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Abstract: The enthalpies of hydrolysis of several cyclic phosphate diesters which can be considered to be structural analogues
of the trans-fused trimethylene phosphate-ribofuranoside ring system of adenosine 3’,5-cyclic phosphate have been deter-
mined by microcalorimetric techniques using the metal-dependent phosphohydrolase from Enterobacter aerogenes as catalyst.
At pH 7.3 and 25 °C we have obtained the following values (kcal/mol) for sodium salts: trans-2-hydroxytetrahydrofuran-
methanol cyclic phosphate, —10.6; trans-2-hydroxycyclopentanemethanol cyclic phosphate, —7.9; cis-2-hydroxycyclopen-
tanemethanol cyclic phosphate, —2.5; 5-methoxytrimethylene phosphate, —4.9; S-methyltrimethylene phosphate, —3.8. From
these values and those determined previously, we can make the following conclusions: (1) the trans-fused trimethylene phos-
phate-tetrahydrofuran structure is responsible for the 8 kcal/mol more exothermic enthalpy of hydrolysis which cyclic AMP
displays relative to trimethylene phosphate; (2) about 5 kcal/mol of the excess enthalpy of hydrolysis of cyclic AMP is the re-
sult of geometric distortion due to the trans-ring fusion; (3) about 3 kcal/mol of the excess enthalpy of hydrolysis of cyclic
AMP cannot be accounted for by intramolecular effects, suggesting that solvation effects play an important role in the thermo-

dynamic stability of cyclic AMP.

37,5’-Cyclic nucleotides, e.g., adenosine 3’,5’-cyclic mono-
phosphate (cyclic AMP) and guanosine 3',5'-cyclic mono-
phosphate (cyclic GMP), are involved in the regulation of
many biochemical and biological processes, including hor-
monal regulation of metabolism, the action of neuro-
transmitters at synapses, cellular differentiation and malignant
transformation, and immunological processes such as the graft
vs. host reaction.? In essentially all of these processes, the
mechanism by which a cyclic nucleotide influences a bio-
chemical reaction is apparently the same: in the case of cyclic
AMP, adenylate cyclase catalyzes the formation of cyclic
AMP from ATP in response to an extracellular stimulus; the
cyclic AMP then activates a cyclic AMP-dependent protein
kinase. The activated (and often dissociated) form of protein
kinase catalyzes the phosphorylation of an enzyme, thereby
altering its catalytic activity and producing the desired cellular
response. Cyclic AMP is removed from the system by its hy-
drolysis to 5'-AMP, which is catalyzed by a specific phos-
phodiesterase.

Cyclic AMP has been demonstrated to be a “high-energy”
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phosphate,* i.e., the free energy of its hydrolysis to yield 5’-
AMP is —11.9 kcal/mol at pH 7.3, pMg 3, and 25 °C. Ther-
mochemical studies reported by Gerlt, Westheimer, and
Sturtevant’ demonstrated that this thermodynamic instability
is the result of an unusually exothermic enthalpy of hydrolysis
(—12.1 kcal/mol) as compared to those measured for
“strain-free" diesters, diethyl phosphate (—2.5 kcal /mol) and
trimethylene phosphate® (—3.8 kcal/mol); the entropies of
hydrolysis of cyclic AMP and “low-energy” phosphate esters
appear to be similar and approximately equal to zero cal/
mol-deg. These studies did not permit an explanation for the
enthalpic behavior of cyclic AMP but did suggest that the
structural origin of the unusual enthalpic effect was a property
of the ribofuranoside-cyclic phosphate portion of the molecule.
Also, these studies revealed that the enthalpy of hydrolysis of
methyl «-D-glucopyranoside 4.,6-cyclic phosphate (—6.9
kcal/mol) was similar to that of ethylene phosphate, a strained
five-membered ring phosphodiester; subsequent structural
characterization of the glucoside cyclic phosphate’ revealed
no evidence for geometric distortion, i.e., strain. Thus, two

© 1980 American Chemical Society



1656 Journal of the American Chemical Society | 102:5 | February 27, 1980

questions remained to be answered as a result of the previous
studies: (1) Why is the hydrolysis of cyclic AMP so much more
exothermic than that of the methyl glucoside cyclic phosphate?
(2) Why is the hydrolysis of the methyl glucoside cyclic
phosphate more exothermic than that of trimethylene phos-
phate?

In this paper, we describe the synthesis of additional struc-
tural analogues of ribofuranoside cyclic phosphates and the
results of thermochemical measurements made possible by the
availability of the metal requiring nonspecific phosphohy-
drolase from Enterobacter aerogenes for use as catalyst. Our
results clearly demonstrate that both strain arising from the
trans-ring fusion and an effect related to the presence of the
ribofuranoside endocyclic oxygen atom (O4’) of 3’,5-cyclic
nucleotides are responsible for their unusual thermodynamic
instability. In the following papers, a detailed explanation for
the enthalpy effect caused by the oxygen atom which is based
on the results of molecular mechanics and ab initio calcula-
tions® and the solution conformational properties of various
substituted trimethylene phosphates?® is proposed.

Experimental Section

Melting points were measured in open capillaries with a Hoover
melting point apparatus and were corrected. 3'P NMR spectra were
obtained at ambient temperature with a Varian CFT-20 spectrometer
equipped with a phosphorus probe. High-resolution 'H NMR spectra
were obtained at 270 MHz using the Bruker spectrometer of the
Southern New England High Resolution NMR Facility at Yale
University. Elemental analyses were performed by Galbraith Labo-
ratories, Knoxville, Tenn.

The syntheses of the benzylammonium salts of several of the cyclic
esters examined in this study have been reported by Penney and Bel-
leau.!9 Since these salts cannot be conveniently converted to the cor-
responding sodium salts in quantitative yield, the crystalline free acids
of most of these esters were prepared according to procedures similar
to those previously reported. Also, since samples of enzymatic hy-
drolysis products are necessary to obtain the enthalpies of hydrolysis
of monoanionic diesters to yield monoanionic monoesters, the cyclo-
hexylammonium salts of some of these materials which had a single
resonance in their 3!P spectrum when proton decoupled were also
prepared.

5-Methoxy trimethylenephosphoric Acid. A mixture of the cis and
trans phenyl esters of 5-methoxytrimethylenephosphoric acid was
prepared by the addition of 0.10 mol of phenyl phosphorodichloridate
to a stirred ice-cold pyridine solution of 0.10 mol of 2-methoxy-1,3-
propanediol.!! After 16 h at room temperature, the solvent was re-
moved by rotary evaporation and the residue was partitioned between
chloroform and dilute aqueous hydrochloric acid. The chloroform
solution was washed with dilute acid, water, and 7.5% aqueous sodium
bicarbonate. The dried chloroform solution was evaporated to dryness
and the resulting residue was crystallized from ethanol-water. A
portion of the crystalline mixture of phenyl esters was dissolved in
absolute ethanol, and the phenyl groups were removed by hydroge-
nolysis in a Parr apparatus at 60 psi, using platinum oxide as the
catalyst. After removal of the catalyst and rotary evaporation of the
solvent, the residue was crystallized from dioxane to yield colorless
plates, mp 101.5-104.0 °C. Anal. Caled for C4HgOsP: C, 28.58; H,
5.40; P, 18.43. Found: C, 28.66; H, 5.50; P, 18.53.

2-Methoxy-3-hydroxypropane-1-(biscyclohexylammonium phos-
phate). An excess of 2-methoxy-1,3-propanediol was phosphorylated
with diphenyl phosphorochloridate in dry pyridine. After isolation and
hydrogenolysis of the oily diphenyl ester of the desired phosphate ester
by procedures analogous to those described for the cyclic diester of
the diol, the ethanolic solution of product was neutralized with cy-
clohexylamine. After removal of the solvent by rotary evaporation,
the residue was crystallized from absolute ethanol, mp 165-172 °C.
Anal. Caled for CigH37N,0¢P: C, 49.99; H, 9.70; N, 7.29; P, 8.06.
Found: C, 50.26; H, 9.71; N, 7.42, P, 8.19.

5-Methyltrimethylenephosphoric Acid. A mixture of the cis and
trans phenyl esters of this cyclic acid was prepared by a procedure
analogous to that described for the 5-methoxy cyclic acid by phos-
phorylating 2-methyl-1,3-propanediol with phenyl phosphorodi-
chloridate. After hydrogenolysis, the solvent was removed and the

residue was crystallized from ethyl acetate, mp 112.5-114 °C. Anal.
Caled for C4HgO4P: C, 31.59; H, 5.96; P, 20.37. Found: C, 31.35; H,
6.18; P, 20.42.

2-Methyl-3-hydroxypropane-1-(bisbenzylammonium phosphate).
This material was prepared by a procedure analogous to that described
for the corresponding 2-methoxy compound. Both 'H and 3'P NMR
spectra were in accord with the assigned structure.

trans-2-Hydroxycyclopentanemethano! Cyclic Phosphoric Acid.
trans-2-Hydroxycyclopentanemethanol, obtained by acid-catalyzed
addition of formaldehyde to cyclopentene,!? was phosphorylated with
phenyl phosphorodichloridate as described for the previous two cyclic
esters. The resulting mixture of phenyl esters was purified by crys-
tallization from ethanol-water. The phenyl groups were removed by
hydrogenolysis using platinum oxide as catalyst, and the product was
crystallized from ethanol-diethyl ether, mp 138.6-139.6 °C. Anal.
Caled for C¢H,04P: C, 40.46; H, 6.22; P, 17.39. Found: C, 40.54:
H, 6.29; P, 17.29.

trans-2-Hydroxycyclopentanemethanol-a-(biscyclohexylammonium
phosphate). Preparation of this monoester by phosphorylation of
trans-2-hydroxycyclopentanemethanol with diphenyl phosphoro-
chloridate in dry pyridine was not successful. Rather, this material
was prepared by phosphorylation of the diol with phosphorus oxy-
chioride in triethyl phosphate as solvent.!? After the dichloride was
quenched with water, the product was absorbed to Dowex-1-X8
(formate) and eluted with 0.1 N formic acid. After removal of the
formic acid by rotary evaporation, the residue was dissolved in absolute
ethanol and neutralized with cyclohexylamine. The product was
crystallized from ethanol several times to give colorless, crystalline
material, mp 195.8 °C. Anal. Caled for Ci3H3gN20sP-H,0: C, 52.41;
H, 10.02; N, 6.79; P, 7.51. Found: C, 52.50; H, 10.28; N, 6.78; P,
7.55.

cis-2-Hydroxycyclopentanemethanol Cyclic Phosphate. This
compound was prepared as described by Penney and Belleau.'? Prior
to use in the calorimetric experiments, this compound was converted
to the sodium salt by ion exchange on Amberlite IR-120 (Na*).

(1R,2S)-2-Hydroxytetrahydrofuranme thanol-a-(biscyclohex-
ylammonium phosphate). 3,5-Di-p-toluyl-2-deoxy-D-ribosyl chioride
was prepared according to the literature procedure.!* Then 5.88 g (ca.
15 mmol) was dissolved in dry tetrahydrofuran and added dropwise
t0 3.3 g of lithium aluminum hydride dissolved in 200 mL of dry tet-
rahydrofuran; the mixwure was refluxed overnight. The excess lithium
aluminum hydride was decomposed by addition of 12 mL of ethyl
acetate followed by 150 mL of water. The precipitated metal salts were
removed by centrifugation and the supernatant was concentrated by
rotary evaporation. The concentrate was washed with chloroform and
neutralized by percolation through an Amberlite IR-120 (H*) col-
umn. The acidic effluent was concentrated to yield the crude diol.
Without further purification, the diol was phosphorylated preferen-
tially at the primary alcohol functionality with phosphorus oxychloride
in triethyl phosphate.!? The hydrolyzed dichloride was purified on
Dowex-1-X8 as previously described. An ethanolic solution of the
acidic product was neutralized with cyclohexylamine. The precipitated
salt was recrystallized from ethanol to give colorless material, mp
222.1-224.1 °C after preliminary softening at 174.5 °C. Anal. Caled
for C]7H37N206P9H201 C, 4926, H, 948, N, 676, P, 7.47. Found:
C, 50.63; H, 10.10; N, 6.93; P, 7.60. Despite the poor values for the
C and H analyses of this compound, both 'H and 3'P NMR were
consistent with the assigned structure. This material was converted
to the corresponding analytically pure cyclic phosphate, suggesting
that this acyclic material is the indicated compound. We have expe-
rienced considerable difficulty in obtaining satisfactory elemental
analyses for other biscyclohexylammonium salts.

(1R,2S)-2-Hydroxytetrahydrofuranmethanol Cyciohexylammonium
Cyclic Phosphate. Four millimoles of the acyclic phosphate described
in the previous paragraph was converted to the free acid by percolation
through an Amberlite IR-120 (H*) column. The acidic solution was
neutralized with pyridine and rotary evaporated to dryness. After the
solution was dried by repeated evaporation with pyridine, 4 mmol of
N-morpholinodicyclohexylcarboxamidine was added and the pyridine
solution of the acyclic phosphate was added dropwise to a refluxing
solution of § mmol of dicyclohexylcarbodiimide in pyridine.!® After
the 2.5-h addition was complete, reflux was continued for an additional
2 h. After evaporation of the pyridine, the residue was partitioned
between water and diethyl ether; the aqueous layer was filtered,
concentrated, and applied to a DEAE-cellulose (carbonate) column.
After an initial water wash, the column was eluted with a 2-L gradient
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Table L. Protonation Data and Enthalpies of Hydrolysis for Hydrolysis Products

monoester pKa? proton released? AHPmt, keal/mol¢ AHHzo, keal/mol4
2-methyl-3-hydroxypropyl phosphate 6.68 0.81 0.07 £0.05
2-methoxy-3-hydroxypropyl phosphate 6.37 0.89 0.57 £0.05 0.27+£0.17
trans-2-hydroxycyclopentanemethanol a-phosphate 6.61 0.83 0.33 £ 0.05 +0.08 + 0.08
trans-2-hydroxytetrahydrofuranmethanol a-phosphate 6.38 0.89 0.51 £ 0.05 —0.06 £ 0.11

4 From titrations in 0.126 M KCl. ® Calculated for pH 7.3 at 25 °C. ¢ Measured by mixing HCI with excess dianionic monoester. ¢ Enthalpy

of hydrolysis at pH 7.3 after correcting for buffer protonation.

from 0 t0 0.1 M triethylammonium bicarbonate, pH 7.5. Fractions
containing the cyclic phosphate (as assessed by cellulose strip chro-
matography using 2-propanol-NH4OH-water (7:1:2) as solvent) were
pooled and rotary evaporated. The resulting triethylammonium salt
was converted to the barium salt with barium hydroxide followed by
removal of the volatile amine; the barium salt was converted to the
cyclohexylammonium salt by passage through an Amberlite IR-120
(cyclohexylammonium) column. The salt was recrystallized from
ethanol-diethyl ether, mp 197.3-198.3 °C. Anal. Caled for
C1H23NOsP: C,47.31; H,7.94; N, 5.02; P, 11.09. Found: C, 46.95;
H, 7.89;: N, 4.95; P, 11.29.

Enzymes. The divalent metal ion requiring phosphohydrolase from
Enterobacter aerogenes (ATCC 13048) was isolated according to the
published procedure.!® Alkaline phosphatase from Escherichia coli
was purchased from Sigma.

Calorimetric Methods. Solutions of phosphohydrolase and alkaline
phosphatase were dialyzed against 0.05 M sodium piperazine-
N,N-bis(ethanesulfonate) (sodium Pipes), pH 7.3, prior to use. For
the hydrolyses of all diesters except the cyclic phosphate of trans-2-
hydroxycyclopentanemethanol, the concentration of the phos-
phohydrolase solution prior to mixing in the calorimeter was 0.04 mM
(based on a subunit molecular weight of 29 000); for the trans-fused
cyclopentane ester, the enzyme concentration before mixing was 0.2
mM. The concentration of alkaline phosphatase used to catalyze ali
monoester hydrolyses was 0.08 mM (based on a subunit molecular
weight of 43 000) prior to mixing.

The sodium salts of cyclic phosphodiester acids were prepared by
neutralization with sodium hydroxide, and the sodium salts of cy-
clohexylammonium salts were obtained by treatment with sodium
hydroxide followed by lyophilization. For calorimetry the sodium salts
were prepared as | mM solutions in 0.05 M sodium Pipes, pH 7.3.

Measurements of the enthalpies of hydrolysis of the esters were
made at 25 °C in flow calorimeters using a stopped-flow procedure.’
In this procedure, the enzyme and substrate solutions are flowed into
the mixing chamber and reaction tubing at known flow rates for a
period of time less than that required to completely fill the reaction
tubing. The total heat evolved during the reaction is measured and
the viscous heating during the flow period is subtracted to obtain the
observed gross enthalpies of hydrolysis. This stopped-flow procedure
rather than a flow procedure was used to reduce the amountof enzyme
required for these experiments. We have determined that the
enthalpies of hydrolysis of trimethylene and tetramethylene phos-
phates measured with the stopped-flow procedure are identical, within
error, with those values determined using the flow procedures,’ es-
tablishing the validity of the stopped-flow technique.

The enthalpies of dilution of the substrates and enzymes were
measured, and only in the case of the concentrated phosphohydrolase
solution used for the hydrolysis of the trans-cyclopentane cyclic
phosphate was a small but significant enthalpy of dilution observed;
this value was used to correct the observed gross enthalpies of hy-
drolysis for this compound.

The relative flow rates of the enzyme and substrate solutions were
such that the concentrations of substrates in the hydrolysis reactions
were between 0.25 and 0.5 mM in total reaction volumes of 0.3-0.5
mL. For the hydrolysis of the cyclic phosphate of trans-2-hydroxy-
cyclopentanemethanol, the phosphohydrolase concentration was about
0.13 mM; for the hydrolyses of the other diesters the phosphohydrolase
concentration was about 0.02 mM. For the hydrolyses of the mo-
noesters, the final alkaline phosphatase concentration was about 0.04
mM.

For the hydrolyses of all of the esters, heat evolution was observed
to be complete in 20 min or less. Since it was not possible to isolate the
reaction products generated in the calorimeter, that the various re-
actions had proceeded to stoichiometric completion in the calorimeter
was determined in parallel hydrolyses conducted at 25 °C using

concentrations of enzyme and substrate identical with those employed
in the calorimetry. For the diester hydrolyses, product analysis was
performed in two ways. First, the reactions were monitored in a pH
stat (using enzyme dialyzed against 0.126 M KCl and conducted in
a solution which was 0.126 M in KCI; this solution is equal in ionic
strength to 0.05 M sodium Pipes at pH 7.3) and in all cases the reac-
tions were complete in 8 min or less. Second, the amount of inorganic
phosphate produced by an alkaline phosphatase catalyzed hydrolysis
of the products generated by the phosphohydrolase both in the pH stat
reactions and in buffered solutions was quantitated; the reactions
attained stoichiometric completion within the 20-min duration of the
hydrolysis reactions conducted in the calorimeter.

Analysis of the inorganic phosphate produced by action of the
phosphohydrolase alone was also measured, since this enzyme is ca-
pable of catalyzing the (slow) hydrolysis of monoesters.!¢ The results
of these determinations revealed that significant production of inor-
ganic phosphate occurred in the hydrolyses of trans-2-hydroxycy-
clopentanemethanol cyclic phosphate, trans-2-hydroxytetrahydro-
furanmethanol cyclic phosphate, and 5-methoxytrimethylene phos-
phate, with the values being 15, 50, and 40% of the starting diester,
respectively; the hydrolyses of the c¢is-2-hydroxycyclopentane-
methanol cyclic phosphate and 5-methyltrimethylene phosphate re-
sulted in production of less than 3% inorganic phosphate. Since in-
organic phosphate was produced in some of the hydrolyses, the
enthalpies of hydrolysis of the primary phosphate monoester products
of the trans-fused bicyclic cyclic phosphates and of 2-methoxy-3-
hydroxypropane i-phosphate were determined using alkaline phos-
phatase as catalyst. That these hydrolysis reactions proceeded to
stoichiometric completion in the calorimeter was also determined in
parallel hydrolyses in which the amount of inorganic phosphate pro-
duced was quantitated. The values for the enthalpies of hydrolysis of
the monoesters at pH 7.3 corrected for the enthalpy of buffer (de)-
protonation by the fractional proton uptake are compiled in Table I.
Given the errors of these determinations (due to the low heat evolu-
tion), the further hydrolysis of the monoester products to inorganic
phosphate was assumed to have a negligible effect on the measured
enthalpies of hydrolysis of the diesters.

The observed gross enthalpies of hydrolysis of the diesters were
corrected for the enthalpies of protonation of the buffer by the frac-
tional proton released in each hydrolysis (Table I). This correction
was determined from the fractional proton values calculated at pH
7.3 from the pK values of the products measured in 0.126 M KCl and
the heat of protonation of disodium Pipes, —2.55 £ 0.03 kcal/mol at
25°C5

Although about 40 mol % phosphohydrolase was necessary for the
rapid hydrolysis of the cyclic phosphate of trans-2-hydroxycyclo-
pentanemethanol, no correction was applied for the heat of mixing
of product with the enzyme. That such a correction would not be
necessary was suggested by the fact that the primary phosphate hy-
drolysis product of this cyclic ester is a poor inhibitor of the enzyme
and verified by mixing the product with the concentrated enzyme.

Measurements of the enthalpies of protonation of the hydrolysis
products (Table I) were made so that the enthalpies of hydrolysis could
be calculated for reactions yielding either the mono- or dianionic
monoester product.

Although only a single product can be obtained by the phos-
phohydrolase catalyzed hydrolyses of 5-methyl- and 5-methoxytri-
methylene phosphates, each of the bicyclic phosphate esters could yield
either a primary or a secondary phosphate monoester or a mixture of
the two upon hydrolysis. For these esters, the identity of the monoester
products derived from each of the bicyclic esters was determined by
31P NMR spectra of product mixtures obtained using higher con-
centrations of the diesters (20 mM) than those used in the calorimetric
studies. In each of these hydrolyses, both primary and secondary
phosphate monoesters (identified in proton-coupled spectra) were
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Table II. Enthalpies of Hydrolysis of Phosphate Diesters
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diester —AH 49 ~AH,opo32—b —AH _po,-¢
trimethylene phosphate 3.824+0.13 3.95+0.16 3.01£0.16
S-methyltrimethylene phosphate 3715+ 0.16 376 £ 0.19 3.69£0.19
5-methoxytrimethylene phosphate 490 £ 0.17 4.96 £ 0.20 439 £0.20
methyl a-D-glucopyranoside 4,6-cyclic phosphate? 6.87 £0.10 6.92+£0.14 6.26 £0.14
cyclic AMP (3’-ester bond)? 12.09 £ 0.14 12.15+0.20 11.14 £ 0.20
methyl 8-D-ribofuranoside 3,5-cyclic phosphate 11.74 £ 0.20 11.81 £0.22 11.12+£0.22
trans-2-hydroxytetrahydrofuranmethanol cyclic phosphate 10.57 £ 0.38 10.62 + 0.42 10.11 £ 0.42
trans-2-hydroxycyclopentanemethanol cyclic phosphate 7.86 £ 0.59 7.95+0.62 7.59 £ 0.62
cis-2-hydroxycyclopentanemethanol cyclic phosphate 2.50+£0.15 2.59+0.18 223+0.18

@ in keal/mol for enthalpy measured at pH 7.3 after correction for buffer protonation. ¢ 1n keal/mol for hydrolysis yielding dianionic monoester.
¢ In keal/mol for hydrolysis yielding monoanionic monoester. ¢ Reference 3.
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Figure 1. Structures of bicyclic phosphate diesters studied by calorimetry.
The compounds shown: |, cyclic AMP; 2, methyl 3-D-ribofuranoside
3,5-cyclic phosphate; 3, methyl a-D-glucopyranoside 4,6-cyclic phosphate;
4, trans-2-hydroxytetrahydrofuranmethanol cyclic phosphate; 5, trans-
2-hydroxycyclopentanemethanol cyclic phosphate; 6, cis-2-hydroxycy-
clopentanemethanol cyclic phosphate.

produced in a ratio of about 5:1, with the primary ester being pre-
dominant. Indetermining the ionization properties of the monoester
products derived from the hydrolyses, we have chemically synthesized
only the primary monoester products and assumed that the enthalpies
of protonation and pK,s of the primary and secondary esters would
have similar values; given the pronounced excess of the primary
phosphate product, this assumption would not be expected to introduce
significant errors in our reported values.

However, a potential problem associated with the fact that the
phosphohydrolase-catalyzed hydrolyses yield mixtures of products
is that the enthalpies of hydrolysis of a given ester to yield the primary
and secondary products may not be identical. In our previous study
of the enthalpies of hydrolysis of the 3’- and 5’-ester bonds of cyclic
AMP itself 5 the enthalpies of hydrolysis to yield each product were
found to be identical within experimental error; in fact, this deter-
mination was possible because the phosphohydrolase used in the
present study catalyzes the hydrolysis of cyclic AMP to yield a mixture
of products (in which the 3’ product predominates). Although this
single example of identical enthalpies of hydrolysis to yield the primary
and secondary ester products does not prove that such will aiways be
true, it is supportive of our assumption that such is the case in the
studies we report on this paper. The most crucial comparisons of
enthalpies of hydrolysis which we make in this study are those of the
cis- and trans-2-hydroxycyclopentanemethanol cyclic phosphates and
of the trans-fused esters of cyclopentanemethanol and tetrahydro-
furanmethanol. The difference between the two trans-fused esters is
the smaller of the two and is equal to 2.7 kcal/mol. Calculations of
the enthalpies of hydrolysis of these two phosphodiesters to yield either

the primary or secondary monoester product are reported in the fol-
lowing paper3? differences in enthalpies of hydrolysis of 1-2 keal/mol
were estimated with the hydrolysis yielding the secondary monoester
giving the more exothermic enthalpy. Given our previous observation
concerning the enthalpies of hydrolysis of cyclic AMP and the fact
that one product is predominantly produced, we do not believe that
this consideration would indicate that a large uncertainty is associated
with any comparisons of enthalpy values which we have determined.
It should be emphasized that no other catalyst, either enzymatic or
nonenzymatic, is known that can catalyze the hydrolyses of phosphate
diesters at rates sufficiently rapid for calorimetric studies. Given this
severe limitation and the hydrolytic specificity of the enzyme, the
values we report in this paper are the best that can be determined.

Results

The enthalpies of hydrolysis measured in this study are
tabulated in Table 11. Also included in the table for the purpose
of comparison are the previously reported values for the hy-
drolyses of trimethylene phosphate, methyl 5-D-ribofuranoside
3,5-cyclic phosphate, methyl av-D-glucopyranoside 4,6-cyclic
phosphate, and the 3’-ester bond of cyclic AMP. The structures
of the bicyclic compounds for which enthalpies of hydrolysis
have now been measured are shown in Figure 1. In our dis-
cussion of these data, we will primarily refer to the values
calculated for hydrolysis of diester to yield monoanionic mo-
noester so that differences in solvation caused by differing
anionic charge in the product will be minimized.

Discussion

The previous calorimetric study of the enthalpies of hy-
drolysis of phosphodiesters did not yield thermochemical data
which would allow a complete explanation of the thermody-
namic instability of 3’,5’-cyclic nucleotides in terms of their
structures.® The results of that study suggested that the nature
of the substituent on C; of the ribofuranoside ring did not in-
fluence the enthalpy of hydrolysis and that the enthalpies of
hydrolysis of compounds having a trans-fused ribofuranos-
ide-trimethylene phosphate ring system were about 8 kcal /mol
more exothermic than that of unsubstituted trimethylene
phosphate. In the present study, we have confirmed the earlier
suggestion that the substituent on C; of the glycoside ring has
little influence on the enthalpy of hydrolysis of a trans-fused
trimethylene phosphate ring and further demonstrated that
the presence of a hydroxyl group on C; of the five-membered
ring also has essentially no influence on the enthalpy of hy-
drolysis, since the trans-2-hydroxytetrahydrofuranmethanol
cyclic phosphate has nearly the same enthalpy of hydrolysis
as does cyclic AMP. Thus the thermodynamic instability of
the cyclic phosphate rings in the 3’,5’-cyclic nucleotides is
determined by the tetrahydrofuran-cyclic phosphate portion
of the structure.

The explanation for why the enthalpy of hydrolysis of the
trans-fused tetrahydrofuran cyclic phosphate is 7-8 kcal/mol
more exothermic than that for trimethylene phosphate was
obtained by measuring the enthalpies of hydrolysis of the cis-
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and trans-fused 2-hydroxycyclopentanemethanol cyclic
phosphates. The cis-fused cyclic phosphate displays an en-
thalpy of hydrolysis which is similar to that found for tri-
methylene phosphate. This observation is certainly true despite
the fact that we were not able to chemically prepare a sample
of the major enzymatic hydrolysis product, cis-2-hydroxycy-
clopentanemethanol a-phosphate, owing to limited availability
of the diol and difficulty in obtaining a sample which had a
single proton decoupled 3'P NMR resonance. In calculating
the thermochemical values for the hydrolysis of this cyclic
phosphate which are listed in Table 11, we have assumed that
the ionization properties of the rrans-2-hydroxycyclopen-
tanemethanol a-phosphate are a good approximation of those
which would be obtained for the cis isomer. In contrast to the
low exothermicity of the cis isomer, the rrans-cyclopen-
tanemethanol cyclic phosphate had an enthalpy of hydrolysis
of —7.6 kcal/mol, 4.6 kcal/mol more exothermic than tri-
methylene phosphate but 2.7 kcal/mol less exothermic than
the tetrahydrofuran cyclic phosphate. We believe that the 4.6
kcal/mol increase in the exothermicity of hydrolysis of a six-
membered ring cyclic ester which is produced by its trans fu-
sion to the cyclopentane ring is the result of geometric desta-
bilization (strain). This behavior was initially unexpected in
view of the strain energies for cycloalkanes, in which trans
fusion of a cyclohexane ring to a cyclopentane ring (trans-
hydrindan) does not result in the generation of a ring fusion
strain.}” In fact, for the cycloalkanes, cis-hydrindan is more
strained than the trans isomer by 1.0 kcal /mol, Presumably,
the sp?-hybridized oxygen atoms in cyclic phosphate rings
cannot be as easily accommodated in the trans-fused system
as in the cis-fused system. Also, we would not necessarily ex-
pect the relative order of strain for the cis- and trans-fused
cyclic phosphates to be that observed for the analogous bicy-
cloalkanes, since in the cyclic phosphates the presence of
oxygen atoms in the phosphate ring will lead to a smaller
1,3-diaxial repulsion term in the conformational energy of the
cis-fused ester than would be expected for the cis-fused al-
kane.

The 2.7 kcal/mol difference between the enthalpies of hy-
drolysis of the trans-tetrahydrofuran and the trans-cyclo-
pentane cyclic phosphates cannot be so easily explained by
intramolecular geometric destabilization considerations. The
only difference in structure in these two compounds is the in-
terchange of a methylene group and an oxygen atom; perhaps
it could be argued that in the tetrahydrofuran cyclic ester the
presence of C-O bonds rather than the C-C bonds found in
the cyclopentane cyclic ester leads to additional strain, since
C-O bonds are 0.08 A shorter than C-C bonds. This sugges-
tion is not supported by the molecular mechanics and ab initio
calculations reported in the following paper.?

We have also found that the enthalpies of hydrolysis of 5-
methyl- and 5-methoxytrimethylene phosphates differ by only
0.9 kcal/mol. That this difference is 1.8 kcal/mol smaller than
that found for the tetrahydrofuran and cyclopentane cyclic
esters indicates that intramolecular effects cannot account for
the observed differences.

The 2.7 keal/mol difference in enthalpies which we observed
for the five-membered ring containing bicyclic esters is very
similar to the 3.2 kcal/mol difference in the enthalpies of hy-
drolysis of methyl a-D-glucopyranoside cyclic phosphate and
trimethylene phosphate. In the crystal structure of the gluco-
side cyclic phosphate, no evidence for intramolecular desta-
bilization was found.” We have tried to measure the enthalpy
of hydrolysis of trans-2-hydroxycyclohexanemethanol cyclic
phosphate, but this cyclic ester is not a good substrate for the
phosphohydrolase from E. aerogenes, several attempts to de-
termine its enthalpy of hydrolysis have lead to uncertain values
owing to the long times necessary for its complete hydrolysis,
but the data we have do suggest that its hydrolysis is not very
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exothermic. We are still attempting to find conditions which
will allow a quantitatively precise value to be determined.
However, the ab initio and molecular mechanics calculations
carried out on this compound predict that the enthalpy of hy-
drolysis will be similar to that found for trimethylene phos-
phate.® We assume, therefore, that the similar differences
observed between the tetrahydrofuran and cyclopentane esters
and the glucoside ester and trimethylene phosphate (or cy-
clohexanemethanol cyclic phosphate) share a common ex-
planation.

An explanation for the differences between the enthalpies
of hydrolysis of the tetrahydrofuran derived cyclic phosphates
and the trans-cyclopentane cyclic phosphate and between the
enthalpies of hydrolysis of the methyl glucoside cyclic phos-
phate and trimethylene phosphate cannot be obtained from
these thermochemical data but can be formulated on the basis
of the NMR studies reported in an accompanying paper.®
NMR studies on 5-alkoxy substituted trimethylene phosphates,
e.g., S-methoxytrimethylene phosphate, and S-alkyl substituted
trimethylene phosphates, e.g., 5-methyltrimethylene phos-
phate, have revealed that the conformational behavior of the
5-alkoxy esters but not the 5-alkyl esters is solvent dependent,
with the alkoxy group preferring an axial orientation in D,O
and an equatorial orientation in less polar solvents, e.g., ace-
tone-dg. This behavior can be described in the conformationally
flexible monocyclic esters as the more polar conformation, i.e.,
with the alkoxy group axial, being favored in polar solvents and
disfavored in nonpolar solvents. In the trans-tetrahydrofuran
derived cyclic esters, e.g., cyclic AMP, and in the methyl glu-
coside cyclic phosphate, the analogous oxygen substituent of
the cyclic phosphate ring (O4" in cyclic AMP and Os in the
glucoside cyclic phosphate) is constrained to be in an equatorial
orientation, owing to the trans ring fusion which leads to
conformational rigidity. Perhaps half of the excess enthalpies
of hydrolysis of the oxygen substituted bicyclic cyclic esters
relative to the analogous cycloalkane cyclic esters can be ac-
counted for by this solvent-dependent destabilization.

We do not believe that this is the only factor which con-
tributes to the excess enthalpy but believe, on the basis of some
preliminary NMR experiments on the conformational pref-
erences of phosphate monoesters,'® that the hydrolysis products
derived from the rigid 5-alkoxy cyclic esters experience a
solvent-dependent stabilization relative to the product ob-
tained from trimethylene phosphate. Evidence for this state-
ment is provided by the observation that the rotameric distri-
bution about the exocyclic C-C bond in the phosphate mo-
noester of either tetrahydrofuranmethanol or tetrahydropyr-
anmethanol is solvent dependent.

We attempted to gain calorimetric evidence for these sol-
vent-dependent contributions to enthalpies of hydrolysis by
measuring the enthalpy of hydrolysis of a conformationally
rigid ester which would be expected to have an alkoxy group
as an axial substituent of a six-membered cyclic phosphate
ring. As an example of such a conformationally rigid diester,
methyl a-D-galactopyranoside 4,6-cyclic phosphate was pre-
pared and we found by examination of its '"H NMR spectrum
that Os was, indeed, an axial substituent of the cyclic phos-
phate ring (this ester should, in principle, be conformationally
flexible since it is a cis-fused system, but the oxygen-equatorial
conformer is presumably disfavored because of unfavorable
1,3-diaxial interactions in addition to the solvation reasons
already discussed). This glycoside cyclic phosphate ester is not
a substrate for the phosphohydrolase.

Thus, we believe that the thermodynamic instabilities of
trans-fused glycoside cyclic phosphates have significant con-
tributions from solvation effects in addition to geometric de-
stabilization which can be present as a result of the trans ring
fusion. Further discussion of these solvent-dependent effects
is presented in an accompanying paper.® as is a hypothesis as
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to the importance of solvation effects in the biochemical ac-
tivity of 3/,5-cyclic nucleotides.
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Abstract: We present molecular mechanics and ab initio quantum mechanical calculations on some cyclic nucleotides and ana-
logues with the goal of accounting for the unusually exothermic heats of hydrolysis of the six membered ring containing phos-
phodiester, 3’,5’-cyclic adenosine monophosphate (AMP), and of the five membered ring containing phosphodiester, 2/,3"-cy-
clic AMP. We attribute the greater exothermicity for hydrolysis of 3°,5-cyclic AMP and the corresponding simple modetcom-
pounds relative to that for trimethylene phosphate (8 kcal/mol) to the following effects: (1) the trans ring fusion in 3’,5"-cyclic
AMP, which leads to 4-5 kcal/mol of strain energy in this molecule, and (2) the presence in the 3’,5"-cyclic nucleotide of an
unfavorable O-C-C-O interaction which is relieved upon phosphate ring cleavage. This second interaction, which is solvent
dependent, can account for about 1-2 kcal/mol of the difference in hydrolysis energy. (3) This leaves approximately | -2 kcal/
mol unaccounted for, and this may arise from differential solvation energies of the reactant and product. Our calculations over-
estimate the exothermicity of hydrolysis of the five membered ring containing phosphodiester, 2/,3’-cyclic AMP, but find, in
agreement with experiment, that its exothermicity is much closer to the simple model phosphodiester, ethylene phosphate, than
found in the corresponding six membered ring phosphodiesters.

Introduction

One of our laboratories has recently obtained thermo-
chemical evidence that the unusually exothermic enthalpy of
hydrolysis of 3’,5-cyclic adenosine monophosphate (AMP)
is determined by the trans-fused trimethylene phosphate-
tetrahydrofuran portion of the structure, i.e., the substituents
on C1’ (the heterocyclic base) and on C2’ (a hydroxyl group)
are not required to produce the 8 kcal/mol more exothermic
enthalpy of hydrolysis which cyclic AMP (and analogues
which have this structure) display relative to trimethylene
phosphate.’ However, the enthalpy of hydrolysis of a structural
analogue having trans-fused trimethylene phosphate-cyclo-
pentane rings was about 3 kcal/mol less exothermic than those
with tetrahydrofuran rings, suggesting that both the trans ring
fusion and some uncharacterized effect resulting from the
tetrahydrofuran oxygen were responsible for the total heat
effect. Presumably, the trans ring fusion effect is caused by
geometric distortion (strain), but the origin of the effect as-
sociated with the oxygen atom was not clear. Perhaps this latter
effect could also be due to geometric distortion, since C-O
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bonds are about 0.08 A shorter than C-C bonds and this
shorter bond length could introduce additional strain.

In this paper we describe the results of molecular mechanics
and ab initio calculations which support the notion of consid-
erable strain being associated with the trans ring fusion in the
3’,5’-cyclic AMP, but which suggest that inrermolecular
considerations (solvation) are necessary to provide the com-
plete explanation for the enthalpy of hydrolysis of 3",5"-cyclic
AMP. Results on calculations of hydrolysis energies on 27,3’
cyclic nucleotides are also presented for comparison purposes.
In the following paper,* experimental data from one of our
laboratories are presented which implicate differential solva-
tion of the reactants and products of the hydrolysis reaction
as the source of the unaccounted for enthalpy of hydrolysis in
the 3’,5’-cyclic AMP case,

Methods of Procedure

For the quantum-mechanical calculations, we employed an
ab initio SCF approach using the program GAUSSIAN 70° and
an STO-3G basis set.b The molecular mechanics calculations

© 1980 American Chemical Society



