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slightly active while the 9-methyl derivative (caled. log
P, 7.48) is active. Equation 34 avoids this difficulty.
From Table VII it is seen that the cut off in activity is
to be expected at about log P = 8 This is the point
where the carcinogen is 100 million times more soluble
in the lipophilic phase than in the aqueous—an enor-
mous differential. For aromatics with six rings, the
differential would be over 600 million. Considering
the great insolubility of such compounds in either
phase, it seems quite natural to expect a small aqueous
barrier to isolate the cellular site of action from these
insoluble substances.

While the resultsfrom the p—~o—m analysis with carcino-
genic hydrocarbons are not as sharp as those we have
found for the other systems, they are convincing enough
to show that the lipo-hydrophilic character of these
molecules must be considered in attempts to rationalize
structure—activity relationships.

From the results obtained with the p—¢—= analysis for
the eight examples reported herein, plus the two pre-
viously considered cases,® the view emerges that, al-
though eq. 8 was developed to rationalize structure—
activity relationships of the plant growth regulators, it
now appears to have a general use in a wide variety of
pharmacological systems. Our basic hypothesis that,
as a first approximation, biologically active compounds
appear to exert a rate-controlling effect on one chemi-
cal or physical process and that biological effects re-
sulting from structural changes can be correlated by
means of regression analyses with two parameters, o
and =, seems well worth further study.
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If pineq. 6isindeed the same as that in the Hammett
equation as we have assumed, then eq. 6 (or its simpler
forms) should be useful in estimating electronic and
steric demands of enzymes without the necessity of
isolating and studying them in vitro.

The constants associated with 7 provide insight into
the nature of the cellular material through which a
molecule must make its way before reaching the site
of action. The additive character of 7 or log P should
be of considerable help in making gross modifications in
the structure of biologically active compounds in the
quest for more active or mniore selective drugs. For
example, in the synthesis of the so-called nonclassical
antimetabolites,® where the attachment of a very large
moiety to a basic structure is desired, one iust, in
addition to holding electron distribution constant,
achieve an isolipotropic character in the derivative if
one expects to find equivalent biological respomnse.
Work in progress indicates that when strong electronic
interaction is absent, = is constant and additive in
character. This should make the construction of iso-
lipotropic molecules relatively easy.
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Deoxyribonucleoside-3’,5’ Cyclic Phosphates.

Synthesis and Acid-Catalyzed and Enzymic

Hydrolysis!
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Methods previously developed for the synthesis of ribonucleoside-3’,5’ cyclic phosphates* have been utilized
for the synthesis of cyclic phosphates derived froim deoxyadenosine, deoxycytidine, deoxyguanosine, deoxyinosine,

deoxyuridine, and thyinidine.

The glycosidic bonds in these nucleotides have unusual stabilities in the presence
of acid, analogous to the stabilities found in ribonucleoside-3’,5’ cyclic phosphates.

A nucleoside-3',53’ cyclic

phosphate diesterase froin beef brain, which converts adenosine-3,5' cyclic phosphate to adenosine-3’ phosphate,
hydrolyzes purine deoxynucleoside-3’,5’ cyclic phosphates.

The discovery® and characterization® of adenosine-
3’,5" cyclic phosphate (1) as a factor in the activation of
hepatic glycogen phosphorylase has been followed by a
rapidly increasing appreciation of the widespread oc-
currence’® of the nucleotide and the multiplicity of its

(1) This work has been supported by a grant from the Division of General
Medical Sciences, National Institutes of Health, U. S. Public Health Service
(GM 09241), and by grants from the Life Insurance Medical Research Fund,
Philadelphia, Pa,, and the B. C. Heart Foundation.

(2) Department of Pharmacology, University of British Columbia, Van-
couver 8, B. C.

(3) Technological Research I.aboratory, Fisheries Research Board of
Canada, Vancouver 8, B. C.

(4) M, Smith, G. I. Drummond, and H. G. Khorana, J. Am. Chem. Soc.,
88, 698 (1961).

(5) E. W. Sutherland and T. W. Rall, ibid., 79, 3608 (1957); T. W. Rall,
E. W. Sutherland, and J. Berthet, J. Biol. Chem., 224, 463 (1957); E. W.
Sutherland and T. W. Rall, ibid., 282, 1077 (1958).

(6) W. H. Cook, D. Lipkin, and R. Markham, J. Am. Chem. Soc., 79,
3607 (19537): D. Lipkin, W. H. Cook, and R. Markham, tbid., 81, 6198
(1959).
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biological functions, especially as an intermediate in the
action of hormones.® Consequently, it is of interest to

(7) R. W. Butcher and E. W. Sutherland, J. Biol. Chem., 287, 1244
(1962).

(8) A. Kobata, M. Kida, and S. Ziro, J. Biochem. (Tokyo), 80, 275
(1961), A. Kobata, S. Ziro, and M. Kida, ibid., 81, 277 (1962); T. Okabay-
ashi, M. Ide, and A. Yoshimoto, Arch. Biochem. Biophys., 100, 158 (1962).

(9) E. W. Sutherland and T. W. Rall, Pharmacol. Rev., 12, 283 (1960);
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study the chemistry and biochemical activity of a
variety of analogs of adenosine-3’,5" cyclic phosphate. !
Thus, the synthesis of various nucleoside-3’,5" cyclic
phosphates* preceded and facilitated the characteriza-
tion of naturally occurring guanosine-3’,5’ cyclic phos-
phate.!’ In the present paper, syntheses of deoxy-
nucleoside-3',5" cyclic phosphates derived from ade-
nine, cytosine, guanine, hypoxanthine, thymine, and
uracil are described. Adenosine-3',5’ cyclic phosphate
diesterase is probably of considerable importance to the
biological actions of the nucleotide.”'? Consequently,
it was of some interest to determine the action of the
enzyme on the deoxynucleoside-3’,5’ cyclic phosphates.
The diesterase from beef brain appears to be purine
specific. The unusual stability to acid of glycosidic
bonds in nucleoside-3’,5" cyclic phosphatest~%!® has
been further investigated in the present study.

Preparation of Deoxynucleoside-3',5’ Cyclic Phos-
phates.—Problems associated with the synthesis of
cyclic phosphates have been discussed in detail pre-
viously.#13-15  The preparation of nucleoside-3',5’
cyclic phosphates requires the relatively difficult forma-
tion of a six-membered ring fused frans to a five-mem-
bered ring. The most effective procedure for synthesis
of ribonucleoside-3’,5" cyclic phosphates involves the
reaction of ribonucleoside-5’ phosphates, in the presence
of a strong organic base (solvating agent), with dicyclo-
hexylcarbodiimide in boiling pyridine under conditions
of high dilution, followed by ion-exchange chromatog-
raphy on diethylaminoethyl cellulose.* With only
slight modifications in experimental procedure,'® this
approach has been applied successfully to the syntheses
of deoxynucleoside-3’,5" cyclic phosphates in satis-
factory yield.'-%2!  Deoxyadenosine-3',5’, deoxycyti-
"Ciba Foundation Symposium on Adrenergic Mechanisms,’' J. R. Vane,
G. E. W. Wolstenholme, and M. O'Connor, Ed., J. and A. Churchill Ltd.,
London, 1960, pp. 295—304; T. W. Rall and E. W. Sutherland, Cold Spring
Harbor Symp. Quant. Biol., 26, 347 (1961); P. R. Davoren, and E. W.
Sutherland, J. Biol. Chem., 288, 3016 (1963); S. Tarui, K. Nonaka, Y.
Tkura, and K. Shima, Biochem. Biophys. Res. Comm., 18, 329 (1963).

(10) Acy! derivatives of adenosine-3’,5’ cyclic phosphate are known to
duplicate the effects, qualitatively, of the parent nucleotide in a number of
biological systems [T. Posternak, E. W. Sutherland, and W. F. Henion,
Biochim. Biophys. Acta, 68, 558 (1962)].

(11) D. F. Ashman, R. Lipton, M. M. Melicow, and T. D. Price, Bio-
chem. Biophys. Res. Comm., 11, 330 (1963).

(12) G. I. Drummond and 8. Perrot-Yee, J. Biol. Chem., 286, 1126
(1961).

(13) G. M. Tener, H. G. Khorana, R. Markham, and E. H. Pol, J. Am.
Chem. Soc., 80, 6223 (1958).

(14) H. G. Khorana, G. M. Tener, R. S. Wright, and J. G. Moffatt, ibid.,
79. 430 (1957).

(15) M. Smith, J. G. Moffatt, and H. G. Khorana, ibid., 80, 6204 (1958).

(18) These include shorter reaction times, an increase in the amount of
dicyclohexylcarbodiimide used, and chromatography on DEAE-Sephadex
(Pharmacia). The anion exchanger was more effective in separation of
thymidine-3’,5’ cyclic phosphate from a minor, uncharacterized, reaction
product (see Experimental section).

(17) There is evidence that deoxyribonucleoside-3’ phosphates or their
derivatives, or ribonucleoside-3’ phosphates in which the 2‘-hydroxy! func-
tion is blocked, are most effective precursors of nucleoside-3/,5’ cyclic phos-
phates.¢ @18 However, these types of compounds are, at present, less
accessible than nucleoside-5’ phosphates.

(18) A. F. Turner and H. G. Khorana, J. Am. Chem. Soc., 81, 4651
(1959)

(19) M. Smith and H. G. Khorana, unpublished results [see D. H. Ramm-
ler, Y. Lapidot, and H. G. Khorana, sbid., 85, 1989 (1963), footnote 211}

(20) Thymidine-3/,5’ cyclic phosphate can be obtained readily by reac-
tion of thymidine-3’ phosphate with dicyclohexylcarbodiimide in the ab-
sence of a strong organic base under conditions of high dilution.'3 The
solubility characteristics of other nucleotides demand the modified procedure
used in the present study.+

(21) Deoxyadenosine-3’,5, deoxycytidine-3/,5/, and thymidine-3/,5’ cyclic
phosphates previously have been described as minor products obtained dur-
ing polymerization of nucleotides 13142224

(22) R. K. Ralphand H. G. Khorana, J. Am. Chem. Soc., 83, 2926 (1961).

(23) H. G. Khorana, A. F. Turner, and J. P. Vizsolyi, tbid., 88, 686 (1961).
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dine-3’,5’, and thymidine-3’,5’ cyclic phosphates have
been characterized previously.!-?%?®  Structures of new
nucleotides are assigned by analogy and by their
chromatographic and electrophoretic properties.

Hydrolysis of Deoxynucleoside-3',5’ Cyclic Phos-
phates by Acid.—A striking feature of the chemistry
of ribonucleoside-3’,5" cyclic phosphates is the unusual
stability of their glycosidic bonds in acid.*=® Adeno-
sine-3’,5’ and guanosine-3’,5’ cyclic phosphates are
converted to adenine and guanine much less readily
than their parent 5’-phosphates, whereas uridine-3’,5'
cyclic phosphate is much less stable than uridine-5’
phosphate under the same conditions. Studies on
thymidine-3',5’ cyclic phosphate showed that thymine
was released by acid more readily than from thymidine-
5" phosphate.!?* Consequently, it was of interest to
investigate the acid-catalyzed hydrolysis of a number of
other deoxynucleoside-3’,5" cyclic-phosphates. In M
hydrochloric acid at 50°, there was no detectable change
in deoxyadenosine-3’,5’ and deoxyguanosine-3’,5 cyclic
phosphates after 2 hr., whereas the corresponding 5'-
phosphates were converted completely to adenine and
guanine in less than 5 min. Thus the stability of the
purine deoxynucleoside-3’,5" cyclic phosphates relative
to the 5’-nucleotides is much greater than in the ribo-
nucleotide series.* At 100°, the half-life for conversion
of deoxyadenosine-3’,5" cyclic phosphate to adenine
was 3 min. The corresponding figure for adenosine-
3',5’ cyclic phosphate is 30 min.

At 50°, thymidine-3’,5 cyclic phosphate in M hydro-
chloric acid was half converted to thymine in 13 min.,
thymidine-5" phosphate being unchanged under these
conditions after 2 hr. Both deoxycytidine-3’,5” cyclic
phosphate and deoxycytidine-3’ phosphate were stable
in M hydrochloric acid at 30°. At 100°, the cyclic
phosphate and the 5’-phosphate had half-lives of 22
and 110 min. (approximately), the sole ultraviolet light-
adsorbing product in each case being cytosine. Thus,
the tendency for purine glycosidic linkages to be stable
and for pyrimidine glycosidic bonds to be labile, relative
to parent nucleoside-5’ phosphates, is a characteristic of
both ribonucleoside-3’,5' and deoxynucleoside-3’,5’
cycelic phosphates.®

Enzymic Hydrolysis of Deoxynucleoside-3’,5’ Cyclic
Phosphates.—Earlier studies have demonstrated the
widespread occurrence of an enzymic activity which
hydrolyzes adenosine-3',5’ cyclic phosphate to adeno-
sine-5’ phosphate.”'* This phosphodiesterase, which
does not hydrolyze diesters of adenosine other than the
3',5'-cyclic phosphate, has been purified from rabbit
brain,!? dog heart,?® and beef heart.” In the present
study, the rates of hydrolysis of the deoxyribonucleo-
side-3’,5" cyclic phosphates by adenosine-3’,5" cyclic
phosphate diesterase, obtained from beef brain by a
modified procedure, were followed electrophoretically.
Results are recorded in Table I.

From the results recorded in Table I, it can be seen
that the beef brain diesterase preparation reacts spe-
cifically with purine nucleoside-3’,5" cyclic phosphates.

(24) G. Weimann and H. G. Khorana, ¢bid., 84, 419 (1962).

(25) The effect on glycosidic bond stability is least in the cytosine series
This, coupled with the greater resistance to acid of the glycosidic bond in
ribonucleosides, prevented any observations on the relative stability of cyti-

dine-3’,5’ cyclic phosphate and cytidine-3’ phosphate.4
(26) K. G. Nair, Federation Proc., 21, 84 (1962).
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TABLE I
RELATIVE RATES OF HyDROLYSIS OF NUCLEOSIDE-3’,3’ CycLIC
PHOSPHATE BY BEEF BrRa1N DIESTERASE AT 37°, pH 7.5

Nucleoside-37,5' cyclic
phosphate®

Rate (umoles/mg.

protein/hr.) Relative rate

Adenosine 7.5 100
Deoxyadenosine 3.75" 50
Deoxyinosine 3.6" 48
Deoxyvguanosine 3.3 44
Thymidine 0.09° 1.2
Deoxyuridine 0.08° 1.1
Deoxyceytidine 0.06° 0.8

¢ Each substrate was present at a concentration of 1.5 pmoles
in a final volume of 0.2 ml. ? Protein (200 pg.) incubated 20
min. ¢ Protein (1 mg.) incubated 2 hr.

By anology with adenosine-3',5’ cyclic phosphate, the
products obtained by hydrolysis of the deoxynucleoside-
3',5" cyclic phosphates are believed to be the 5'-phos-
phates. The product from the diesterase hydrolysis of
deoxyadenosine-3’,5" cyclic phosphate, when treated
with a specific adenosine-5’ phosphate deaminase,?” was
completely converted to deoxyinosinic acid, indicating
that deoxyadenosine-5’ phosphate resulted from diester-
ase treatment.

Comparison of the relative rates of hydrolysis of
nucleoside-3',5’ cyclic phosphates, examined in the
present study, with earlier results is of interest (see
Table II). This might indicate that the adenosine-

Tanpne 11
RELATIVE RATES 0F HYDROLVYSIS OF NUCLEOSIDE-3',5’ CvcLic
PHOSPHATE BY DIFFERENT DIESTERASE PREPARATIONS

Nucleoside-3’,5 cyclic

Diesterase prepn. phosphate Relative rate
Rabbit brain!? Adenosine 100
Guanosine 33
Uridine 11
Cytidine 0
Dog heart2t Guanosine 33
Inosine 60
Deoxvadenosine 100
Uridine 15
Cytidine 0
Beef heart? Inosine 100
Uridine 60

3’,5" cyclic phosphate diesterase from different tissues
can have different specificities, or that there are a num-
ber of different diesterases of this type. It may be
noted that the enzyme which produces adenosine-
3',5" eyclic phosphate from adenosine-3’ triphosphate®
and the activating system for hepatic® and skeletal®®
muscle phosphorylase have much greater substrate
specificities than any of the diesterase preparations so
tar described.

Experimental

General Methods.—Reagent grade pyridine was dried over
calcium hydride. All evaporations were carried out at approxi-
mately 10 mm. pressure, the bath temperature being less than
40°,  Paper chrommatography was performed by the descending
technique using Whatman No. 40 paper. Nucleotides and
related compounds were detected by viewing under ultraviolet
light. The R; values of various compounds in 2-propanol-
concentrated ammonia—water (7:1:2) are listed in Table III.
Paper electrophoresis was carried out on Whatman No. 3MM

(27) Y. Lee, J. Biol. Chem., 227, 987 (1957); ibid., 237, 999 (1957).

(28) E. W. Sutherland, T. W. Rall, and T. Menon, ibid., 237, 1220 (1962);
T. W. Rall and E. W, Sutherland. ibid., 237, 1228 (1962).

(29) E. G. Krebs, personal communication; ¢f. E. G. Krebs, D). J. Graves,
and E. H. Fisher, ibid., 284, 2867 (1959).
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TasLE III

R¢ VALUES OF NUCLEOTIDES AND RELATED COMPOUNDS IN
2-PROPANOL—CONCENTRATED AMMONIA-WATER (7:1:2)

Compound Rg
Deoxyadenosine-3’ phosphate 0.17
Deoxvadenosine-3',5’ phosphate 0.43
Deoxvadenosine 0.39
Adenine 0.49
Deoxyeytidine-5’ phosphate 0.14
Deoxyveytidine-3',5' phosphate 0.43
Deoxycytidine 0.61
Cytosine 0.52
Deoxyguanosine-3’ phosphate 0.06
Deoxyguanosine-3’,5’ phosphate 0.25
Deoxvguanosine 0.40
Guanine 0.27
Thynidine-5’ phosphate 0.19
Thyinidine-3,5’ phosphate 0.52
Thyinidine 0.71
Thymine 0.69

paper in 0.05 M potassium phosphate, pH 7.5, for 90 min. at a
field strength of 25 v./cin. Phosphate was determined by the
method of King.%

Thymidine-3',5' Cyclic Phosphate.—Thymidine-3' phosphate
(dihvdrate of diammonium salt, 392 mg., 1.0 inmole) was con-
verted to the pyridinium salt by passage, in water, through a
column (10 X 1.5-cm. diameter) of the freshly prepared pyridin-
ium form of Amberlite IR-120% cation exchanger. After re-
moval of water by evaporation under reduced pressure, the nucleo-
tide and 4-morpholine-N,N’-dicyclohexylcarboxamidine?? (293
mg., 1.0 mmole) were dissolved in dry pyridine (25 ni.), and the
last traces of water were removed by coevaporation under
reduced pressure (this step was repeated three times). The
nucleotide was dissolved in dry pyridine (100 ml.), and the solu-
tion was run dropwise (1 hr.), sia the reflux condenser, into a
boiling solution of dicyclohexyvlcarbodiimide (1.03 g., 5.0 nunoles)
in dry pyridine (100 ml.). The apparatus was protected from
moisture. After remnoval of pyridine by evaporation, the product
was extracted with water (50 ml.) and ether (30 ml.). The water-
ether inixture was filtered to remove dicyclohexylurea, and the
aqueous layer in the filtrate, which contained the nucleotide, was
applied to a column (20 X 2.5-cm. diameter) of DEAE-Sephadex??
in the carbonate form. After a water wash (200 ml.), elution
was carried out using a linear salt gradient, with 0.002 I/ tri-
ethylammonium bicarbonate,3* pH 7.5 (2 1), in the mixing
chamber and 0.1 A triethviammonium bicarbonate (2 1.) in the
reservoir. Fractions (20 ml.) were collected at 10-min. intervals,
the elution of nucleotides being followed spectrophotometrically
at 261 mu. The fractions (60-72) containing the major nucleo-
tide component were combined, concentrated to dryness, redis-
solved in water, and lvophilized to yield the triethylaninonium
salt of thymidine-3’,5’ cvclic phosphate as a hygroscopic white
powder (270 mg., 70¢.), chromatographically homogeneous in
Solvent 1 and electrophoretically homogeneous at pH 7.3.
Ultraviolet adsorption!? showed Apqc 265 mu (e 9900) at pH 7.0
and Amax 263 mu (e 7600) at pH 12.0.

Anal. Caled. for CloHlaNQOTP'CeHlaxl
P, 7.32.

In an experiment where thymidine-3’,5" cyclic phosphate was
isolated zig a column of diethylaminoethyl cellulose, the nucleo-
tide was contaminated with a trace amnount of an acid-resistant
ultraviolet light-adsorbing substance with the saime R; in Solvent
1.

Deoxyuridine-3’,5' Cyclic Phosphate.—Deoxyuridine-3" phos-
phate was reacted with dicyclohexylicarbodiiinide as above.
The cyclic phosphate was isolated by preparative chromatography
in Solvent 1 and was electrophoretically homogeneous at pH 7.0,

Deoxyadenosine-3’,5’ Cyclic Phosphate.—Deoxyadenosine-3’
phosphate (hemihydrate of the diaimmmonium salt, 374 mg., 1.0
mmole) was converted to the 4-inorpholine-N,N’-dicyclohexyl-
carboxamidinium salt and treated with dicyclohexylcarbodiimide

P, 7.55. Found:

(30) E J. King, Biochem. J., 36, 292 (1932).

(31) Rohm and Haas Co., Philadelphia, Pa.

(32) Aldrich Chemical Co., Milwaukee, Wis.

(33) Pharmacia Fine Chemicals, Inc., New York, N Y.
(34) Ref. 24, footnote 34.
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(1.03 g., 5.0 mmoles) in boiling pyridine using the conditions
described for the preparation of thymidine-3',5’ cyclic phosphate.
Work-up followed by chromatography on DEAE-Sephadex
yielded deoxyadenosine-3’,5’ cyclic phosphate in fractions 70-
100. The latter were combined and concentrated to dryness,
and the residue was taken up in water and lyophilized to yield
triethylammonium deoxyadenosine-3’,5’ cyclic phosphate (280
mg., 68%) as a hygroscopic white powder, chromatographically
homogeneous in Solvent 1 and homogeneous on electrophoresis
at pH 7.5. Ultraviolet adsorption showed Amax 259 mu (e 14,500)
at pH 7.0 and Ay.x 257 mu (e 14,000) at pH 2.0.

Anal. Caled. for C10H12N505P'C5H15N'. P, 7.48.
P, 7.34.

Deoxyinosine-5’ Phosphate.—The nucleotide was prepared
from deoxyadenosine-5’ phosphate by nitrous acid deamination.%

Deoxyinosine-3’,5’ Cyclic Phosphate.—Deoxyinosine-5’ phos-
phate was treated with dicyclohexylcarbodiimide as described in
the preparation of thymidine-3',5’ cyclic phosphate. Preparative
chromatography in Solvent 1 yielded deoxyinosine-3’,5’ cyclic
phosphate in 859, yield. The nucleotide was electrophoretically
homogeneous at pH 7.0.

Deoxycytidine-3’,5’ Cyclic Phosphate.—Deoxycytidine-5’ phos-
phate (acid, 307.2 mg., 1.0 mmole) was converted to N-benzoyl-
deoxycytidine-5’ phosphate* 3 by treatment with benzoyl chloride
in pyridine as in the preparation of N-benzoylcytidine-5’
phosphate.* The nucleotide, after conversion to the 4-morpho-
line-N,N’-dicyclohexylcarboxamidinium salt, was treated with
dicyclohexylcarbodiimide (1.03 g., 5.0 mmoles) in boiling pyridine
as in the synthesis of thymidine-3’,5’ cyclic phosphate. After
removal of pyridine by evaporation, the residue was extracted
with water (50 ml.) and ether (50 ml.) and filtered, and the water
layer was isolated. The latter was concentrated to dryness, and
the residual gum was taken up in 959, ethanol (5 ml.) and con-
centrated ammonia, sp. gr. 0.9 (10 ml.) and kept at 25° over-
night. After removal of excess ammonia under reduced pressure,
the nucleotide was adsorbed onto DEAE-Sephedex and chromato-
graphed using a gradient of 0.005 to 0.075 M triethylammonium
bicarbonate. The major ultraviolet light adsorbing component
was eluted in fractions 59-69. These were combined and con-
centrated to dryness, the residue was dissolved in a small amount
of water, and the nucleotide was precipitated with acetone.
The latter was dissolved in water and lyophilized to yield deoxy-
cytidine-3’,5” cyclic phosphate dihydrate (150 mg., 47%) as a
white powder, chromatographically homogeneous in Solvent 1
and electrophoretically homogeneous at pH 7.5. Ultraviolet
adsorption showed Apax 271 mu (e 9700) at pH 7.0 and Apax 278
(€13,700) at pH 2.0.

Anal. Caled. for CyH1o:N3OsP-2H,0: P, 9.54.
9.66.

Deoxyguanosine-3’,5’ Cyclic Phosphate.—Deoxyguanosine-5’
phosphate (diammonium salt, 382 mg., 1 mmole) was converted
to the pyridinium salt of N-benzoyldeoxyguanosine-5’ phos-
phate by reaction with benzoyl chloride as has previously been
described.®® The cyclization and removal of the protecting group
were carried out as in the synthesis of guanosine-3’,5’ cyclic
phosphate,* followed by chromatography on DEAE-Sephadex as
described in the present paper for thymidine-3/,5’ cyclic phos-
phate except that 0.15 M triethylammonium bicarbonate was
used in the reservoir of the salt gradient system. The 3',5'-
cyclic phosphate was eluted in fractions 78-93. Isolation by the
usual procedure yielded the triethylammonium salt of deoxy-
guanosine-3/,5’ cyclic phosphate (150 mg., 35%),¥ chromato-
graphically and electrophoretically homogeneous. Ultraviolet
adsorption showed Ap.x 262 (¢ 11,200) at pH 12.0, Apax 253 (e
13,000) at pH 7.0, and Ap,x 256 (€ 12,600) at pH 2.0.

Anal. Caled. for CoHy1sNsOgP - C¢HysN: P, 7.21. Found: P,
7.10.

In experiments where 4-morpholine-N,N’-dicyclohexylcarbox-
amidinium deoxyguanosine-5’ phosphate, suspended in pyridine,
was treated with dicyclohexylcarbodiimide, yields of deoxyguano-
sine-3',5’ cyclic phosphate were 10-15%.

Acid Hydrolysis of Deoxynucleoside-3’,5’ Cyclic Phosphates.—
Aliquots (10-20 ul.) of a solution of nucleoside-3’,5’ cyclic phos-

Found:

Found: P,

(35) A. Kleinzeller, Biochem. J., 86, 729 (1942).

(36) R. K. Ralph, W. J. Connors, H. Schaller, and H. G. Khorana, J. Am.
Chem. Soc., 85, 1983 (1963).

(37) As in the case of deoxycytidine-3/,5’ cyclic phosphate the over-all
yields are lower than in the synthesis of thymidine-3/,5’ cyclic phosphate,
presumably because of the additional handling required by the protected
derivatives (¢f. ref. 4).

SYNTHESIS OF DEOXYRIBONUCLEOSIDE-3’,5’ CycLIc PHOSPHATES

1629

phate (10 umoles) in cold (0°) M hydrochloric acid (0.5 ml.) were
sealed into capillary tubes. The tubes were heated at 50° in a
water bath: at suitable intervals tubes were removed from the
water bath, and the contents were examined chromatographi-
cally in Solvent 1 after the reaction had been stopped by exposure
to ammonia fumes. The same procedure was employed in study-
ing the acid hydrolysis of deoxynucleoside-5’ phosphates. Hy-
drolyses, at 100°, were carried out in a boiling water bath.

There was no detectable change in deoxyadenosine-3,5" cyclic
phosphate after 2 hr. at 50°. Under identical conditions deoxy-
adenosine-5’ phosphate was converted completely to adenine in
less than 5 min. At 100°, the haif-life of deoxyadenosine-3’,5’
cyclic phosphate in M hydrochloric acid was 3 min., conversion
to adenine being complete in 30 min. No intermediates were
detectable at any stage of the hydrolysis, unlike the acid hy-
drolysis of adenosine-3’,5’ cyclic phosphate.4

Deoxyguanosine-3’,5’ cyclic phosphate was unchanged after 2
hr. at 50°, a temperature at which deoxyguanosine-5’ phosphate
was converted completely to guanine in less than 5 min.

Deoxycytidine-3/,5’ cyclic phosphate and deoxycytidine-5'
phosphate were both unchanged after 2 hr. at 50°. At 100°, the
half-life for the conversion (no detectable intermediates) of the
cyclic nucleotide to cytosine was 22 min. The half-life for the
5’-phosphate was approximately 110 min.

Thymidine-3',5 cyclic phosphate was converted to thymine
(with no detectable intermediates) with a half-life of 13 min.,
reaction being complete in approximately 2 hr. Thymidine-5
phosphate was completely unchanged under identical conditions.

Adenosine-3’,5’ Cyclic Phosphate Diesterase.—Frozen beef
brain (100 g.) was homogenized in a Serval Omnimixer with 400
ml. of acetone at —15°, and the suspension was centrifuged at
6000g for 10 min. at —15°. The precipitate was homogenized
with an additional 400 ml. of acetone at —15° and centrifuged as
before. This process was repeated once, and the final residue was
dried under vacuum. The resulting dry powder was extracted
twice with four volumes of 0.01 M tris(hydroxymethyl)amino-
methane hydrochloride (triss HCl1), pH 7.5, by homogenization
in a Serval Omnimixer at 0° followed by centrifugation at 80,000-
g. To the combined supernatant solutions, saturated ammonium
sulfate (pH 7.4) was added to bring the solution to 309, satura-
tion: After 20 min. stirring at 0°, precipitated material was re-
moved by centrifugation., The supernatant solution was
brought to 409, saturation by addition of saturated ammonium
sulfate. The mixture was centrifuged and the precipitate was
dissolved in a small volume of 0.01 M tris-HCl, pH 7.0, containing
1073 M magnesium acetate. This solution was dialyzed against
2 1. of the same buffer.

Rates of Hydrolysis of Deoxynucleoside-3/,5' Cyclic Phos-
phates by Beef Brain Diesterase.—Each nucleotide, as its tri-
ethylammonium salt (1.5 pmoles), was added to tubes containing
tris-HCl, pH 7.5 (50 umoles), magnesium acetate (0.2 umole),
and water, the total volume being 0.2 ml. Brain extract (see
Table I) was added and the tubes were incubated at 30°. Tubes
containing the nucleotide and buffer, but no enzyme, served as
controls. At appropriate times, the reaction was stopped by
addition of glacial acetic acid (20 ul.), and the tubes were chilled
in ice. An aliquot (25 ul.) was subjected to electrophoresis at
pH 7.5 for 90 min. Nucleotides were detected by viewing under
ultraviolet light, and the spots were cut out and eluted with
water to a final volume of 1.5 ml. The absorbancy of the eluates
were determined at the appropriate wave length for each nucleo-
tide using cuvettes with 0.5 cm. light path. Under these condi-
tions, the rate of hydrolysis of the purine nucleoside-3/,5’ cyclic
phosphates was proportional to protein concentration provided
hydrolysis did not exceed 609%,. This was ascertained from sepa-
rate incubations in which 100, 200, and 400 ug. of protein were
used. The reaction rates are recorded in Table I.

Products of Diesterase Hydrolysis.—In the case of the purine
deoxynucleoside-3’,5’ cyclic phosphates, the sole product of
hydrolysis was a nucleotide with the electrophoretic mobility of
appropriate deoxynucleoside-5’ phosphate. That the product of
hydrolysis was the 5’-phosphate rather than the 3’-isomer in the
hydrolysis of deoxyadenosine-3’,5’ cyclic phosphate was con-
firmed by incubation of the eluate from electrophoresis with
highly purified adenosine-5’ phosphate deaminase,'%% the hydrol-
ysate being converted completely to a nucleotide with the ultra-
violet characteristics of deoxyinosine. The products of hydroly-
sis of deoxyinosine-3’,5’ and deoxyguanosine-3’,5' cyclic phos-
phates are assigned nucleoside-5’ phosphate structure by anal-
ogy.l?
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When the purine nucleoside-3’,5' cyclic phosphates were in-
cubated for protracted periods or with excessive amounts of pro-
tein, traces of ultraviolet adsorbing products appeared with no
electrophoretic mobility at pH 7.5. Presumably, these are nu-
cleosides (or bases) resulting from the actions of contaminating
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traces of phosphatase (or other degradative enzymes). Analo-
gous products were obtained in the experiments with pyrimidine
deoxynucleoside-3’,5’ cyclic phosphates, which required large
concentrations of enzyme and prolonged reaction before any
degradation was evident.
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A Comparative Study of Reagents for the Synthesis of

the C;~C; Internucleotidic Linkage®
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The formation of thymidylyl(3'—5’)thymidine by the condensation of (a) pyridinium 3’-O-acetylthymidine-3’
phosphate with 5’-O-trityithymidine and (b) pyridinium 5’-O-acetylthymidine-3’ phosphate with 3'-O-acetyl-
thymidine has been studied under identical conditions using the following reagents: dicyclohexylcarbodiimide,
ethoxyacetylene, N-ethyl-5-phenylisoxazolium fluoroborate, the reagent prepared by the reaction of phosgene
with dimethyviformamide, ethyl metaphosphate, p-toluenesulfonyl chloride, and mesitylenesulfony! chioride.
Dicyclohexylcarbodiimide and the aromatic sulfonyl chiorides gave the highest (909, or better, using stoichio-

metric amounts of the protected nucleotide and the nucleoside) yields of the desired product.

The rate of

internucleotide bond synthesis using the aromatic sulfonyl chlorides was much higher than that obtained with

dicyclohexylcarbodiimide.

The mechanisin of internucleotide bond synthesis using the aromatic sulfonyl

chlorides is discussed in relation to the previous findings with dicvclohexylecarbodiimide.

A comparative study of several reagents for the
purpose of polymerization of mononucleotides recently
was reported.® Dicyclohexylcarbodiimide (I, DCC)
gives the best results® and this reagent has, in fact,
been used in essentially all of the synthetic work in the
polynucleotide field reported from this laboratory.t45
However, during the past few years a number of new
reagents have been proposed for the activation of
carboxylic and phosphoric acid groups. The reagents
proposed include ethoxyacetylene® (II), substituted

CH; H +
AN /
/N:C——Cl Ci-
CGHH.\::C:NCan HCECOCQHg CH,
I 11 v
R
RAON—R BF =\ CHs S0.Cl
I ¢ 0=C—tN
III, R=ethyl 4 R
R'=phenyl A% VI, R=H or CH;,

isoxazolium salts” (III), the product (IV) from the re-
action of phosgene with dimethylformamide?® ethyl
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metaphosphoric acid prepared by the reaction of ether
with phosphorus pentoxide,® trichloroacetonitrile,!?
and carbonylbis(imidazole)!' (V). The present paper
reports on a comparative study of several of the rea-
gents!? for the synthesis of the Cy'—Cy’ internucleotidic
linkage using relatively simple nucleotide and nucleo-
side derivatives. The results show that DCC and the
aromatic sulfonyl chlorides®!® (VI) are the most ef-
ficlent reagents. A characteristic feature of the
latter class of reagents, however, is the very much
higher rate of reaction than that obtained using DCC.
A brief report of part of these results has been made
previously. !4

Dicyclohexylcarbodiimide.—The formation of thy-
midylyl(3’—5')thymidine (VII) from (a) pyridinium
3’-O-acetylthymidine-5’ phosphate (VIII) and 5'-
O-tritylthymidine (IX, System A), and from (b) 5'-
O-acetylthymidine-3’ phosphate (X) and 3’-O-acetyl-
thymidine (System B), using 0.1 M solutions in dry
pyridine has been studied. Both of these condensa-
tions have been given close study in this laboratory
using DCC as the reagent.>!%'® Two new observa-
tions were made using the latter reagent in the present
work. When the duration of the aqueous pyridine
treatment was reduced from 16 hr.!® to about 1 hr,
the presence of labile intermediates was noted. These
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