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INSTABILITY OF THE PHOSPHODIESTER-AMIDE INTERRIBONUCLEOTIDE
BOND IN NEUTRAL AQUEOUS SOLUTION'

J. Tomasz¥* and J. Ludwig

Institute of Biophysics, Biological Research Centre,
Hungarian Academy of Sciences, H-6701 Szeged, Hungary

Dedicated to the memory of Professor and Mrs. V. Bruckner

Abstract. Ap(NHp)dT was synthesized as a model compound
for a study of the stability of the phosphodiester-amide
interribonucleotide linkage in neutral aqueous solution,
by photolyzing APBNp(NH»)dT in anhydrous p-dioxane. Ap{(NHp)dT
proved to be unstable even under anhydrous conditions and
could not be isolated. It was rapidly decomposed in neutral
aqueous buffer solution, at 25°C, to give A>p, dT and ApdT.
Three unstable intermediates of this decomposition, A>pNHp,
ApNH, and A>pdT were detected by 3'P NMR. On the basis
of the structure of the products, a mechanism is proposed
for the decomposition.

INTRODUCTION

The phosphodiester-amide interribonucleotide bond is
an unstable linkage not only in aqueous acidie, but also
in aqueous alkaline solutions as a result of the 2'-hydroxyl
group in the cis—-alpha position2‘u. For example, ribonucleotidyl
nucleoside phosphoramidates (1, Ry=H) and their N(P)-alkylated
derivatives (1, Ri=alkyl), are raplidly decomposed partly
with chain cleavage to an equimolar mixture of ribonucleoside
2'",3'-cyclic phosphates (2) and nucleosides (3)[Scheme 1,
route A] and partly without chain cleavage to ribonucleotidyl
nucleoside isomers (#) [Scheme 1, route B], even at moderately
alkaline pH2. This instability towards both acid and alkali
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Copyright © 1984 by Marcel Dekker, Inc. 0732-8311/84/03010045%3.50/0



10: 26 27 January 2011

Downl oaded At:

46

d)

B,

HO

™
@
o & o o
[ ]} o\“
; o :
§ ° o
o]
X
+
+
(3]
@
)
(o] (o]
\\\Lil o~ o s b 0
AN
o” o g &\
1]
o/o o
(o]
1 X
o
<
~
@ o~
of
o o (o]
I
7\_5 z 5 -
a

HO o
“g
N

TOMASZ AND LUDWIG

OH

<!

Scheme 1



10: 26 27 January 2011

Downl oaded At:

PHOSPHODIESTER~AMIDE INTERRIBONUCLEOTIDE BOND 47

indicates that a compound of type 1 could, if at all, be
prepared in aqueous solution only via a 2'-blocked derivative,
from which the 2'-blocking group can be removed under neutral
conditions. We have selected the photolabile o-nitrobenzyl
BrouP for 2'-hydroxyl blockin35 and attempted to synthesize
Ap(NH»)dT [1, Ry=Rp=H, Bi=adenin-9-yl, Bz=thymin-1-yl] as
a model compound, by photolyzing AnB“p(NHZ)dT under both
neutral aqueous and anhydrous conditions. The paper describes
these photolysis experiments and demonstrates the instability
of Ap(NH2)dT even in buffered neutral aqueous solution.
The synthesis and characterization of ANBNp(NH,)dT are also

presented.

EXPERIMENTAL

Materials

ANBNpdT was prepared from N6-benzoy1-2'-O—(o—nitro-
benzyl)-5'-0-(monomethoxytrityl)-adenosine 3'-phosphate
p-chlorophenyl ester®-8 and 3'-0-acetyl—thymidine9 with
1—(p-toluenesulfonyl)~u—nitroimidazole10. ApdT was synthesized
according to a literature procedurel!!. A, dT and A>p as
well as Y-nitroimidazole and TPS were purchased from Sigma.
DMF was distilled from P05 and stored over 4 ® molecular
sieves (Merck). P-Dioxane was refluxed with sodium for
8 h, distilled and stored over 4 ® molecular sieves. All
other chemicals were of reagent grade. For column chromatography
DEAE-cellulose (DE-32, Whatman, HCO3~ form) was used.

Methods

Operations with compounds having an o-nitrobenzyl group,
were performed in dim light. Evaporations were carried
out using a rotary evaporator (Rotavapor, Bfichi) at about
0.2 kPa with a bath temperature of 300C,. Photolysis was
performed in 10 cm long quartz tubes with 350 nm UV light
(eight concentrically placed "“Rayonet" RUL-3500% 1lamps,
The Southern N. E. Ultraviolet Co., Middleton, Conn.) for
1l h or in 1 cm quartz cuvettes with 366 nm UV light (Desaga
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Uvis) for 4 h at 289cC. The distance of lamps was 12 cm
from the tubes and 1 cm from the cuvettes.

TLC was performed on cellulose (F25u, Merck) in 389,
n-butanol - ethanol - Hp0 (16:2:5, v/v); 8, n-butanol -
ethanol - 10~1 M TEAB, pH 7.5 (16:2:5); S3, n-propanol -
conc. NHyOH - HpO (11:7:2) and Sy, n-butanol - glacial acetic
acid (2:1) mixtures, on PEI-cellulose (Polygram Cel 300
PEI/UVys5)y, Macherey-Nagel & Co.) in Ss, 10-1 M and 36,2x10‘1
M aqueous NaCl solutions as well as on silica gel (60 Fpg5y,
Merck) chromatosheets in S7, chloroform - methanol (85:15)
mixture. ° Spots wWere visualized by UV absorption at 2514
nm (Desaga Uvis). Rg values are tabulated in Table 1.

CD spectra were recorded with a JASCO J-40C spectro-
polarimeter with 10 mm quartz cells, in 10°7 M sodium phosphate
buffer, pH 7.0, at 240cC. The solutions were 5x10°5 M in
ANBNp (NH, )AT.

37p NMR spectra of 4-5x10"2 M solutions in DMSO-dg
were taken at 36.2 MHz on a JEOL FX 90Q NMR spectrometer
with proton decoupling using external H3P0u as reference.
Positive chemical shift values are given for signals that
occur downfield from H3POy.

Molar quantities of APBNpdT and ARBNp(NH,)dT were determined
by UV absorption at 260 nm 1in Hp0, by using e=25,200. This
value was calculated according to the approximate method

of Cantor and Tinoco'Z? from the equation e=egqppr *+ €anBn -ey,

Table 1
R¢ values in TLC systems
Compound S So S3 Sy Sg S¢ Sq
ANBNp(NH,)AT  0.57 0.40 -~ 0.65 0.53 0.54 0.19
0.25
ANBnp4T -- -- -- 0.47 0.35 -- 0.00
dT 0.63 0.63 0.77 -- -- 0.87 --
A>p 0.16 0.36 0.68 -- -- 0.45 --
ApdT* 0.1 0.26 0.60 -- -- 0.59 --

0.13 0.30 0.61 -- -- 0.67 --

¥Except system Sg, the faster moving compound is the
3'-5' i{isomer.
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with the values of egppr= 22,800'3, e4nB =17,8007 and e4=15,40013.
This approximation yields € accurate to about 10%. For cal-
culation of molar quantities of A>p and ApdT,ep and €EdApT

were used.

Synthesis of APMBDp(NH,)dT

A solution of ANBNpdT (145 umol) in DMF (1.45 ml) con-
taining tri-n-butylamine (69 pl, 290 umol) was added dropwise
to a mechanically stirred solution of TPS (87 mg, 290 umol)
in DMF (1.45 ml), with the exclusion of atmospheric moisture,
during a period of 2 min, at 25°cC. The homogeneous, pale-
yellow solution was stirred for an additional 3 min, then
was quickly poured into ice-cold 7.0 N NHyOH (14.5 ml) under
vigorous stirring. The heterogeneous mixture was evaporated
to dryness. The residue was triturated with ether (30 ml).
The solid was collected by centrifugation, washed with ether
(2x30 ml) and dried. It was dissolved in Hp0 - p-dioxane
(5:1, v/v) mixture (12.0 ml) and percolated through a DEAE-
cellulose column (2.0x64.0 cm). The column was washed with
Hz0, elution rate: 15.6 ml/20 min/fraction. A large peak
with a rear shoulder (fractions 13-30) and two small peaks
(fractions 8-9 and 33-35, respectively) emerged. Fractions
of the large peak which had absorbancies of Aygg>10.0 (fractions
16-20), were pooled and evaporated to dryness. The residue
was dissolved in Hy0 - p-dioxane (5:1) mixture (2.0 ml)
and freeze-dried to yield 32.0 mg (31.3%)of the mixture
of AnB“p(NHZ)dT diastereoisomers in the form of a white,
solid foam. The diastereoisomers were separated by pre-
parative TLC using two successive developments in system
S7 [spotting from and elution by p-dioxane - ethanol (1:1,
v/v) mixture, 1-2 mg/sheet].

37p NMR, &§(ppm): 12.82 (Rp=0.25, 51.7% by UV),

12.50 (Rp=0.19, 48.3%). The CD spectra of diastereoisomers
between 220 and 380 nm were identical, [elx10~%(x n):
-0.59(325), 1.85(275), -0.36(250), -0.09(240) and -0.59(230).
ANBNp (NH,)dT diastereoisomers were quantitatively converted
to ANBNpdT in 1.0 N aqueous HCl during 4% h, at 25°9C (TLC
in systems Sy and 85).
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Photolysis of ANBNp(NHo)AT

About 5x10°4M solutions of the mixture of ARNBNp(NH,)dT
diastereoisomers in p-dioxane or ethanol - 1072 M sodium
phosphate buffer, pH 7.0 (1:1, v/v) wWere photolyzed for
4 h (photolysis mixtures Ia and II). Solutions in p-dioxane
were photolyzed for 1 h as well (photolysis mixture 1Ib).
After irradiation the solutions were immediately evaporated
to dryness. The residues were dissolved in small amounts
of ethanol, and the solutions were evaporated again. The
residues thus obtained were analyzed by 3P NMR and TLC,
separated by preparative TLC and column chromatography,

and subjected to hydrolytic degradations.

31p NMR

The 31P NMR spectrum of photolysis mixture Ib was recorded
after standing in DMSO-dg solution 1 h, 2 h, and 4 h, at
259C. The solution was then diluted with 10% of 1.0 M TEAB,
pH 7.5, and the 31p NMR spectrum was repeated after 20 min,
30 min and after 24 h standing in daylight. The 31P NMR
spectrum of the photolysis mixture Ia was recorded after
1 h standing, at 25°C. 3'P chemical shift values and percentage
intensities of the signals are summarized in Table 2. A>p
and ApdT were ldentified by observing the increase of the
respective signal intensities on consecutive addition of

authentlic samples to the solution.

TLC

Photolysis mixtures Ia and II - each from about 10
Ap»gp units of AnB“p(NHZ)dT - were analyzed by TLC in systems
S1, S» and S3g. Spotting was from DMF. In system S3, two
strong UV absorbing spots, X (Rg=0.25) and Y (Rge=0.21),
were shown in mixture Ia. X was more intense than Y. In
addition, mixture Ia contained dT and A>p. In mixture 11,
dT, A>p and ApdT were detected. dT, A>p and ApdT were formed
on TLC In systems S, and Sg of both photolysis mixtures,
and an additional new spot, Z (Re=0.21) appeared in systenm

S, (only traces in mixture II). Both mixtures also contained
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unreacted APBNp(NH,)dT as detected by systems Sq, Sp and
Sg.

Preparative TLC

The residue of photolysis mixture Ta from 80 Apgp units
of AMBNp(NH,)dT was dissolved in DMF (80 ul), and the solution
was applied onto 8 pieces of cellulose chromatosheets (12.0%x20.0
cm). Spotting was 2 cm from the bottom edge of the chromato-
sheets in the form of 18 cm long, narrow lines. Y4 chromatosheets
were developed in system Sy, U4 chromatosheets were run in
system S»o. The separated UV absorbing zones were cut out,
scraped off and eluted with DMF (5.0 ml for each individual
zone collected from 4 chromatosheets). A>p and ApdT were
only partially resolved in system Sq1 and were treated as
one, single zone. The cellulose was centrifuged off, and
the supernatants were evaporated to dryness. The residues
were dissolved Iin DMF (10.0 ul for each), and the solutions
were analyzed by TLC. Solutions of compounds present in
zones X and Y, contained, in addition, dT, A>p and ApdT
(system S1). In "the solution of compound/s/ present in
zone Z," only A>p was detected (systems Sy and Sj3). The
solutions of dT, A>p and ApdT obtained after separation
in system S, as well as those of dT and A>p + ApdT recelved
after separation in system Sy, were identified by co-chroma-
tography with authentic samples (systems Sp, S3 and 3g).
The solution of ApdT obtained in system S, contained traces
of A>p, as well. ApdT (1.0 Apgp unit) was quantitatively
hydrolyzed by 0.3 N KOH (10.0 ul) to Ap and dT for 16 h,
at 37°C (TLC in systems Sp, S3 and Sg).

Column chromatography

Photolysis mixture II of 80 Apgg units of ANBNp(NH)AT
was evaporated to about one-fourth of its original volume,
then was applied onto a DEAE-cellulose column (1.4x30.0
cm) . Elution was performed with Hs0 (100-120 ml), then
with a linear gradient of TEAB, pH 7.5 (0> 0.3 M, 1000 ml,
elution rate 12.8 ml/fraction/20 min). The peaks emerged
in the following order: dT + unidentified photoproduct/s/
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(in fractions 5-6), APBNp(NH,)dT (in fractions 9-14), ApdT
(double peak in fractions 24-27, 0.80 mol) and A>p (in fractions

28-30, 1.81 umol). The compounds were identified as above.

Hydrolytic degradations

The residue upon evaporation of photolysis mixture
Ia from 50 Apgg units of AnBNp(NH,)dT was dissolved in an
ethanol - p-dioxane (1:1, v/v) mixture (100 ul). 10 uyl aliquots
of this solution were diluted with equal volumes of 10-1
M aqueous sodium phosphate buffer, pH 7.0 (g) or 10 ~1 M
TEAB, pH 7.5 (b). Mixtures a and b were analyzed by TLC
in systems Sy and S, after standing 0.5, 1 and 24 h, at
250¢C. Compounds present in spots X and Y were quantitatively
decomposed in both mixtures within 0.5 h. The compound
Present in spot Z was found after 1 h, but quantitatively
degraded during a period of 24 h.

RESULTS

Synthesis and characterization of ANBRp(NH,)dT

ANBRp (NH5)dAT was prepared from APBOpAT according to
the same procedure used for the synthesis of dTp(NH,)dT
recently1" (Scheme 2). The product was an approximately
1:1 mixture of diastereoisomers, which were separated by
adsorption chromatography.

The structure of the diastereoisomers was verified
by CD and 3'P NMR spectroscoples as well as by acid hydrolysis.
The CD spectra of diastereoisomers between 220 and 380 nm,
were 1identical. They closely resembled the CD spectrum
of anBn 7. The observed 3'P NMR signals were characteristic

of a phosphodiester-amide structure1n'15. The diastereoisomers

1. TPS, Bu3N, DMF, 5 min, 250°C
2. 7.0 N NH4OH, 1 min, 0OC

ANBnpdT . ANBNp (NH,)dT

Scheme 2
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were quantitatively reconverted to AanpdT upon treatment
with acid.

Photolysis of ANBNp(NH,)dT

The photolysis was performed either in anhydrous p-dioxane
or in 50% ethanolic aqueous neutral buffer solutions. The
photolysis product, Ap(NH2)dT, could be detected only 1in
anhydrous p-dioxane. Ap(NHg)dT was, however, unsatable even
in this solvent and decomposed to a mixture of dT, A>pNH»o
and A>pdT. A>pNH, and A>pdT were formed in an approximate
molar ratio of 75:25. The decomposition was more than 50%
in 4 h, at 25¢°cC. As a result, the isolation of Ap(NH»)dT
in pure form, could not be accomplished. A>pNH, and A>pdT
were further degraded to A>p and ApdT by the action of aqueous
neutral buffer solution, at 250°cC. The decomposition of
A>pNHs proceeded via ApNH, and was completed within 24 h.
The degradation of A>pdT was finished within 30 min.

In 50% ethanolic aqueous neutral buffer solution, only
dT, A>p and ApdT could be detected. An approximate molar
ratio of A>p : ApdT - 70 : 30, was observed.

Structural verification of Ap(NH-)dT and its decomposition

products

Structural assignments for Ap(NHZ)dT and its decom-
position products were based on the following arguments.
ApNHp, 37P NMR, §(ppm): 9.09 and 7.71; spot Z in TLC systenm
So.

1/ These two signals which appeared after the addition
of TEAB, pH 7.5, in the 3'P NMR spectrum of APBNp(NH,)dT
photolysis mixture in p-dioxane, are characteristic of a
nucleoside phosphoramidate structure 1617 and may result
from nucleoside 2' - and 3' - phosphoramidate isomers.

2/ The compound was quantitatively converted by the
action of TEAB, pH 7.5, to A>p, within 24 h, at 25°Cc (31p
NMR and TLC).

A>pNHp, 3TP NMR, &(ppm): 31.00 and 30.76.

1/ These two signals appearing in the 31p NMR spectrum

of ANBNp(NH,)dT photolysis mixture in p-dioxane, are in
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good agreement with the structure of A>pNHp diastereocisomer.
Anitrogen-for-oxygendisplacement at tetracoordinate phosphorus
atom causes a downfield shift of 11-13 ppm!8:19, and §a>p
was 17.20-17.30 ppm.

2/ The compound was quantitatively converted by the
action of TEAB, pH 7.5, to ApNHp, within 30 min, at 25 ©C
(3'p NMR).

A>pdT, 31P NMR, &(ppm): 18.61 and 17.84,

1/ These two signals appearing in the 31p NMR spectrum
of APNBNp(NH,)dT photolysis mixture in p-dioxane after standing
at 259C, correspond with the structure of A>pdT diastereois-
omers. The 3'P chemical shift values of nucleoside 2°',
3'-cyclic phosphates and their O(P)-alkyl derivatives differ
insignificantly 20-22, on this basis, 1t is to be expected
that A>p and A>pdT will have very close 6 values.

2/ The compound was quantitatively converted by the
action of TEAB, pH 7.5, to ApdT within 30 min, at 25 ©C
(3P NMR).

Ap(NH5)dT, 3'P NMR, 6(ppm): two signals between 12.46 and
12.72.

1/ The four signals between 12.46 and 12.72 ppm in
the 31P NMR spectrum of Aanp(NHz)dT photolysis mixture
in p-dioxane, may be caused by Ap(NH>)dT and unreacted AnBng-
(NH,)dT diastereoisomers. 3P chemical shift values of
these two compounds expectedly differ insignificantly, and
ANBNp (NH,)dT diastereoisomers have 6 values of 12.82 and
12.50 ppm.

2/ On standing in anhydrous solvent, the compound
was decomposed to a mixture of A>pNH» and A>pdT (31P NMR).

TLC results suggest that A>pNHp, A>pdT and Ap(NH)dT
appear only partially resolved in system Sy as spots X
and Y.
dT, A>p and ApdT were identified by TLC and 31p NMR comparison
(A>p and ApdT) with authentic samples. The structure of
ApdT was further verified by alkaline hydrolysis.

DISCUSSION
The results clearly indicate the instability of Ap(NH,)dT

in anhydrous p-dioxane and DMSO. Neutral aqueous buffer
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solutions markedly accelerate the decomposition. The failure
of the isolation of Ap(NH>)dT by partition chromatography
in n-butanol - ethanol - Hy0 mixture and of its detection
after ion-exchange TLC 1in aqueous sodium chloride solution
or after partition TLC in n-butanol - ethanol - 10°' M TEAB,
pH 7.5, mixture, can thus be understood.

On the basis of the structure of degradation products,
the mechanism of decomposition of Ap(NH,)dT may be formulated
as follows (Scheme 3). The decomposition occurs by the
action of the 2'-hydroxyl group and proceeds according to
two parallel routes. According to route A, Ap(NH5)dT 1s
degraded to dT and A>pNH». A>pNH, then hydrolyzes to ApNHp,
which cyclizes with the loss of NH3 to A>p. According to
route B, Ap(NHp)dT is transformed with the loss of NH3 into
A>pdT. A>pdT then hydrolyzes to ApdT23. In accordance
with this scheme, A>pNH, and A>pdT were detected as first
degradation products under anhydrous conditions, while ApNH>
was formed by the action of neutral aqueous buffer solution.

The synthesis of Up(NH5)U2Y and 2'-5' Ap(NHo)Ap(NH,)A25
under anhydrous conditions, has been reported recently.
Up(NH»)U was characterized by a 3'P chemical shift value
of -0.50 ppm, which is more characteristic of a phosphodiester
than for a phosphodiester-amide structure,V14-15_  2:_5"
Ap(NHo)Ap(NHp)A was not characterized at all. Up(NHp)U
was used, among others, for enzymic studieszu.

2'-5' Ap(NHo)Ap(NH,)A was tested as protein synthesis in-
hibitor2®. The stability of the compounds in aqueous solution
was not reported. We believe that the observed instability
of Ap(NHo)dT even in neutral aqueous buffer solution, is
a general feature of oligoribonucleotide derivatives having
phosphodiester-amide interribonucleotide bond/s/. On this

basis, we may conclude that the application of these derivatives
for biochemical studies 1is rather doubtful since, instead

of them, their degradation products will probably be tested.
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Abbreviations: Ap(NH,)dT, adenylyl-(3'-5')-thymidine (P>N)amide;

ANBNp (NH5)dT, 2'-0-(o-nitrobenzyl)-adenylyl-
(3'-5')-thymidine (P>N)amide; ANBnpdT, 2'-0-(o-nitrobenzyl)-
-adenylyl-(3'-5')-thymidine; ApdT, adenylyl[2'(3')-5']-thymidine;
A, adenosine; dT, thymidine; A>p, adenosine 2',3'-cyclic
phosphate; TPS, 2,4,6-triisopropylbenzenesulfonyl chloride;
DMF, N,N-dimethylformamide; TLC, thin-layer chromatography;
TEAB, aqueous triethylammonium bicarbonate solution; dApT,
2'-deoxyadenylyl-(3'-5')-thymidine; ANBn, 2+-0-(o-nitro-
benzyl)-adenosine; Ap, adenosine 2'(3')-phosphate; dTp(NH>)dT,
thymidylyl-(3'-5')-thymidine (P>N)amide; A>pNH,, adenosine
2',3'-¢cyclic phosphoramidate; A>pdT, adenylyl-(2',3'-5")
-thymidine; ApNH,, adenosine 2'(3')-phosphoramidate; DMSO,
dimethylsulfoxide; Up(NHp)U, uridylyl-(3'-5')-uridine (P>N)amide;
21-51 Ap(NHo)Ap(NHo)A, adenylyl-(2'-5')-adenylyl-(2'-5')-
-adenosine (P>N)bis-amide.
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