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A closer study of modified membranes must be
left for a later communication. It is apparent,
however, from the data given in this paper that
much greater over-all selectivity for separations
can be achieved by use of a membrane of the op-
timum pore size. When mixtures containing mole-
cules of widely differing size are to be separated a
series of membranes with different porosities will
be needed.

From our data at present with cellophane mem-
branes and 0.01 N acetic acid five standard sizes
are easily available as follows. (1) A stretched
20/32 membrane which readily passes native oval-
bumin. (2) The 20/32 Visking cellophane which
readily passes native proteins up to ovalbumin.
(3) The 18/32 Visking cellophane which will not
pass proteins as large as insulin. (4) Acetylated
20/32 Visking which will not pass subtilin but will
pass Dacitracin. (5) Acetylated 18/32 Visking
which will scarcely pass bacitracin. A study of
the optimum way to integrate the use of these dif-
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ferent sizes with the countercurrent approach is in
progress.

The porosity of the membrane does not correlate
with the thickness as can be seen from the data in
Table II, which gives five sizes of cellophane stud-

TasLE I1

COMPARISON OF THICKNESS, SIZE AND POROSITY OF SEVERAL
SI1ZES OF VISKING TUBING

Thickness,
Size mm. Result with insulin
8/32 0.064 Slowly passes
18/32 L0175 Does not pass
20/32 .020 Rapidly passes
23/32 0275 Does not pass
27/32 .025 Passes less rapidly than with 20/32

ied with insulin. The thickness given is that
found with a micrometer on the dry membrane be-
fore use.

New York, N. V.
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The Methylation of Deoxyuridine!

By EL1zABETH A. PHEAR AND DavIiD M. GREENBERG
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The methylation of deoxyuridine, with formaldehyde as the methyl group precursor, has been demonstrated with cell-

free preparations from various tissues.

The most active of the extensively studied tissues was the thymus gland. Employ-

ing a Dowex-1-Cl~-treated, dialyzed rat thymus preparation, the primary product of the reaction appeared to be thymidylic

acid, which was then partially converted to thymidine,

Tetrahydrofolic acid, reduced phosphopyridine nucleotide, adeno-

sine triphosphate and Mg** were required as cofactors for the reaction.

Friedkin and Roberts? showed that deoxyuridine
(UDR)? was incorporated into DNA-thymine and
free TDR by suspensions of chick embryo and by
rabbit and chick bone marrow. They concluded
that the TDR was formed by a folic acid-depen-
dent methylation. Reichard* also showed that de-
oxyuridine was incorporated into DNA-thymine.
The observations of Friedkin and Wood® suggested
that CDR also may be incorporated into DNA-
thymine by the same or a similar reaction.

This paper describes studies of the methylation
of UDR with H,CO in a cell-free preparation of
rat thymus gland, and a survey of the distribution
of this enzyme system in various other tissues.

Experimental

Materials.—Thymus glands from 1 month old Long-
Evans rats were used for most of the work. In the deter-

(1) Aided by research grants from the National Cancer Institute
(CY.2915 and 3175), National Institutes of Health, U. S. Public
Health Service and the Cancer Research Funds of the University of
California.

(2) M. Friedkin and D, Roberts, Federation Proc., 14, 215 (1955);
J. Biol. Chem., 220, 653 (1956).

(3) Other abbreviations employed: TDR, free thymidine; TA,
“thymidylic acid”’—see Anmnalytical Methods section; TTC, total
acid.soluble compounds yielding thymine om hydrolysis; CDR,

deoxycytidine; CF, citrovorum factor, leucovorin; ATP, adenosine
triphosphate; DPN, DPNH, oxidized and reduced diphosphopyridine
nucleotide; TPN, TPNH, oxidized and reduced triphosphopyridine
nucleotide; TCA, trichloroacetic acid; DNA, deoxyribonucleic acid;
RNA, ribonucleic acid; THF, tetrahydrofolic acid.

(4) P. Reichard, Acta Chem. Scand., 9, 1275 (1955).

(5) M. Friedkin and H. Wood, IV, J. Biol. Chem., 220, 639 (1958).

mination of the distribution of the enzyme in various tis-
sues, spleen and bone marrow from 1 month old rabbits, and
marrow from pork, lamb and veal bones,? and thymus glands
from steer, lamb and pig” were tested.

The sources of the following chemicals were: DPNH
from Sigma Co., ATP from Nutritional Biochemical Co.,
UDR and TDR from California Foundation for Biochemical
Research, folic acid from Mann, CF was a gift of the
Lederle Laboratories, and the Ho,CO was purchased from
the Bio-Rad Co., Berkeley. THF was prepared by the
reduction of folic acid by the method of O’Dell, e al.8

Enzyme Methods.—Cell-free tissue preparations were ob-
tained by homogenizing the minced tissue with 9 volumes of
0.05 M veronal buffer at pH 7.6 in a Potter—Elvehjem glass
homogenizer, followed by centrifugation for 10 minutes at
20,000 X g. The thymus preparations were then batch-
treated with Dowex-1-CI-,? centrifuged at 59,000 X g,
and dialyzed overnight against veronal buffer.

The incubations were run for 2 hr. in 25-ml. beakers at
37° under nitrogen in a Dubnoff shaking metabolic incuba-
tor. Each vessel contained 2 ml. of enzyme (520 mg. pro-
tein) and substrates and cofactors at the following levels:
H,C1O, 5 umoles (98,400 c.p.m. per pmole); UDR, 10
pmoles; carrier TDR, 1.2 uymoles; ATP, 10 umoles; DPNH,
2 pmoles; MgSO,, 10 umoles; THF 500 pg. The total
volume was 2.7 ml. and when any of the above constituents
was omitted the volume was made up with buffer; 0.05 M
veronal buffer at pH 7.6 was used throughout unless otlier-
wise indicated. Carrier thymidylic acid was added after
incubation, since it inhibited the reaction, but the addition

(6) Kindly supplied by Swift and Co., San Francisco.

(7) These were a gift from James Allen and Sons, 3rd Street, San
Francisco.

(8) B. L. O’Dell, J. M, Vandenbelt, E. S. Bloom and J. J. Pfiffner,
THIs JOURNAL, 69, 250 (1947).

(8) B. E. Wright and T. C. Stadtman, J. Biol. Chem., 219, 863
(1956),
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of carrier TDR before incubation had no effect on the reac-
tion, and counteracted breakdown of TDR.1® The incuba-
tions were run in pairs, with UDR added to one member of
the pair only. The TDR, TA and TCC formed from the
UDR were deduced from the difference in activity of these
compounds isolated from the two incubations.

The reaction was stopped by adding TCA to give a final
concentration of 109,. The precipitate was washed with
59, TCA, and the supernatant and washings comnbined.

Analytical Methods. Total Thymine-containing Com-
pounds (TTC).!—These were estimated in the incubation
extract after removal of the TCA with ether. The liquid
was dried and hydrolyzed for 15 min. with 0.2 m]. of 129,
perchloric acid, and the latter removed with KCl. To
eliminate amino acids and salts, the preparation was ad-
justed to pH 2.8 and eluted from a Dowex-50-H* column
with water at pH 3. The eluate was neutralized with NH,-
OH, dried and chromatographed on Whatman No. 1 paper
with butanol-water (86:14) as solvent. After 18 hr. of
diffusion, the thymine spots were located by ultraviolet
light. These, together with paper blanks, were cut out,
weighed and eluted with warm water at pH 3. The con-
centration and purity of the samples was estimated photo-
metrically, by use of their absorption densities at 250, 260
and 280 my in acid solution.

Thymidine (TDR) was measured in the presence of 1.2
umoles of carrier. Samples of the dried, TCA-free acid-
soluble residues after incubation were streaked onto What-
man No. 1 paper and chromatographed for 18 hr. in butanol-
water (86:14). The thymidine spots were eluted, dried
and rechromatographed for 5 hr. in 0.1 M borate buffer at
»H 9.3. The spots (located with ultraviolet light) together
with paper blanks were cut out, weighed, and the concen-
tration of thymidine estimated from its absorption deusity
at 260 mu.

““Thymidylic Acid’’ (TA).—The majority of counts were
present in a substance which behaved similarly to, and
moved together with thymidylic acid on chromatography
in isopropyl alcohol-HCI (isopropyl alcohol 17 ml., concen-
trated HCI 41 ml., water 39 ml.), isobutyric acid-NH; (10
vol. isobutyric acid, 6 vol. 0.5 N NH,OH), 0.1 A/ borate at
pH 9.3, and butanol-water. However it was not possible
to isolate and characterize this compound as thymidylic
acid. It was estimated by chromatography in butanaul-
water in the presence of 5.6 pmoles of carrier thymidylic
acid. The immobile area in this solvent was eluted, and
rechromatographed in isopropyl alcohol-HCl. The TA
spot was eluted, hydrolyzed, passed through a Dowex-50-H
column, eluted with water at pH 3, chromatographed on
Whatman No. 1 paper in butanol-water, and estimated
spectrophotometrically as thymine. The sum of the activity
of Thymidine and ** Thymidylic acid’’ (Table I) was obtained
after chromatography of the TCA-free residue from incuba-
tions in isopropyl alcohol-HCI in the presence of carriers.
The spot which contained both these compounds was
eluted, hydrolyzed and estimated, after chromatagraphy
on Dowex-50-H™*, and on paper in butanol-water, as thy-
mine. Radioactivity was measured in duplicate, on in-
finitely thin samples dried on polythene planchets, to 59,
accniracy with a gas flow counter. H,CMO activity was es-
timated after its conversion to the dimedon derivative.!?
Protein was estimated with the biuret reagent.!?

It was shown that TTC formation was proportional to
the protein concentration over the range 3-20 mg. protein
per incubation, so results have been expressed as umoles
of TTC, TA and TDR formed per mg. protein.

The activity of the TTC formed in the absence of added
UDR in Dowex-treated samples varied from 0-89, of that
formed in its presence. Results using the paired incubation
method for TTC estimation agree to within 1097 of those
obtained using 2-Clturidine prepared by the method of
Friedkin and Roberts.?

Table I shows that of the total activity in TTC, most
was present in the TA fraction, with about 109, in the TDR.

(10) L. A. Manson and J. O. Lampen, Federation Proc., 8, 224
(1949).

(11) Total acid.soluble compounds yielding thymine on hydrolysis
with perchloric acid: which could include thymidine, thymidylic acid
and other acid.soluble nucleotides.

(12) L. P. Vernon and 8. Aronoff, Arch. Biochen., 29, 179 (1940).

(1%) T. E. Weichselbaum, 4. J. Clin. Poth. Tech. Sect., 10, 10
(1946).
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As the work was concerned primarily with the methylation
of UDR, TTC only was usually measured.

Results

A test for the incorporation of UDR and H,C1O
into the purine and pyrimidine bases of DNA and
RNA was performed following an incubation by
isolating the nucleic acids according to the method
of Schmidt and Thannhauser.!* After hydrolysis
free bases were isolated by the method of Cohn.®
In confirmation of the results of Friedkin and
Wood,® only DNA-thymine contained significant
activity. TTC was more active than the DNA-
thymine, so further studies were confined to this
fraction.

Substrate Specificity.—UDR was found to be a
better substrate than CDR or deoxycytidylic acid
for TTC formation, and thus was used throughout
the work. In one experiment in which 10 pmoles
of these bases were compared as substrates, a
thymus preparation, formed 22.2 X 10~* umole
of TTC per mg. protein from UDR and only 2.2
X 10~* and 3.2 X 104 umole from CDR and cyti-
dylic acid, respectively.

TABLE 1
DISTRIBUTION OF RADIOACTIVITY BETWEEN TTC, T'A AnD
TDR
Thymine activity umoles formed per mg.
estimated as protein X 104
TTC 19.5
TDR 1.7
TA 16.8
TA and TDR 20.1

Occurrence of the Enzyme System.—Table II
shows that cell-free preparations of spleen were
more active enzymatically than bone marrow
preparations from various sources. The com-
parative activity of other tissues was investigated
in the rat, and the results are shown in Table III.
An immature rat (100 g. wt.) was used in this ex-
periment, since the tissues of voung animals were
found to be more active than those of older animals.

TABLE II

DISTRIBUTION OF METHYLATING ENZYME SYSTEM IN V' ARI.
oUS SPLEEN AND MARROW PREPARATIONS

Differences from standard incubation medium: 0.77
wmole H,CHO per incubation, and 0.15 M KCI-KHCO;
huffer, pH 7.4.

umoles TTC formed
per mg, protein
X 108

Source
S 1een%Rat 34.0
P Rabbit 17.0
Pork 8.2
Bone jLamb 7.2
marrow | Rabbit 3.8
Veal 0.1

The high activity found in the thymus gland
led to a survey of the activities of thymus glands of
various species. The results are shown in Table
IV. Preparations of sheep, steer and hog thymus
were made from adult animals. Probably prepara-

(14) G. Schimidt and S. J. Thannhauser, J. Biol. Chem., 161, 83

(1945).
(15) W. . Cohn, Science, 109, 377 (1949).
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tions from young animals would have had greater
activity.
TasBLE III

DISTRIBUTION OF METHYLATING ENzZYME SYSTEM IN TIs-
SUES OF THE RAT
umoles TTC formed per mg.

Tissue protein X 104
Submaxillary gland 185.0
Thymus 95.1
Liver 6.9
Spleen 2.6
Luug 2.6

TABLE 1V

DISTRIBUTION OF METHYLATING ENZYME SYSTEM IN VARI-
ous THYMUS PREPARATIONS

umoles TTC formed per mg.

Source protein X 104

Hog 34.2
Rat 24 .4
Steer 6.5
Sheep 2.8

Preparations homogenized and centrifuged in
0.25 M sucrose exhibited less enzymic activity
than those prepared in 0.05 M veronal buffer at
pH 7.4. Acetone powders, and preparations frozen
either before or after dialysis were completely
inactive.

30+
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Fig. 1.—pH-activity curve for formation of acid-soluble

thymine derivatives from deoxyuridine.

Attempts at fractionation of the enzyme system
with (NH,);SO4 in 0.05 M veronal buffer at pH
7.4 were unsuccessful. If nucleic acids were first
removed with protamine sulfate or MnCl,, and
the (NHg)»SO, fractionation performed in 0.15
M KCI-KHCO; at pH 7.4, most of the enzyme ac-
tivity was precipitated between 33 and 509, satura-
tion. However, both the protamine sulfate and
the MnCl, caused loss of activity. Moreover,
recombination of the fraction containing most of
the activity with that not precipitated at 609,
(NH4)»SO, saturation, which alone had no activity,
led to enhanced activity.

Dowex-1-Cl~ treatment and overnight dialysis
caused no loss of activity, decreased the radio-
activity of the TTC in the control vessel and facili-

(16) S. Korkes, A. del Campillo, I. C. Gunsalus and S. Ochoa, J.
Biol.  hem., 198, 721 (1951),
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tated the study of cofactor requirements. This is
the only purification so far achieved with the en-
zyme system.

Cell-free preparations of rabbit bone marrow
were more active in 0.05 M veronal than in 0.15
or 0.05 M tris-(hydroxymethyl)-aminomethane,
glycylglycine or KCI-KHCO; buffers at pH 7.4.
No enzyme activity was obtained in phosphate
buffer. In veronal buffer the pH optimum was
7.4-7.7 (Fig. 1).

Conversion of Thymidylic Acid to Thymidine.—
1.2 umoles of TDR was added to a series of incuba-
tions of rat thymus preparation, containing 20 mg.
protein per incubation. In these, the initial thy-
midylic acid carrier content varied from 0-5.6
pmole. The remainder, to give a total of 5.6
wmoles in each vessel, was added at the end of the
experiment. Recovery of carrier thymidylic acid
decreased serially from 2.9 umoles in the incuba-
tion to which thymidylic acid had all been added
after incubation, to 2.3 pmoles in the sample to
which it had all been added initially. The TDR
recovery varied inversely from 0.7-1.5 pmoles.
This experiment shows qualitatively, since re-
coveries were low, that the TDR increases, and the
thymidylic acid decreases in concentration during
incubation. Some of the thymidylic acid may
have been converted into acid-insoluble compounds,
but some must have given rise to TDR. From the
results obtained from studies of the relative ac-
tivities of TA and TDR (¢f. Table I and V), it
seems that about 109, of the TA is converted to
TDR during incubation under the present condi-
tions in rat thymus preparations.

Cofactor Requirements.—The results obtained
in a study of TA and TDR formation by a Dowex.
1-treated, dialyzed rat thymus preparation are
shown in Table V. Essentially similar results were
obtained for TTC formation by rat thymus, rat
spleen and rabbit bone marrow preparations.
Table V shows that ATP, DPNH, THF and Mg++
are required for the formation of the methyl group
of thymine compounds from UDR and formal-
dehyde.

THF was more effective than CF as the cofactor
in this reaction, and other experiments (not given
in the table) showed that folic acid at levels of 500
or 250 ug. was without effect.

In this table the need for DPNH in the presence
of 500 ug. of THF was not clearly demonstrated.
Paper chromatography of samples to which DPNH
had not been added revealed the presence of DPN,
which had presumably remained attached to the
protein in the preparation. THF reduces DPN,¥
and the residual DPN is probably present in its
oxidized form at the end of the manipulations prior
to incubation. If the amount of THF is reduced
to 166 ug., Table V shows that added DPNH defi-
nitely stimulated the reaction. Presumably at the
higher level, the THF acts both as a reducing agent
for the residual DPN in the preparation, and as
cofactor, while at the lower level it functions
mainly as a co-factor.

The requirement for DPNH also was shown in
an experiment in which 6 ml. of rat thymus prepa-

(17) L. Jaenicke, Biochim. Biophys. Acta, 17, 588 (1955).
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ration was passed through a 6 X 1 cm. Dowex-1-
Cl~ columin at pH 7.2 before centrifugation, dialy-
sis and incubation. 15.0 aud 21.1 X 104 umoles
of TTC were then formed in the absence and pres-
ence of added DPNH, respectively, when 500
ug. of THF (which gave a maximum yield of
TTC) was added. Presumably the column
had been more effective in removing DPN than
the usual batch treatment. Another possible ex-
planation for the small effect of added DPNH could
be that formaldehyde itself might reduce the THF-
formaldehyde complex, and in so doing yield an
equimolar quantity of HCOOH. To test this pos-
sibility, HCOOH was estimated by the method of
Sakami.’® It was found that it was formed in
amounts comparable to the TTC, but that its for-
mation was not dependent on the presence of UDR,
so that it must have been produced by an independ-

TABLE V

COFACTOR REQUIREMENTS FOR METHYLATING ENZVYME Svs-
TEM

Cofactors were added at the following levels: ATP, 10
umoles; MgSOy, 10 umoles; DPNH, 2 umoles; DPNH,*
0.67 umole; TPNH, TPN and DPN, 0.67 umole; CF, 500
ug.; THF 500 pg.; THF,® 166 pg., 1 uymole carrier thy-
midylic acid added initially and 4.6 pmoles after incuba-
tion.

pmoles TA pmoles TDR

formed formed
per mg. per mg.

Cofactors protein pratein

added X 104 X 10s

Mg 0.0 0.0
Mg and DPNH .1 .3
Mg and ATP .0 .8
Mg and THF .1 .0
Mg, THF and DPNH .4 .8
Mg, THF and ATP 27.0 24.2
Mg, THF, ATP and DPNH 31.7 29.9
THF, ATP and DPNH 12.8 10.7
Mg, ATP and THF? 11.4 8.2
Mg, ATP, THF® and DPNH 21.5 21.6
Mg, ATP, THF and DPNH* 24.0 22.6
Mg, ATP, THF and DPN 21.5 20.7
Mg, ATP, THF, and TPNH 18.4 21.8
Mg, ATP, THF and TPN 0.8 0.7
Mg, ATP, DPNH and CF 3.9 17.6

ent reaction. Table V does not show clearly a
requirement for DPN or TPNH, and shows that
TPN is inhibitory. Table VI gives results of an
experiment in which only TTC was measured.
ATP, Mg and THF were present in all incubation
flasks. This experiment shows that DPN is less
effective than DPNH as a cofactor. TPN alone
or in the presence of DPN was inhibitory. Ad-
dition of TPNH increased the yield of TTC only
slightly. The requirement for TPNH has not
been demonstrated clearly in any experiment, but
experiments such as those described above do
demonstrate clearly the need for DPNH has not
been met with TPNH. Possibly, therefore, this
is not a TPNH linked reaction, or possibly re-
sidual DPN in the preparation masks the effect of
this added cofactor. Thus from the data a re-
quirement for TPNH has not been demonstrated,
but reduction can occur by a DPNH linked reaction.

(18) W. Sakami, J. Biol. Chem., 187, 369 (1950).
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Discussion

From the experimental work reported here it is
concluded that the methylation of UDR with forin-
aldehyde is dependent on the presence of THF,
ATP, Mg++ and DPNH. These same cofactors
serve in the biosynthesis of the methyl group of
methionine in a system containing formaldehyde
and homocysteine. !

TABLE VI

EFFECT OF PYRIDINE NUCLEOTIDES ON THE METHYLATING
ENzYME SYSTEM

Pyridine nucleotide
added 0,28 umole

uwmoles TTC formed
per mg. protein 104

ce. 48.3
DPNH 75.2
TPNH 5456
DPN 62.6
TPN 11.6
DPXN and TPN 15.8

THF has been shown to be the most effective
folic acid derivative in the transfer of one carbon
units to form the B-carbon of serine.?? It is
evidently more closely related to the active cofactor
than either CF?.2% or folic acid.!®

It has been proposed that ‘“active formalde-
hyde’ is N3,-CH,OH-THF or a closely related comn-
pound.?22®  According to Kisliuk? formalde-
hyde reacts non-enzymatically with THF. The
DPNH presumably reduces the CH,OH-inter-
mediate to give the methyl group in the present
reaction. ATP, Mg++, THF and DPNH are re-
quired for the formation of the B-carbon of serine
from formate,*? but when formaldehyde is the sub-
strate, the reaction is catalyzed by THF alone.?.%
Thus, it seems likely that in our reaction with formn-
aldehyde as substrate, the ATP is not involved
in the one carbon transfer, but rather in the activa-
tion of the UDR.

The experimental work reported here shows that,
during methylation of UDR, TA and not TDR is
the primary product of the reaction. TA is a sub-
stance which is so far chromatographically iden-
tical with thymidine-5’-phosphate, the naturally
occurring thymidylic acid. Thymidylic acid in-
hibits methylation of UDR, suggesting that it
may be involved in the reaction, and in our system
both TA (chromatographic material) and thymi-
dylic acid are partially converted to TDR. Thus
it seems probable that, since ATP is necessary for
the reaction, a phosphorylated derivative and not
UDR itself is the natural substrate for the reac-
tion. In support of this, Friedkin and Kornberg?®

(19) A. Nakao and D. M, Greenberg, Tuis Journar, 77, 6711
(1955).

(20) R. L. Blakely, Biockem. J., 58, 448 (1954).

(21) N. Alexander and D, M. Greenberg, J. Biol. Chem., 214, 821
(1955); 220, 775 (1956).

(22) R. L. Kisliuk and W. Sakami, TH1S JOURNAL, 76, 1456 (1954);
J. Biol. Chem., 214, 47 (1933).

(28) G. R. Greenberg, L. Jaenicke and M. Silverman, Bsochim. Bios
phys. Acte, 17, 589 (1955).

(24) R. L. Kisliuk, Federation Proc., 18, 289 (1956).

(25) M. Friedkin and A. Kornberg, "Symposium on the Chemical
Basis of Heredity,” Johns Hopkins Press, Baltimore, Md., 1957, p.
609, quoted by Cohen, ¢f al. 2t

(26) S. S. Cohen, M. Green and H. D. Barner, Blochim. Biophys.
Acta, 22, 210 (1956).
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have found that deoxyuridylic acid is converted to
thymine nucleotides by bacteria. It has been sug-
gested recently? and partially supported by experi-
mental evidence® that the methylation of pyrimi-
dine derivatives may involve first an aldol conden-
sation of the CH,OH-THF compound with the
pyrimidine derivative and then formation of the
5-CH,OH-dihydro-pyrimidine compound. This is
followed by removal of water, yielding the methyl-
ene derivative, and finally there is a shift of the

(27) R. L. Hamill, R, L. Herrmann, R. U. Byerrum and J. L. Fair.
ley, Biochim. Biophys. Acta, 21, 394 (1956).
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double bond. These steps also could possibly in-
volve ATP,

AppeENDUM:—Friedkin and Kornberg® and Friedkin®
have shown that deoxyuridine-5'-phosphate is the substrate
for methylation. They postulate a direct condensation of
HOCH.-THF with the deoxyuridylic acid, with the splitting
out of water, and subsequent cleavage to yield the methyl
group. Presumably this would lead to an oxidation of THF
to dihydrofolic acid. The function of the reduced phospho-
pyridine nucleotide might then be to reconvert the latter to
THF.

(28) M. Friedkin, Federation Proc., 16, 183 (1957).
BERKELEY, CALIFORNIA
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Carbodiimides. VII.!

Tetra-p-nitrophenyl Pyrophosphate, a New Phosphorylating

Agent

By J. G. MorFaTT AND H. G. KHORANA
RECEIVED JANUARY 12, 1957

Tetra.p-nitrophenyl pyrophosphate, prepared iz situ by the reaction of di-p-nitrophenyl hydrogen phosphate with di.p-
toly! carbodiimide in anhydrous dioxane, has been found to phosphorylate alcohols at room temperature without basic

catalysis and, therefore, constitutes a powerful phosphorylating agent.
The nitrophenyl groups may be removed by hydrogenolysis in the presence

Very mild alkaline hydrolysis results in the quantitative formation of alkyl mono-p-
Some other interesting properties of the neutral di-p-nitrophenyl phosphate esters

esters were thus prepared in excellent yields.
of platinum or by alkaline treatment.
nitrophenyl hydrogen phosphates.

A number of tertiary di-p-nitrophenyl phosphate

have been recorded. A method for the large scale preparation of di-p-nitrophenyl hydrogen phosphate is detailed.

Methods for the synthesis of esters of phosphoric
acid have been the subject of numerous investiga-
tions and several phosphorylating agents have been
introduced. The reagents commonly employed
fall broadly into two groups. To the first group
belong phosphorus oxychloride? and certain of its
monofunctional derivatives such as diphenyl,?
dibenzyl* and di-p-nitrobenzyl® phosphorochlori-
dates. Common features of the standard proce-
dures employing these reagents are the mildness of
conditions and the use of a basic catalyst, e.g., pyri-
dine, which often serves as the medium of reaction.
The second group of phosphorylating agents em-
braces a number of anhydrides®” such as polyphos-
phoric acid. Reagents of this type are usually em-
ployed in large excess and the phosphorylation re-
actions, which are carried out in the absence of a
base, proceed under relatively drastic conditions.®

(1) Paper VI. C.A. Dekker and H. G. Khorana, THis JoURNAL, 76,
3522 (1954).

(2) See ¢.g., E. Fischer, Ber., 47, 3193 (1914);
R. S. Tipson, J. Biol. Chem., 106, 113 (1934).

(3) (a) K. Zeile and H. Meyer, Z. physiol. Chem., 256, 131 (1938);
(b) P. Brigl and H. Muller, Ber., 72, 2121 (1939); (c¢) H. Bredereck,
E. Berger and J. Ehrenberg, ibid., 73, 269 (1940).

(4) F. R, Atherton, H. T. Openshaw and A. R. Todd, J. Chem. Soc.,
382 (1945) and subsequent papers.

(5) L, Zervas and 1. Dilaris, THIs JoURNAL, 77, 5354 (1955).
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