Chromatogr.1975 111, 149-
157.

(19) Ryba, M.Chromatographial982 15, 227-230.

(20) Ried, W.; Woithe, H.; Muller, AHelv. Chim. Actal989 72, 1597
1607.

(21) Chenon, M. T.; Pugmire, R. J.; Grant, D. M.; Panzica, R. P.;
Townsend, L. BJ. Am. Chem. Sod975 97, 4627-4642.

(22) Pugmire, R. J.; Grant, D. M. Am. Chem. Sod.971 93, 1880~
1887.

(23) Thorpe, M. C.; Coburn, W. C., Jr.; Montgomery, J. X .Magn.
Reson 1974 15, 98—112.
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Table 1. H NMR Chemical Shift Values for the Aglycon Protons of the Activated Nucleotides

Prabahar and Ferris

DMSO-ds DO
activating group nucleobase activating group nucleobase
H-2 H-8 AO H-2 H-8 H-2 H-8 AO H-2 H-8
Adenosines
4a 8.12 8.32 0.2 8.54 8.40 8.15 8.18 0.03 8.07 8.03
4b 8.14 8.32 8.09 8.22 7.97 7.93
4c 8.19 8.31 0.12 8.11 8.09 8.00 8.35 0.35 8.00 7.9
4d 8.45 8.58 0.13 8.17 8.08 8.30 8.44 0.14 8.08 8.06
Uridines
5a 8.14 8.33 0.19 7.7 5.69 8.30 8.37 0.07 7.54 5.8¢°
5b 8.13 7.6% 5.6 8.41 7.3 5.68
5c 8.14 8.22 0.08 7.56 5.57 8.24 8.48 0.24 7.35 5.7¢
5d 8.53 8.66 0.13 7.54 5.67 8.51 8.62 0.11 7.45 577
aH-4.PH-5.
Table 2. 13C NMR Chemical Shift Values for the Aglycon Carbons of the Activated Nucleotides
activating group nucleobase
C-2 C-4 C-5 C-6 C-8 -Chl C-2 C-4 C-5 C-6 C-8
Adenosines
4a 148.6 147.0 120.1 150.7 146.9 37.6 152.8 149.7 118.9 156.1 139.6
4b 156.2 152.6 109.3 160.9 147.5 25.4 152.8 149.7 119.4 161.6 139.4
4c 153.0 152.9 1111 160.7 147.8 156.2 149.7 119.1 162.5 139.4
Uridines
b5a 148.4 147.1 120.4 151.0 146.7 37.5 150.8 140.9 102.2 163.2
5b 160.9 152.6 109.2 161.6 147.5 25.4 150.9 140.2 102.2 163.2
5c 153.0 152.9 1111 160.8 147.7 150.9 140.2 102.2 163.3
unaffected from the parent adenine chemical shift value which e NH,
x

proved that the phosphoryl substitution did not occur at N-7 o </N ‘ N
and N® positions. Thus thé3C NMR spectral data confirms ~ y  n.p_g NN (CH)N__CI;_P,_O N N)
that compoundsbc and 4c are 9-phosphorylated adenine M4 o . =/ - o
derivatives. The same reasoning established that 2-methylad-
enine is also phosphorylated at the 9-positiordimand 5b.
The molecular weights determined by high-resolution FAB mass
spectroscopy are consistent with structutbsc and5b,c. 6 7
The conclusion that 1-methyladenine is phosphorylated at the
9-position to giveda and5a is consistent with the observation
that 1-methyladenine alkylated at the 9-posittbn.What
remained to be determined is whether the phosphorylated N
adenine exists in the 6-imin@) or the zwitterionic 6-amino 0=P-0— , B
form (4aand5a).2526 The zwitterionic structure was suggested
by the high-resolution mass spectradafand5ain which the
molecular ions do not indicate the presence of Maunterions.
The 13C NMR chemical shift for the carbons of the phospho-
rylated adenine are comparable to those reported for protonated
1,9-dimethyladenine in which the 1-amino group is protonated.

Proof of the zwitterionic structures for thea and 5a was

HO OH

Since 3-methyladenine is alkylated to 3,7-dimethyladefine,

it is assumed thatd and5d are 7-phosphoryl derivatives. These

. compounds are expected to have positive charges at the
obtamed(;‘rozn EVL‘SF;eCtr%l ggt‘?' OT gi ’\lev slp(i_ctraSfowa?j_ 3-position of the adenine rirg. It was not possible to purify
measured at pri 4, /, an n o. solutions of sodium compoundsAd and 5d because they were readily hydrolyzed

acetate, HEPES, and CAPS buffers, respectively, and a maxi-g, they could not be characterized B¢ NMR and FAB mass
mum was observed at 257 nm at each pH. This result is spectroscopy

consistent with reported 257 nm absorbance of protonated 1,9- Olicomerization of Activated Nucleotides 4ad in the
disubstituted adenine derivativ&s?® No absorption would be Presegnce of N& Montmorillonite. The oligomerization reac-
expected at 257 nm at pH 10 if it was not a zwitterion, since tions of activated nucleotidelsa—d were cagr’ried out in NaCt
simple adenines are not protonated at pH 10 and thus will not ; )

L . MgCl, electrolyte solution at pH 8 in the presence oftNa
exhibit absorption at 257 nm. o . .

montmorillonite. Control reactions were performed in the

absence of montmorillonite. Both the clay and control reactions
were analyzed by HPLC using an anion exchange HPLC column
(Figure 1)3° The yields of reaction products formed from the
reactiorda—d, 6, and7 are given in Table 3. Montmorillonite-
catalyzed reactions @fa and4d yielded oligomers containing

(24) Fujii, T.; ltaya, T.; Saito, T.; Mohri, K.; Kawanishi, M.; Nakasaka,
T. Chem. Pharm. Bull1989 37, 1504-1513 and references therein.

(25) Townsend, L. BSynth. Proc. Nucleic Acid Chert973 2, 319.

(26) Bartzsch, C.; Weiss, C.; Hofmann, HJ3JPrakt. Chem1984 326,
407—-414.

(27) Dreyfus, M.; Dodin, G.; Bensaude, O.; Dubois, JJEAmM. Chem.
Soc.1977, 99, 7027-7037.

(28) Ishida, T.; Shibata, M.; Fujii, K.; Inoue, MBiochemistry1983 22,
3571-3581.

(29) Yamakata, Y.; Tomita, KActa Crystallogr.1987 C43 1195-1197.
(30) Stribling, R.J. Chromatogr.1991, 538 474-479.
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Table 3. Percent of Oligomeric Products Formed from the Reactiondaefd, 6, and7 on Na" Montmorillonite

1 2 3 4 5 6 7 8 9 10 11
4a 32 30 17 11 4 2.2 1.1 0.6 0.3 0.13 0.03
4b 51 26 8 4 0.4 0.1 0.04
4c 58 32 7 1.8 0.1
4d 41 27 18 9 3 0.5 0.3 0.05 0.02 a a
6 33 24 18 11 4.5 2.3 1.0 0.6 0.3 0.1 0.03
7 26 23 18 15 7 4 15 1.0 0.6 0.4 0.06
@ Peak detected but not integrated.
Table 4. RNase T Hydrolyses of the Oligomers
dimer trimer tetramer
nucleotide 4a 4b 4c 4a 4b 4c 4a 4b 4c
A 25 18 18 20 14 16 21 c c
pPAZpA 10 15 24 a a a a c c
AZpA a a a 18 21 30 3 c c
Ap?Ap b b b b b b 9 c c
Ap 41 52 40 27 19 18 46 c C
pAp 23 16 18 33 47 38 16 c c
AppAp 1 b b 2 b b 3 c c
PApPpPApP a a a 1 b b 2 c c

aNot expected? Not found.© Not determined.

Table 5. RNase T} and APH Sequential Hydrolyses Products of

the Oligomers
dimer trimer tetramer

23
w 4
AppA 3 b b 3 b b 8 c c
A

nucleotide 4a 4b 4c 4a 4b 4c 4a 4b 4c
86 84 79 78 78 77 75 ¢ c
AZpA 11 16 22 19 22 23 17 c c

2 Not expected® Not found.© Not determined.

1

A260

phase HPLC showed that>fpA (5%) was a product along
with pA. Since the montmorillonite-catalyzed reactions6of
and7 yield cyclic oligomers it is expected that components of
the dimer, trimer, and tetramer fractions formed fréaywhich
are not cleaved by APH contain both cyclic antippA-derived
oligonucleotides.

up to 11 monomer units, while the control reactions, carried 1 n€ proportion of 35-phosphodiester linkages was deter-
out in the absence of montmorillonite, yielded dimers. The Mined by treating the oligomeric fractions with RNasg(Table
montmorillonite-catalyzed reaction @b and 4c yielded oli- 4) and subsequently treating the RNasehydrolysates with
gomers as long as heptamers and pentamers, respectively. Th&PH (Table 5). The hydrolysates were analyzed by HPLC on
1- and 3-methyladenine-activating groups4a and 4d have the anion exchange and reverse phase columqs. The amount
pKa values of 7.2 and 6.1, respectively, which are in the optimal ©f A°PpA formed by the sequential enzymatic hydrolyses
range for the formation of longer oligomers. 2-Methyladenine indicated the amount of %pA incorporated in each oligomeric
and adenine havela values of 5.1 and 4.1, respectivelyKp fractlong. From these resu!ts, the comp05|t[on of the oligomers
values which are below 6, the lowestpfor the formation of present in each of the fractions was determined, and the results
oligo(A)s as long as 10-mePs.This lower reactivity suggests ~ aré given in Table 6 along with the compositions of the
that the leaving group was not protonated by acidic sites on the 0ligomers formed in the reactions of compourédand 7.9
montmorillonite. Reducing the pH of the reaction solution from  The reaction oftaon montmorillonite yields oligomers which
8 to 7 and to 6 in an attempt to facilitate the protonation of the contain high percentages df3-phosphodiester linkages. The
adenine leaving group did not enhance the yield of the oligomers slower rate of elongation at &,2-phosphodiester bond was
from 4b. shown by the release of?dA on hydrolysis of oligomers with
Oligomer Structure and Regioselectivity of Phosphodiester RNase £.> Some cyclic oligonucleotides were shown to have
Bond Formation. The structures of the oligomers formed by a 2,5-phosphodiester bonds by the release $pAp on RNase
the montmorillonite-catalyzed reaction 4é—c were character- T, hydrolysis which in turn was hydrolyzed to?AA by APH.
ized by selective enzymatic hydrolysis. The monomer through  The 1-methyladenine-activating group4agave the longest
tetramer fractions fromda were collected from the anion  oligomers and greater percentage ‘g5'3phosphodiester bonds.
exchange HPLC. The proportion of oligomers having terminal |t js second only to 4-(dimethylamino)pyridine grouping7n
phosphate groups were determined by treating oligomeric in its efficiency in forming long RNA oligomers (Table 6). The
fractions individually with APH followed by HPLC analysis yijeld of cyclic oligomers reached a maximum of 32% in the
on anion exchange and reverse phase colithrEhe analysis  dimer fraction (actually cyclic trimers). The yield ofSApA-
of monomer fraction and its APH hydrolysate on the reverse contained oligomers increased in the order 3, 8, and 19% going
from the dimer, trimer, and tetramer fractions, respectively. The
increase with chain length reflects the greater rate of reaction

| Inject

Time (min)

Figure 1. Anion exchange HPLC of the reaction productsdafon
Na" montmorillonite

(31) Ferris, J. P.; Ertem, @rigins Life Evol. Biospherel993 23, 229—
241.
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Table 6. Composition of Oligomers Formed from the Reactions of
1-(CHs)adpA @a), 2-(CHs)adpA @b), AdpA (4c), ImpA (6), and

4-(CHs)2NpypA (7) 2e+1
product 4a 4b 4c 6 7°
Dimer Fraction o
pAZpA 45 28 33 52 23 O Y 1e+11
pAZpA 20 32 43 33 14 =
e o 32 40 24 13 63 T s
pASPASpA3 o,
AppA?pA 3 b b 3 b
Trimer Fraction
PAZpASA 37 37 43 28 23
pASpAZA 50 56 55 47 64
o o 5 5 2 b 8
PA®pAIpASpA3
1 b 1 b b 5
DATPATDAZDAT 0 25 . ' 50 75
ASppAZpAZpA 5 b b 15 b Time (min)
ASppA’pAZpA b b b 4 b Figure 3. Loss of4a (@) and7 (a) (0.0025 M) in the presence of
(AD)mAZPPA(PA), 3 b b 2 b Na* montmorillonite at pH 8 and 4C measured by HPLC peak area.
(m+n=2) Oligomers formed frondta (O) and7 (»). The oligomer yields are not
Tetramer Fraction corrected for hyperchromicity.
pA3pASpA3pA 50 c c 9 34
pASpA3AZpA 12 c c 22 4 2erl
(pA)sisomers b c c 37 b
o a Ag o Am 4 c c b 11
PAZpAZpAIpAIpA3
U 15 c c a 43
pAZpAZpAIpAZpA? le+l
A5'ppA(pA)3 11 c c 1 b 0 §
(Ap)mA®PPA(PA), 8 c c 32 b ~E
(m+n=3) TS 9e+0
aNot expected® Not found.© Not determined. =
100 4e+0
801 . O$—ﬁ—§ A— £ A—
-le+0 — v
- 0 25 50 75
&2
E 60 Time (min)
E Figure 4. Loss of4b (®) and6 (a) (0.0025 M) in the presence of
‘gn 40 1 Na" montmorillonite at pH 8 and 4C measured by HPLC peak area.
° Oligomers formed frondb (O) and6 (a). The oligomer yields are not
corrected for hyperchromicity.
20 1
Table 7. Oligomer Structural Data (% of' '-Phosphodiester
Bonds Formed on the Reactions of Activated Nucleotides)
0 T T T T T fraction 4a 4b 4c 6 7°
0.000 0.002 0.004 0.006 0.008 0.010 0.012 -
Concentration (M) dl.mer 88 82 n 68 94
. ) o trimer 76 73 73 72 7
Figure 2. Reactions ofla, 6(ImpA), and7 on Na" montmorillonite. tetramer a8 a a ~67 94

Total oligomers formed fron¥a (M), 6 (®), and 7 (a) at various - -

concentrations. The product yields are not corrected for hyperchro- ~ *Not determined.

micity. reaction of compound on montmorillonite than were observed
. ) ) . . from the reaction ofia (Figure 3). The rates of reaction 4b

activated nucleotides with %opA than with another activated  and6 on montmorillonite are much less than thoselafand?.

monom_eﬁz _ ) ~ They bind less strongly (30 and 45%, respectively), and no
The time courses of the reactions of different concentrations measurable amounts of oligomers were observed afte h

of compoundsda, 6, and7 on montmorillonite were studied  reaction time.

and pIOtS Of tOta| er|dS Of 0|IgomerS versus COﬂCGntl’ation are The average regioselectivity Of,g_phosphodiester bond

given in Figure 2. Higher yields of oligomers were obtained formation is highest witf¥ and4a at 88 and 84%, respectively

from compound? than from4a and®6. (Table 7). This suggests that leaving groups containing
Studies on the binding of compounds, 4b, 6, and7 were resonance stabilized positive charges are most effective in

performed on the montmorillonite clay at’€ (Figures 3and  forming 3,5-linked oligomers. The rates of reaction of ImpA

4). Most of compounda (85%) binds to montmorillonite ina  (g), 4b, and4c are slower, and the averageS3regioselectivity
15 min time period. This result is similar to the binding of s'in the 70% range.

Compound7 to montmorillonite where 95% binds in 15 min. The Compositions of the O"gomers formed frath and4c
The oligomerization reaction starts as soon as the compound isyere determined as described for the oligomers produced from
mixed with clay. More oligomers were formed from the 43and the results are given in Tables 5 and 6. NppA was

(32) Kawamura, K.; Ferris, J. B. Am. Chem. S0d.994 116, 7564 foun_d by the the Sequential RNase dnd APH h}’dm'ysates
7572. of dimer and trimer fractions ofb and4c confirming that no
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ASppA-derived oligomers were formed and the cyclic oligo-

J. Am. Chem. Soc., Vol. 119, No. 19, 198337

most effective activating groups contain a delocalized positive

nucleotides were the only APH unhydrolyzed products present charge. Thus, compounds and?7 are are more efficient than

in the dimer and trimer fractions. This finding differs from
that observed in the oligomers formed from compodadind

6 in which both cyclic and AppA-derived oligomers were
observed. The percent,8-phosphodiester linkages in the
products of4c is lower than in thedb reaction products, but
comparable that of ImpA&].

Conclusions

Good yields of oligomers are obtained in the condensation
reaction of 5AMP activated by methylated adenines on*Na
montmorillonite. In addition, greater than 80% of the phos-
phodiester bonds contain,3-linkages, a regioselectivity that
is markedly higher than the 67% observed with the imidazole
activating groug. The 1-methyladenine-activating group forms
up to 11-mers and has a efficiency for regioselectivity for
oligomer formation that is comparable to that of 4-(dimethy-
lamino)pyridine. Adenine derivatives whos& pvalues are
between 6 and 9, such as 1-methyladenink,(j@.2) and
3-methyladenine (§,6.1), yield longer oligomers than adenine
(pKa 4.1) and 2-methyladenine Kp 5.2) whose K, values are
<6. These results support our previous conclusion thatkhe p

ImpA (6), 4b, and4c in the regioselective formation of 3'-
phosphodiester linkages.

These studies show that purines which contain a 4-aminopy-
ridine type structural unit are efficient phosphate-activating
groups and these adenine derivatives could have served as the
phosphate-activating groups for the synthesis of RNA on the
primitive earth. Since adenine and other purines are required
for the prebiotic synthesis of RNA-like monomers, it is likely
that adenine or its derivatives would be present in sufficient
amounts on the primitive earth to also serve as phosphate-
activating groups. 1-Methyladenine is one the reaction products
of methylamine with adenirfé while the corresponding’'s
phosphoro-1-methyladeninium derivativi) could have been
formed by the reaction of 1-methyladenine with ATP.
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values of the amines used as a phosphate-activating groups

should be in the 69 range for the formation of long oligomets.
In addition, these studies confirm a previous conclusion that

(33) Levy, M.; Miller, S. L.Origins Life Evol. Biospherel 996 26, 349
350.
(34) Lohrmann, RJ. Mol. Evol. 1977, 10, 137-154.



