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Hydrolysis of Phosphate Diesters as Nucleic Acid Model
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Abstract : Rate of hydrolysis ethylene phosphate, dimethylphosphate and hydroxyethylme-
thylphosphate in neutral water have been measured. Hydrolysis of ethylene phosphate
proceeds with P-O bond cleavage (ko,s=3X10"7s7! at 100C, AH* =24 kcal, AS*=255 eu).
In constrast, hydrolysis of dimethylphosphate proceeds with C-O bond cleavage (ko =3X 10

s™! at 150C ). The rate constant for P-O bond cleavage of dimethylphosphate is estimated

at 1X10 s~ ! at 150C (AH*=36kcal, AS*=25.5 eu). A phosphodiesterase catalyzed hyd-
rolysis of dimethylphosphate is 10" times faster than the simple water rate. The observed
rate of hydrolysis of hydroxyethylmethylphosphate is comparable to that of dimethylphos-
phate indicating C-O bond cleavage (Ko =6X10"7s7! at 150C ). (Received October 3, 1994:

accepted November 18, 1994)

Introduction

The phospate diester bond plays an enormously
important role in nature.” It forms the backbone
of the genetic material DNA and it also occurs in
phosphatidyl choline, one of the major components
of cell membranes. One reason for nature’s choice
for the phosphate diester linkage for DNA and pho-
sphatidyl choline appears to be its tremendous resi-
stance to hydrolysis.? There are many enzymes that
are highly efficient in catalyzing the hydrolysis of
unactivated phosphate diesters (eg. dimethylphos-
phate and RNA and DNA) in neutral water. Howe-
ver, unactivated phosphate diesters are so stable
that until the present study, their simple rates of
hydrolysis in neutral water have not been measu-
red.

In this paper, the author report the kinetics and
mechanisms of hydrolysis in neutral water of ethy-
lene phosphate (1), dimethylphosphate (2) and hy-
droxyethylmethylphosphate (3). Dimethylphosphate
and hydroxyethylmethylphosphate are models for
the phosphodiester backbones of DNA and RNA

respectively.? Ethylene phosphate is a model for
the cyclic phosphate intermediate in RNA hydroly-
sis.? The kinetic data obtained in this study will
be useful for evaluating the efficiencies of phospho-
diesterases and synthetic catalysts® that hydrolyze
phosphate diesters.
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Materials and Methods

Materials

Dimethylphosphate,® sodium ethylene phosphate”
and hydroxyethylmethyl phosphate® were prepared
accoriding to known procedures.

Kinetics

Hydrolysis of the phosphate diesters (dimethyl-
phosphate, ethylene phosphate and hydroxyethyl-
methylphosphate) were monitored by using an

Key words : Hydrolysis, Phosphodiesters, Nucleic acid model.

Corresponding author : N.-D. Sung



448 Sung, Nack-Do

NMR method. The phosphate diester (0.1 M) solu-
tions in D,O buffered with 0.2 M phosphate (pD
5.5 to 8.5) were sealed in an NMR tube. Effect of
buffer catalysis and solvent isotope effect for hyd-
rolysis of phosphate diesters are small® The pD
values of the reaction solutions were measured at
25C following the procedure of Fife and Bruice.l”
The reactions were conducted at 150C for dimeth-
ylphosphate and hydroxyethylmethylphosphate and
at 100C for ethylene phosphate. The reactions
were followed to only about one half-life since even
at elevated temperatures the reactions were extre-
mely slow.

The rate constants were obtained by monitoring
the following 'H NMR (200 MHz) signals: methyl
groups due to dimethylphosphate (& 3.6, d, Jp.xy=10
Hz, internal reference TMS),'Y hydroxyethylmeth-
ylphosphate (8 3.6, d, J,x=10Hz) and methanol
® 3.3, s); and methylene groups due to ethylene
phosphate (6 4.2, d, Jo.u=10 Hz) and ethylene glycol
© 36, s).

Results and Discussion

Hydrolysis of ethylene phosphate (1)

The mechanism of hydrolysis of ethylene phos-
phate in neutral water involves nucleophilic attack
of a water molecule on the phosphorus resulting
in P-O bond cleavage.”” The products of the hydro-
lysis reaction are ethylene glycol and inorganic
phosphate. The phosphate monoester intermediate,
hydroxyethylphosphate, does not accumulate an ob-
servable extent during the hydrolysis reaction in
neutral water.”® Hydrolysis of phosphate monoes-
ters proceed rapidly by the metaphosphate mecha-
nism at neutral pH.

The rate of hydrolysis of ethylene phosphate un-
der neutral pH conditions is quite slow even at
100C (Table 1). Kirby et al® showed that the acti-
vation entropy for the solvent catalyzed hydrolysis
of bis-24-dinitrophenyl phosphate is 25.5 eu. Assu-
ming that the activation entropy for the hydrolysis
of ethylene phosphate is the same as that for the
hydrolysis of bis-2,4-dinitrophenylphosphate, the

rate constant for hydrolysis of ethylene phosphate
in neutral water at 25C and 150C should be 8.2X
107 "s™! and 1.6X10 %! respectively (AH*=24
Kcal). The author’s experimentally determined rate
constant for the hydrolysis of ethylene phosphate
at 150 (15X107%7Y) is in good agreement with
the above estimation.

Hydrolysis of dimethylphosphate (2)

Hydrolysis of dimethylphosphate in neutral water
gave two equivalents of methanol and inorganic
phosphate without any observable bulid up of the
monophosphate intermediate during the reaction.'’
Reactivities of methyl phosphate, dimethylphos-
phate and trimethylphosphate had been neatly su-
mmarized in the form of complete pH-rate profiles
by Guthrie.”® However, due to the lack of experi-
mental data, it had not been clear whether the hyd-
rolysis of dimethylphosphate in neutral water pro-
ceeds with P-O bond cleavage or C-O bond clea-
vage. The author’s experimentally determined rate
constant for the hydrolysis reaction at 150C is 3X
107 7s™! (Table 1). This rate should represent C-O
bond cleavage since, as shown below, it is 10* times
too fast to represent P-O bond cleavage. It is well
known that at 25C, the rate of P-O bond cleavage
of ethylene phophate is 10° times faster that of di-
methyl phosphate when hydroxide is the nucleo-
phile.”® If it is assumed that this ratio of reactivity
holds when water is the nucleophile, the rate cons-
tant for P-O bond cleavage of dimethylphosphate
at 25C should be 8.2X 107 "s~%. From the reactivity
and selectivity principle,*® it is expected that water,
being the weaker nucleophile, would be more selec-
tive than hydroxide. Therefore, the above rate con-
stant (8.2X107%™1) should be an upper limit. As-
suming that the activation entropy of the hydrolysis
reaction is 25.5eu” the activation enthalpy of the
hydrolysis reaction calculated from the observed
rate constant is 35 Kcal. The rate constants for P-
O bond cleavage of dimethylphosphate, with water
as the nucleophile, at 100C and 150C should be
13X —1071 s7! and 35X107 7! respectively.

A second method of estimating the water rate



Hydrolysis of Phosphate Diesters as Nucleic Acid Model 449

for the P-O bond cleavage of dimethylphosphate
is shown below. Kirby ef al.® studied the rates of
hydrolysis in neutral water of diarylphosphates.
The mechanism of the hydrolysis reactions involves
nucleophilic attack of water on the phosphoryl
group of diarylphosphate anion followed by the P-
O bond cleavage. There is a linear relationship (eq.
1) between the logarithm of the rate constant for
the hydrolysis reaction (at 100C) and pKa of the
conjugate acid of the leaving group.”

log k=1.57—0.97 pKa @

The rate constant calculated from eq. 1, for clea-
vage of the P-O bond of dimethyl phosphate is 3.4
X10™Ms~! (pKa of methanol=155). Assuming that
the activation entropy ofi the hydrolysis reaction is
255 eu, the rate constants for P-O bond cleavage
of dimethylphosphate, with water molecule as the
nucleophile, at 25C and 150C should be 15X 107
st and 1.1X10 s ! respectively. The calculated
activation enthalpy of the hydrolysis reaction is 36
kcal*mol™'. The above two estimates for the acti-
vation enthalpy, obtained by two distiuct methods,
are in very good agreement.

Hydrolysis of hydroxyethylmethylphosphate (3)

Under neuiral conditions the products of hydrol-
ysis of hydroxyethylmethylphosphate are methanol,
inorganic phosphate and ethylene glycol. It is well
known that in 1 N NaOH solution the rate of hyd-
rolysis of hydroxyethylmethylphosphate is 10° times
greater than the rate of hydrolysis of dimethyliphos-
phate.” The enhanced reactivity of hydroxyethyl-

-

Table 1. Observed rate constants {kus in s~')® for
hydrolysis of ethylene phosphate(1), dimethylphos-
phate(2) and hydroxyethylmethylphosphate(3) in D,
0, 0.2 M phosphate buffer

pD 1b 2c 3
6.5 2.6 35 6.3
7.0 3.0 3.0 6.1
7.5 3.0 3.0 58
85 2.6 29 6.3

*kobs, X 1077571, At 100T ., At 150C.

methylphosphate is due to the intramolecular alko-
xide group which can attack the phosphoryl group.
In neutral pH however, the reactivity of hydroxye-
thylmethylphosphate (Table 1) is comparable to that
of dimethylphosphate. It appears that in neutral
water the hydrolysis of hydroxyethylmethylphos-
phate involves C-O bond cleavage as in the case
of dimethylphosphate hydrolysis.

Efficiency of phosphodiesterases

There are many enzymes that catalyze the hyd-
rolysis of phosphate diesters. The specificity of
phosphodiesterases vary over a wide range. For
example, restriction enzymes catalyze the hydroly-
sis (P-O bond) of double-stranded DNA sequence
specifically whereas an enzyme isolated from Entfe-
robacter aerogenes catalyzes the hydrolysis of simple
phosphate diesters such as dimethylphosphate, die-
thylphosphate and ethylene phosphate.’ Restriction
endonucleases typically cleave DNA with k.. values
of about 107%s7! to 107's" L. The k. values for
the Enterobacter aerogenes enzyme catalyzed hydrol-
ysis of diethylphosphate and ethylene phosphate at
pH 7.2, 30C are 107257 ! and 10° s™* respectively.”
By comparison, the water rates for P-O bond clea-
vage of dimethylphosphate and ethylene phosphate
are 1.5X107 %! and 82X107's™! at 25C.

In conclusion, phosphate diesters are highly sta-
ble in neutral water. The half-life for P-O bond
cleavage of dimethylphosphate at 25C through sol-
vent catalyzed hydrolysis is over a hundred billion
years. It is not surprising that nature has selected
such a strong linkage for the backbone of DNA si-
nce it is important that the genetic material be pre-
served for the survival of any living organism. A
human genome contains approximately six billion
phosphate diester bonds. Uncontrolled cleavage of
even one of those phosphate diester bonds may
have serious consequences in a cell. However, cont-
rolled cleavage of phosphate diesters is necessary
for normal functioning of a cell. Phosphodiesterases
can catalyze the hydrolysis of phosphate diesters
within minutes. In the case of a phosphodiesterase
isolated from Enterobacter aerogenes, the enzyme ca-
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talyzed hydrolysis of diethylphosphate is 10V times
faster than the simple water rate.
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