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INTRODUCTION

la the coarse of a study (1,2,3^,5) of the normal dis­
tribution of the acid-soluble phosphorus compounds in the 
liver and the changes in distribution of these compounds 
under different physiological conditions, a previously 
unknown nitrogen-free phosphorus compound was isolated from 
liver by Rapoport (6) and subsequently reported in a paper 
by Rapoport and Nelson (̂ ) in 19^5*

This confound, which although extremely labile in warm 
excised liver is very resistant to acid hydrolysis, accounts 
for a significant portion (5-3.0$) of all the difficultly 
hydrolyzable phosphate in the acld-soluble-phosphate fraction 
of liver. Its presence in the mercuric acetate precipitate 
of trichloroacetic extracts of both liver and kidney was 
indicated by ratios of difficultly hydrolyzable phosphate 
per purine N greater than the value of 1:5 which would be 
expected from nucleotides alone.

Preliminary analytical work (6,7) indicated that the 
compound was a phosphate ester of a di- or tri-hydroxy 
dicaxboxylic acid. The presence of considerable amounts of 
such a compound in liver and kidneys raised questions as to 
its possible significance in intermediary metabolism.
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This research was undertaken with the following 
objectives:

1) To establish the structure of the compound.
2) To improve the tedious method of isolation and 

purification.
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DESIGNATION OF STRUCTURE

As a result of the work presented in this paper, the 
structure of the new liver compound has been designated as 
2-phospho-4-hydroxy-lj-carboxyadipic acid,

OPO,Hp OH, 3 2 ,  -
hooc-*c-ch2~*c-ch2-cooh

H COOH
In a preliminary report, however, by Rapoport and 

Wagner (S) evidence was presented which appeared to estab­
lish that the confound was a-phosphotrihydroxyglutaric acid. 
At that time, work was begun on the sterlc configuration of 
the compound. Four stereoisomeric forms of trihydroxy- 
glutaric acid are possible and known. Two optically active 
antipodes are derived from d- and 1-arabinose, respectively, 
and the two inactive forms from ribose and xylose. Only the
i-ribotrihydroxyglutaric acid is known to give a lactone; 
the lactone is further characterized by its solubility in 
ethyl acetate (9).

Since there had been previous titrimetric evidence that 
a lactone could sometimes be formed from the phosphate-free 
compound, it appeared that preparation of the lactone in 
crystalline form with mixed melting points with the syn­
thetic lactone would complete the proof of structure. 
Hydrolysis of the phosphate ester with hydrochloric acid
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followed “by removal of the interfering inorganic substances 
and extraction with ethyl acetate led to a product which 
when heated in solution required nearly twice as much alkali 
as when cold. Although partially crystallized products were 
obtained repeatedly, some gum formation always occurred. It 
was thought that the strong mineral acid was responsible for 
this difficulty. This supposition was supported by experi­
ments on synthetic trihydroxyglutaric acid, which also 
became gummy and formed lactone crystals with difficulty after 
exposure to hot hydrochloric acid. However, although the use 
of gentle enzymatic hydrolysis with an alkaline phosphatase 
preparation* yielded a crystalline lactone, the product be­
came gummy immediately upon exposure to air and it was not 
practical to take melting points.

Further, because of the recalcitrant behavior of the 
lactone, considerable doubt was cast on the conclusions 
drawn in the earlier proof of structure. Some of the earli­
er work, especially that of periodate oxidation, was repeated 
with conflicting findings.

As a result of a new Investigation, the structure of
2-phospho-ty—hydroxy-ty-carboxyadipic add was decided upon 

as most likely.

* An alkaline phosphatase preparation from intestine was 
generously supplied to us by Dr. Gerhard Schmidt, Tufts 
College Medical School, Boston, Massachusetts.
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ISOLATIOH

Since there were no methods for the determination of the 
unknown compound, the technique of isolation was based upon 
the elimination of other contaminants for which analytical 
methods existed and upon selective precipitation procedures*

Advantage was taken of the relative insolubility of the 
mercury and barium salts and the solubility of the silver 
salt. Final purification was achieved by repeated precipi­
tation as the mercury salt.

The following were the steps in the initial isolation 
procedure:(1) The removal of the liver of a narcotized 
animal with rapid freezing in dry ice-ether mixture to 
minimize enzymatic breakdown, followed by extraction with 
trichloroacetic acid. (2) Precipitation of the trichloro­
acetic acid extract with mercuric acetate. The precipitate 
contained, in addition to the compound sought, nucleotides 
and glutathione. (3) Removal of mercury, preparation of 
the barium salts and their fraotionation into soluble and 
insoluble fractions. The soluble fraction containing 
glutathione, adenylic acid, and a significant portion of 
the compound was discarded. To minimize losses the barium 
salts were prepared in a small volume, (ty) Removal of the 
barium and glycogen. (5) Repeated fraotionation with silver 
nitrate in 0.2 N HRO^. The Insoluble fractions containing
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adenosine di- and triphosphate were discarded. All steps up
/.oto this point were carried out at 2-6 C. in order to mini­

mize deconposition of the nucleotides. (6) Final fractiona­
tion involving a short hydrolysis at 100° C. in 1 K acid to 
hydrolyze remaining nucleotides. The compound, being hydro- 
lized with difficulty, remained intact. (7) Removal of the 
inorganic P and repeated precipitations with mercuric 
acetate were carried out. After hydrolysis, ribose phos­
phate originating from the nucleotides was the main contami­
nant. The solubility of its mercury salt was the basis of 
the fractionation. By these procedures 0.3 to 0.3 mM 
(60 to 160 mg.) of conpound of 35-9°$ purity could be iso­
lated from a kilogram of liver.

Several changes have been made in the technique of iso­
lation. The most inportant procedural change was made in 
step (5)* This was the removal of about 9&“99$ of the 
nucleotides by a combination of 1) alcohol-acetone precipi­
tation in a small volume, which removed some adenosine tri-, 
di-, and monophosphate (ATP, ADP, and AA) as well as a com­
pound which we believe to be an isomeric ADP, 2) one or 
two-fold acid silver fractionation, and 3) repeated absorp­
tion of nucleotides on decolorizing charcoal. These 
modifications took less time and gave a purer product than 
the repeated acid-silver fractionations. The mixture was
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brought to this step relatively free of rlbose phosphate, 
thereby facilitating the removal of this contaminant by 
mercury fractionation.

Another improvement in the procedure was the removal 
of the inorganic P in two stages, 1) removal of the bulk 
of the inorganic P as ammonium phospho-molybdate, 2) quanti­
tative removal of the remaining inorganic P as magnesium 
ammonium phosphate. This combination of steps largely 
eliminated the co-precipitation of the compound which occurs 
in the presence of large quantities of magnesium ammonium 
phosphate.
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PHOOF 0? STRUCTURE

.According: to "the evidence presented here the compound 
Is e a  of the optical isomers of 2-phospho-U-hydroxy-Jf~ 
■carbszjr dlplc acid.

Elemental Analyses, Equivalent weight, Molecular Weight, 
;iona. ~
Elemental analysis of the barium salt (prepared by 
Sapcport) of the phosphate-free compound and the analysis 

of the silver salt, after correction for excess Ag as Ag20, 
sere In good agreement with the formula: C^B^OgH^*

this evidence for the presence of three carboxyls per 
was further sustained by titrations of the phos- 

— compound which shoved ̂ .46—5*0 equivalents 
of !*■ per sole of P.

Univalent and solecular weights were close to the
theoretical values calculated.

from the Formula: C H 0 J  Calcd. Found»---------  ~7"TlCrn5
Bpivalest weight of the phosphate- 71!- 71.1-725.5

free compound
Molecular weight of the phosphate- ZOk 201 + lg

free lactone
covalent weight of the phosphate- 6g 6g

free lactose
p—livalent weight of the phosphate 60, k 66-59
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Analytloal Work.
A. The compound was easily oxidized with dilute per­

manganate solution at acid reaction, with the formation of 
2 moles of carbon dioxide.

The phosphate group was hydrolyzed to the extent of
about 1$ under these conditions. The product gave a good
test for a carbonyl group. This indicated the presence in
the original compound of another hydroxy group besides the
hydroxy esterified with the phosphate.

oOn further oxidation at 70-90 C., 1.3 moles of carbon 
dioxide were evolved and of the P was hydrolyzed. These 
facts indicate that the phosphate is located on a carbon 
adjacent to a terminal carboxyl.

B. Oxidation of the phosphate-free compound with per­
manganate or dichromate at 100° C. in the presence of HgSOjj. 
and gave a characteristic precipitate which was 
collected and identified as the Deniges* acetone complex by 
various tests. This indicated the presence of an aoetone 
nucleus in the compound.

C. Acid permanganate-bromlne oxidation of the phosphate- 
free compound at 7° C. yielded 3*9^ COg per mole and penta- 
bromoacetone, identified by several color tests and by mixed 
melting points. Under the same conditions citric acid gave 
pentabromoacetone and 2,8 CÔ ,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-10-

The formation of pentabromoacetone is supposedly quite 
specific, from acetone dicarboxylic acid ox from citric acid 
by way of acetone dicarboxylic acid (10,11); its formation 
from our compound indicates a structure which is capable of 
forming acetone dicarboxylic acid in'*the process of oxidation.

D. In the consideration of the various possible seven- 
carbon isomers having three carboxyls and two hydroxyl

COOH COOH
I !

groups, various compounds of the form R-C-COOH and R‘-C-C00H
OH H '

were considered. On heating, such compounds readily split 
off COg. For example, deaoxalic acid, H00C*CH0H*C(0H)(COOH)g 
evolves C02 when its aqueous solution is evaporated (12).

A similar compound, corresponding more closely to the 
one which we are considering is a,y-dihydroxypropane-a,a,y- 
tricarboxylic acid, HOOC*CHOH«CH2*C(OH)(COOH)2 (12), which 
loses C02 at 100° C.

Compounds of the form R*CH(C00H)2 resemble substituted 
malonic acids and readily eliminate COg on heating (13) > 
e.g., lsobutane-a,a,p-tricarboxylic acid, (CHj)gC-COOH

,CH(COOH)g
loses COg to form as-dimethylsuccinic acid (13)•

When the phosphate-free confound was heated in vacuo 
to l60° C., it lost no COg, therefore these isomeric forms
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have been ruled out as most unlikely.

Conclusion.
The only form which appeared to fit with all the experi­

mental evidence was 2,4-dihydroxy-4-carboxyadipic acid,
HOOC• *C(HO H)•CHp, *C (O H )( COOH)• CHp * COOH

1 2  3 ^ 5 6
I

The position of the phosphate has been designated as on 
the 2-carbon, II, since it did not appear likely that ill 
would yield on mild permanganate oxidation 2 moles of COg 
and a product, containing the phosphate and a carbonyl 
group, which was relatively stable to further, oxidation.

COOH COOH
i .i

H-’C-OPOjHg H- C-OH

HOOC—*C -0 H  HOOC-'C-OPO,H?
I I *
f a  f a
COOH COOH

II III

The elucidation of the steric configuration appeared 
to be a very long and difficult undertaking and was not 
attempted.

ch2 ch2
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CHARACTERISTICS OF THE PHOSPHATE COMPOUND

1. The.compound displays slight optical activity.

M 5S 1 A° = -3-°° - o A °
2. The phosphate is very stable to acid hydrolysis 

lOÔ o hydrolysis is approached with 6 N sulfuric acid at 100°
C. for 55 hours. (See Graph #7 )

3. The confound gives a strong iodoform reaction, a 
behavior consistent with the presence of active hydrogen 
atoms.
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characteristics OF THE PH03PHATE-FREE COMPOUND

1) In the presence of ammonium molybdate, the optical 
rotation of the phosphate-free compound is enormously en­
hanced, a behavior typical of a-hydro'xy acids (lty).

2) Evidence for the existence of a mono-lactone is 
clear cut. There is some reason to believe that a di­
lactone may be formed which is very unstable.

3) The phosphate-free compound gave a cherry-red
Hcolor with the Furth-Herrmann pyridine-acetic anhydride test 

(15), indicating a close relationship with citric acid.
Only citric acid has been known to give this cherry-red

Ncolor test, previously. Furth and Herrmann found that 
aconitic acid gives a violet-red color. Tricarballylic 
acid forms a blue-red color, while malic, fumaric, maleic, 
citraconic, and itaconic acids give a brown color. Tartaric 
acid forms an emerald green color and malonio acid gives a 
mahogany color which turns to a green fluorescing solution 
on dilution with acetic anhydride. Mucic, glutamic, suc­
cinic, aspartic, p-hydroxybutyric, pyruvic, glycolic, and

oxalic acids, as well as glucose and glycerol give no color 

at all (15).
k) The ultraviolet absorption curve at a pH of IX.5 or 

1*3 was similar to that which might be expected (16,17,1S).
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5) The phosphate-free compound gave no test for the 
formation of an oxime or a dinitrophenylhydrazone.

6) There was no bromine addition in acid solution. 
This showed the absence of a double bond.
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DISCU3SI0H
From the work presented In this paper, it is evident 

that two objectives have been attained: the probable struc­
ture of the compound has been established as 2-phospho-lj- 
hydroxy-i|-carboxyadipic acid, and the method of isolation 
and purification has been greatly improved.

Limitations of time have prevented the study of some 
problems which have arisen:

1) The development of an analytical method for the 
determination of the compound in crude tissue extracts.

2) The determination of how the compound is broken down 
so readily by freshly excised liver and kidney tissues.

3) The elucidation of the role which the compound plays 
in intermediary metabolism.

From a preliminary experiment* in which was injected 
into a rabbit as RaHC^O^ and the phosphate compound, glyco­
gen, and a mixture of nucleotides were isolated from the 
liver of the rabbit, it was found that the phosphate compound 
had a high activity compared with the other two fractions.
It is not known whether carbon dioxide fixation occurred 
with a six-carbon parent compound or whether a 2-, 3-, 4-,

* A sample of NaHC^O-r was generously supplied to us by 
Dr. Harland G«. Wood, Dept, of Biochemistry, Western 
Reserve University School of Medicine, Cleveland, Ohio, 
with the permission of the United 8t&tes Atomic Energy 
Commission. The counts were performed for us by Dr. Wood.
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5-carbon parent was formed by carbon dioxide fixation and 
followed by a condensation reaction (19). Tbe possibility 
also exists that the compound is a breakdown product of a 
larger compound.
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EXPERIMENTAL PROCEDURES

Analytical Methods

Method for Determination of Compound.
Since the compound was a difficultly hydrolyzable mono- 

phosphoric ester, the non-nucleotide, difficultly hydrolyz­
able phosphorus gave a measure of the maximum amount of 
compound that could be present in a given fraction, i.e., 
Compound = Total P - 15 minute hydrolyzable p - stable 
purine p.

After removal of the last traces of nucleotide, by 
acid hydrolysis and mercury fractionation, the compound 
was assayed as follows: Compound » Total p - 15 minute 
hydrolyzable P - pentose P.

Total Phosphorus.
After ashing, total P was determined colorimetrically 

in the Coleman Junior Spectrophotometer by a slightly 
modified method of Fiske and Subbarow (20).

Fifteen Minute Hydrolyzable P.
The P hydrolyzed in 1 H HgSOjj. in fifteen minutes in a 

boiling water bath was determined colorimetrically as above.
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Stable Purine P.
Stable purine P was determined roughly by reading the 

ultraviolet absorption of a dilute solution in a silica 
cuvette against a water blank. Readings were taken at 
wavelengths of 260 and J00 ran- in the'Beckman Quartz Spectro­
photometer. From the reading and the extinction coefficient 
of adenylic acid, the stable purine P was calculated on the 
basis of one stable P per purine.

The molecular extinction coefficient, at the peak wave­
length of 260 mji, was determined very carefully on the basis 
of ultraviolet absorption and sample weight, for a pure 
saa^le of myoadenylic acid*. e2go “ 1^*73 x 10̂ /mole/liter. 
The absorption at 300 mi was, as nearly as could be deter­
mined, the same as water. For a sample of Bischoff and Co. 
adenylic acid, lot #^1S, e = 1^.25 x 10^. These values 
compare with those reported in the literature:
15.g x l03 (22); 12.9 x 10? (in 0.05 K HCl); 1^.0 x 105 
(in 0.05 ft HaOH) (2?).

It is of interest to note that the molecular extinc­
tion coefficient for myoadenylic acid in O.OI67 N HCl read 
against a blank of O.OI67 H HCl ** x lO^/mole/liter.
The myoadenylic acid in O.OI67 N NaOH read against a 0.0167

* Prepared by Rapoport after the method of Kerr (21)•
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Jf NaOH blank had a molecular extinction coefficient of 
lty-,9 x lO^/mole/liter.

Pentoae Phosphorus.
Since it was impossible, by virtue of the precipitation 

procedures, to have free pentose present in the mixtures, 
the measure of the pentose was actually a measure of the 
pentose phosphate present.

Pentose was determined by adapting the slightly modi­
fied (5) method of Mejbaum (21*) to the Coleman Junior 
Spectrophotometer. Samples were read at 670 mp. instead of 
660 mp,. Readings were also taken at 520 mp. The reading 
at 67O should be at least twice as great as the reading at 
520 if the color is pure. Adenylic acid was used as the 
pentose standard. It yields about 20$ more color than 
arabinose (5).
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Typical Isolation Experiment

Removal and Freezing of the Liver.
Since separation of the compound from ribose phosphate 

is very difficult, the procedure through the separation of 
the nucleotides was carried out in the cold room at 0-5° C., 
or, when that was not feasible, in ice-cooled containers, in 
order to prevent liberation of ribose phosphate by hydrolysis 
of the nucleotides.

The removal of the liver required two workers for con­
venience. A rabbit was deeply anesthetized by the injection 
of 2-3 cc. of veterinary Nembutal in an ear-vein which had 
been prepared for the entry of a #22 needle by previous 
wetting of the ear with warm water and gentle scraping with 
a scalpel blade. The liver was rapidly removed and the 
attached gall bladder was quickly cut away. The liver was 
then cut into small pieces and dropped into a dry ice-ether 
mixture kept in large crocks. The livers (10^0 g.) of 
eleven rabbits were used in this preparation. No attempt was 
made to exsanguinate the livers as it was necessary to work 
very rapidly at this point to minimize the enzymatic break­
down of the compound which occurs before freezing and 
deproteinization.
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Trichloroacetic Acid. (TCA) Extraction.
TCA extraction precipitates the liver proteins and 

leaves behind the lipids. Amino acids, sugars, glycogen, 
some polypeptides, and the acid-soluble phosphorus com­
pounds are extracted. -

One hundred-gram portions of the frozen liver were 
homogenized in a Waring Blendor with ^00 cc. of 5$ trichloro­
acetic acid. After the homogenate was centrifuged in 250 cc. 
centrifuge bottles, the supernate was decanted and filtered 
into a large measuring cylinder. The filtrate, measuring
3,890 cc., displayed an opalescence caused by the presence 
of glycogen, and a strong yellow color from the flavins.

TCA Wash of Precipitate.
The precipitate remaining from the centrifugations was 

mixed in a crock with an equal volume of 2.5$ TCA'and then 
centrifuged. This‘’wash supernate was also decanted and 
filtered into a separate graduated cylinder and measured as 
part of the check of the volume recovery. The tabie below 
illustrates a satisfactory recovery.

Amounts used Recovery
1050 g. liver 
*1-200 cc. 5$ TCA 
320 cc. 2.5 TCA Wash

3,890 cc. 5$ TCA Filtrate 
965 cc. 2.5$ TCA Wash Filtrate
920 cc. TCA Precipitate

6070 cc. total used 5,775 cc. recovered
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fhis procedure precipitates the compound, flavins, some
arids, probably tyrosine, tryptophan, and glutamic

■acid, nucleotides, and some of the glycogen. Alpha and
O-phosphcglycerol, phosphorylated sugars, and some littleN
irrrestignted phosphorus compounds are left in the mercury
supernate.

After the addition of cracked ice, the combined TCA 
filtrates were neutralized to pink with phenol red with 
1© 5 BefiS (97 cc.). One hundred and fifty-six cc., four 
per cent by volume of the 5> TCA filtrate, of 20$ mercuric 
acetate in 2$ acetic acid was added, and the flocculant 
precipitate was left to settle overnight.

Besoval of the Mercury.
After the supernate vaa siphoned off, the mercury 

precipitate was collected in two 250 cc. centrifuge bottles 
*srd. the precipitate in each bottle was.washed with 50 cc. 
ef a 1*30 dilution of the acidic mercuric acetate, reagent.

It should he emphasized at this point that to a large 
degree the success of the subsequent fractionation proce­
dures depends upon beeping both the volume ,3 and the salt 
concentrations as low as possible.

3be precipitate in each bottle was broken up by adding
t

25 CO. of water end by very vigorous shaking of the rubber
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stoppered bottle. Hydrogen sulfide was bubbled into the 
mixture for about an hour to preoipitate the mercury as HgS. 
The supernatant fluid was collected by centrifuging and 
decanting. The HgS was treated with water and HgS two more 
times for complete extraction, and after the combined ex­
tracts (260 cc.) were aerated to remove HgS an aliquot was 
removed and frozen for subsequent analysis.
Analysis:

Difficultly
Total P 15 min. P Hydrolyzable P Purine
11.6 mM 5*0 mil 6.6 mM 5*0 mil
The maximum amount of compound that could be present, 

then « 11.6 - 5.0 - 5.0 = 1.6 mM.
The maximum purity at this point would be ■ = 2ty$.6.6

Barium Precipitation.
This barium step precipitates a large part of the com­

pound, the.nucleotides, and some glycogen. Most of the 
glutathione, most of the adenylic acid, amino acids, and.a 
significant portion of the compound are left in the super­
nate, but the,labor required to recover the conpound is 
prohibitive.

Ten per cent by volume (26 cc.) of 50$ barium acetate 
was added. The mixture was neutralized to pink with phenol- 
phthalein with 10 H HaOH (S cc.) and finally 20$ by volume
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(52 cc.) of ethanol was added. The precipitate was allowed 
to settle overnight.

Repreofpltatlon of Barium Salts.
This step is performed to lower the salt concentration.

The barium precipitate was collected and partially re­
dissolved by shaking with 6 cc. of 1 N HKO^ and 10 cc. of 
water. The fraction was then repreoipitated by adding 0*5 cc. 
of 50$ barium acetate, adding 10 N sodium hydroxide to pink 
with phenolphthalein, and 3.5 cc. of ethanol. After being 
allowed to settle for one-half hour, the precipitate was 
collected by prolonged centrifugation.

Removal of Barium and Glycogen.
The precipitate was dissolved by shaking with 6 cc. of 

1 N nitric acid, 7 cc. of water, and 3.5 cc.'of 10 N sulfuric 
acid. After a centrifugation, the supernate gave a negative 
test for Ba++. The BaSO^, Ba precipitate was extracted four 
more times with a mixture of 9 cc. of water, 2 cc. of 1 N 
nitric acid and a drop of 10 N sulfuric acid. When the 
fourth extraction was roughly analyzed for nucleotides to
test the completeness of the extraction, 0.3 mil of nuoleo-

* • * -

tides was found. As the fifth extract contained only 0.1 mil 
of purine, it was discarded.
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Glycogen was then removed from the first four combined 
extracts (93 cc.) by the addition of ethanol (̂ 5 cc.) until 
the glycogen flocculated. The mixture was centrifuged 
quickly (*J- minutes) and decanted. The glycogen was dis­
solved in 5 cc. of water and reprecipitated by the addition 
of 2.5 cc. of ethanol. The glycogen precipitate was dis­
carded.

Preliminary Removal of Kucleotides.
At this point, the volume of the combined superaates 

from the glycogen precipitations was 92 cc. A yellow and 
white semi-crystalline precipitate had begun to form in the'* 
supernate. This material, which has been the subject of a 
separate investigation, was removed by the following steps:
(1) Addition of 50 co. more of absolute ethanol.to make.the 
solution 5 alcoholic, forty minutes’ standing, and addition 
of another volume of ethanol to make the alcoholic concentra­
tion 66$. At about this point the precipitate flocculates.
(2) After one-half hour standing, slow addition of one 
volume of acetone with only slight additional precipitation 
occurring. After longer standing, one more volume of acetone 
was added and the precipitate was allowed to settle over­
night. (3) Collection of the precipitate by centrifuging . 
and washing once with a minimal amount of a 1-2-1 mixture of 
water, ethanol, and acetone. The wash was added to the

*
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supernate. The precipitate was washed with ether and stored
in the deep freeze for further investigation. Analysis of
this precipitate gave the following results:

Total P „ 9*55
15 min. Hyd. P 5.0b mU
Diff. Hyd. P 4.h9 mU
Purine .̂05 mM
Diff. Hyd. P - Purine 0.4§ mM •
Diff. Hyd. P - Purine
  =  0.1

Diff. Hyd. P

Acid-8ilver Fractionation.
This process takes advantage of the relative insolubil­

ity of the silver salts of the nucleotides in nitric acid 
solution and the solubility of the compound under these con­
ditions.

For the successful acid-silver fractionation of the 
supernate, the acetone and ethanol were removed by vacuum 
distillation using a dry ice-ether trap and the aqueous 
phase was reduced to -̂1 cc. The solution contained about 
12 m.eq. nitric acid and 7 m.eq. sulfuric acid.

One-tenth volume of 80^ silver nitrate (5 N) was added 
to the acidic solution; the white precipitate of nucleotides 
which formed immediately was allowed to settle for five 
minutes and was then collected by centrifugation. The silver 
precipitate (Agj) was washed with a little acidic silver 
nitrate containing 1 5 ethanol. The supernatant liquid was
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neutralized to purple with brooocresol purple at pH 6 and 
precipitated by the addition of three volumes of alcohol. 
This fraction (Agjj) was collected by centrifugation and 
washed with alcoholic acidic silver nitrate.

The Agj and fractions were freed of silver with 
HgS, aerated, and analyzed.

Total
P

15 min 
P

. Diff. Hyd.P
Purine Diff. Hyd. 

P — Purine
Purine 

Diff. Hyd. pmM mM mM mM mM *
Agx 0.532 0.178 o.35*r 0.263 0.091 25.7

AeII 1.36 0.55 0.81 0.230 0.$g 72

It is evident from the analyses that Agjj contains
relatively little nucleotides. The supernate from Ag^^ 
contained little phosphorus, all of which was easily hydro­
lyzable, so it was discarded.

The Agj fraction may be subjected to one or more acid 
silver fractionations such as those just described to give 
a product of greater purity. In this preparation several 
corresponding fractions from earlier preparations (EP) were 
combined and purified in this manner and added to the Agjj 
fraction of this preparation.
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Total
P

15 min. 
P

Diff.
Hyd.P Purine

Diff. Hyd. 
P - Purine

mil mM mM mM m

EP 6.07 ^.90 1.17 0.50 O.67
Agji I.36 0.55 0.31 0.23 - 0.53

7.^3 5.^5 1.96 0.73 1.25

Diff. Hyd. P -
Purine____

Diff. Hyd. P

57
72

63

Charcoal Removal of Kucleotides.
The combined fractions had a volume of SJ cc. and con­

tained 0.73 of purine. One-half gram of decolorizing 
charcoal (Darco) was added with stirring, the charcoal was 
removed by centrifugation and after the procedure was 
repeated with fresh charcoal the supernate was analyzed for- 
purine. This procedure was repeated until the purine phos­
phorus was only Vf> of the difficultly hydrolyzable phosphorus.

Initial value of purine 0.73
After charcoal treatment #2 0.&3
After charooal treatment #5 0.30
After charcoal treatment #7 0.123
After charcoal treatment #10 and washing

of the charcoal residues with water 0.013 mt£
Earlier tests had shown that only a negligible loss of the
unknown compound occurred with this charcoal treatment up
to the point where only traces of purine remained. Removal
of these traces with charcoal then became a costly process.

Removal of Inorganic Phosphorus.
Since there were very large amounts of inorganic phos­

phorus present in the supernatant liquid, initial removal
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of about *50$ of the inorganic phosphorus was achieved by 
careful precipitation as ammonium phosphoaolybdate (unpub­
lished method of E. Leva) avoiding an excess of ammonium 
molybdate.

To the 9& co. of solution containing the desired com­
pound, inorganic phosphorus, and very little nucleotide, 
was added 12 cc. concentrated nitric acid and some crystals 
of ammonium phosphomolybdate to aid crystallization. The 
mixture was warmed to 40° C. and enough (125 cc.) molybdate 
reagent (90 g. of (NHjjĵ oOij., 100 cc. of 6 5 B%GH, 2*K> g. 
of dissolved and diluted to one liter) was added
slowly over a period of several hours to precipitate about 
60$ of the inorganlo phosphorus. After the precipitate had 
formed and settled, it was filtered off and the precipitate 
was washed twice with 10 co. of 5$ ammonium nitrate.

The supernate, which was now rich in inorganic salts 
was neutralized to phenolphthalein with 10 cc. of 10 V 
sodium hydroxide. To remove the remaining inorganic phos­
phorus, 2 cc. of 50$ magnesium acetate and 3 ce. of concen­
trated ammonium hydroxide were added. After the precipitate 
of MgKH^PO^ was allowed to crystallize overnight, it was
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removed and washed, and the supernate was analyzed*:
TP = O.735 “M» 15 ndn. P = 0.107 m.

Collection of Compound as a Lead Salt.
The 250 cc. of supernate, containing the desired com­

pound, ribose phosphate, a trace of nucleotides and salts, 
was neutralized to pH 6-7 with acetic acid using Acutint 
papers.

A lead precipitate was obtained by the addition of 9 cc. 
of 40^ lead acetate and 3 volumes of alcohol. The lead 
precipitate was collected and washed five times with 10 cc. 
of 50$ ethanol to remove as much of the soluble salts as 
possible.

Hydrolysis of Residual 15 Minute Hydrolyzable P and Removal 
of Lead.

Eleven cc. of 2 H HHO^ was used to dissolve the bulky 
lead precipitate. This mixture was heated in a boiling 
water bath for thirty minutes to hydrolyze the remaining
15 minute hydrolyzable P. After cooling, the solution was

%

diluted with 10 cc. of water and saturated with HgS to

* The apparent loss of non-purine difficultly hydrolyzable 
phosphorus incurred in the removal of the nucleotides and 
inorganic P was not too serious. Since the non-purine 
difficultly hydrolyzable P had been initially determined 
by difference, an error of a few per cent in the value of 
total and/or easily hydrolyzable P analysis could account 
for this apparent loss.
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precipitate the lead. The lead sulfide was removed, shaken 
with 10 cc. of water and 1 cc. of 2 H HNO-j and treated with 
HgS. The lead sulfide was again separated by centrifugation 
and the procedure was repeated.

Removal of Inorganic Phosphorus.
After the H2S was removed by aeration, the solution was 

neutralized to phenolphthaleln with a little 10 H sodium 
hydroxide. The solution was diluted to about 100 cc. One 
cc. of magnesium acetate and one cc. of concentrated 
ammonia were added. After the mixture was let stand over­
night, the magnesium ammonium phosphate was removed.

Collection of Lead Salt.
Since it is essential to have a low volume of salt-poor 

solution for the mercury fractionation, a lead collection 
step was interposed at this point.

The desired compound was precipitated with lead acetate 
using 3 volumes of alcohol. The lead precipitate was 
collected, the lead was removed with HgS, and the HgS was 
removed by aeration. The volume of lead decomposate equaled 
23 cc.

Analysis at this point showed 0.45 mil of phosphorus, 
of which 0.063 mM was ribose phosphate.
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Mercury Fractionation,
This step is taken to remove the more soluble mercury 

salt of ribose phosphate.

The solution was neutralized to pink with phenol red 
with a little sodium hydroxide. Five cc, of 20$ mercurio 
acetate in 2$ acetic acid was added, and the gelatinous 
precipitate was let stand overnight.

The first precipitate was collected by centrifugation, 
washed with a little 1-^0 diluted mercuric acetate reagent, 
thoroughly decomposed with HgS, and aerated (Hgj).

The supernatant fluid from the first mercury precipitate 
was again neutralized to pink with phenol red and precipi­
tated with one volume of alcohol in the cold. This second 
precipitate was allowed to come to room temperature; it was 
then washed with 65$ ethanol, collected, and treated as 
above (HgIX).

The mercury was removed from the supernate of the 
second mercury precipitate with HgS and the supernate was 
aerated. The organic phosphorus was collected as a lead 
precipitate. This was washed with ethanol and extracted 
with dilute sulfuric acid. This procedure was used instead 
of HgS as it is an easier procedure to keep the volume low 
with a bulky precipitate.
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The sulfuric acid extract (15 cc.) was neutralized to 
pink with phenol red. One cc. of the acetic acid-mercuric 
acetate reagent was added and the precipitate was allowed
to settle. The precipitate was centrifuged off, to permit

*\
better observation, and washed.

The supernate was again neutralized to pink, one volume 
of ethanol was added, and the precipitate was collected after 
thirty minute standing and washed. To the supernatant fluid 
was added another volume of ethanol, more mercuric acetate 
and more alkali. This precipitate was also collected and 
washed.

A final precipitate was obtained by adding more alkali, 
and more mercuric acetate*. The four mercury fractions just 
obtained were combined, decomposed with H£S, and analyzed 
(combined Hg fraction).

* The mercuric acetate precipitation is partially a co- 
precipitation with HgO. This back and forth addition of 
alkali and mercuric acetate reagent is the only way we 
have been able to recover our compound with mercury.
This process does not, however, precipitate much ribose 
phosphate, so it is a very useful step.
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Material Subjected to 
Hg Fractionation

Phosphorus
mM

Pentose Phosphorus 
mM0.1̂ 0 0.063

Material Recovered by 
Fractionations:

0.067
0.165
0.066

0.0014-

Comb ined
0.002
0 .0 0k

Total
Material left in Hg 
Supernate

0.33S 0.010

0.112 0.053

This represents a good removal of pentose phosphate.
Since moat of this material was to be used for the 

preparation of the phosphate-free compound by means of 
enzymatic hydrolysis, the ribose phosphate removal was not 
carried out any farther, because after enzymatio splitting 
the separation of inorganic phosphorus and of ribose per se 
presents no problem.

The subsequent history of this sample is also pertinent 
to other parts of the experimental portion of this thesis.
It is described here to illustrate certain procedures used 
for specialized purposes.

The combined mercury deooraposates were neutralized 
to a pH of 5*6 with sodium hydroxide, and the compound was
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precipitated by the addition of 3 cc. of ko$> lead acetate. 
After the precipitate had settled, further additions of 
2.5 cc. portions of the lead reagent gave no further precipi­
tation. The precipitation was then made quantitative by 
addition of the usual three volumes of alcohol and standing 
in the cold. After the precipitate was collected by 
centrifuging and washed twice with 75$ ethanol and once with 
95$ ethanol, the precipitate was let stand in vacuo over 
KOH for several hours to remove any water or ethanol which 
might interfere with the next step.

The dry lead salt was ground in a graduated centrifuge 
tube; 1.00 cc. of 2 H sulfuric acid was added and mixed 
thoroughly. The centrifuge tube was stoppered, and the 
mixture was allowed to digest at room temperature overnight.

Addition of a capillary drop of 2 H sulfuric acid 
showed that the Bulfate ion was present in excess; 0.20 cc. 
of water was added, plus a capillary drop of ethanol to 
reduce surface tension. After a thorough mixing, the 
precipitate of lead sulfate was centrifuged down. The 
supernate was used for phosphorus and polarlmetric analysis 
(see page 6d).

The contents of the polarimeter tube were combined with 
dilute sulfuric acid extracts of the lead sulfate. Hydrogen 
sulfide was bubbled in to remove traces of mercury which
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prffseiit and the HL,3 was removed with nitrogen. The 
smlsttf5n was made 0.1 H with nitric acid, and a few drops of 

lead acetate were added to precipitate traces of 80^“ 
present. The lead sulfate was removed, the solution was 
ssuirslised to pH 5-3> and 2 volmses of C02-free alcohol 
ware added.

If ter standing in the cold, the lead precipitate of the 
compound was collected in a tared centrifuge tuhe. The lead 
salt was washed four times with 5 cc. of 7^? ethanol, once 
with ethanol, and dried in vacuo overnight over KQH. The 
salt was dried to constant weight in high vacuum over PgO^, 
is a drying pistol at the temperature of refluring acetone.

The 232 ag. of dry lead salt so obtained was ground 
with 3 cc. et water and one drop of ethanol, and treated 
with hydrogen sulfide. After centrifugation, the supernate 
was decanted into a tared glass-stoppered cylinder. The 
procedure was repeated 3 aore times. The hydrogen sulfide 
was then removed with a stream of nitrogen. The. volume of 
solution, calculated from the weight, was 17.6 cc. Part of 
this solution was used fur an electrometric titration (see 
page %3) part was used for the preparation of the 
phepphate-free compound (see following pages).
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Enzymatic Hydrolysis of Phosphate Compound

Aotivlty Test of Alkaline phosphatase*
The substrate for the activity test of the preparation of 

Schmidt’s alkaline intestinal phosphatase consisted of 0,65 g* 
of sodium barbital and 1.0 g. of sodium glycerophosphate per 
200 cc. of solution.

For the test, two tubes, each containing 5 cc. of sub­
strate and 0*3 cc. of 0.3 M magnesium chloride were prepared 
and preheated to 37° C. To one tube was added 0.01 cc. of a 
solution of alkaline phosphatase. Both tubes were incubated
for 16 minutes at 37° C.

Five cc. of 7$ TCA was then added to each tube to stop 
the reaction and the contents of each tube were analyzed
for inorganic phosphorus.

The 0.01 cc. of enzyme solution was found to split off 
200 ug. of P per 16 minutes. This activity checked that 
reported to us by Dr. Schmidt. The enzyme material was kept 
stored in the deep freeze. The same test repeated a year 
later gave the same aotlvity.

Typical preparation of Phosphate-free Compound by Enzymatio 
Hydrolysis.

A solution of 0.31! mM of the phosphate compound in 
25 cc. was acidified with H- cc. of 0.5 N acetic acid, so that
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the solution was approximately 0.05 N with acetic acid.
The solution was extracted a few times with an equal volume 
of ether to remove any fatty acids that might he present.

The volume was now 33 cc. with.the optimal concentrâ « 
tion of 0.01 mM organic P per cc. or about 0.3 mg. P per cc. 
The solution was neutralized to a pH of 9•1-9*3 with 3 N 
ammonium hydroxide. One-half cc. of 2.3 M magnesium acetate 
and 0.5 cc. of Schmidt*s alkaline phosphatase were then 
added and the mixture was incubated at 37° C. After about 
ten minutes and some scratching of the tube with a glass 
rod to initiate crystallization, a fine white precipitate of 
magnesium ammonium phosphate began to form. After several" 
hours Incubation a little more magnesium acetate and enzyme 
were added without any further precipitation.

The incubation was continued for five more hours to 
insure completion of the hydrolysis. The precipitate was 
then filtered off and washed with dilute NHtyOH, and the 
filtrate was analyzed for phosphorus. Hfithin the limits of 
sensitivity of the analysis, less than 0.6$ P was left.

The supernatant liquid contained the desired phosphate- 
free compound, sulfate, acetate, magnesium and ammonium ions, 
a trace of ribose, and the enzyme.

The SOii3 and compound were precipitated as lead salts 
in the usual manner and washed thoroughly. The precipitate
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was extracted with dilute nitric acid and the SO^=-free 
supernate reprecipitated as a lead salt.

This salt was again washed thoroughly with 75$ ethanol 
and dried to constant weight. The salt is quite stable and 
may be kept at least several years in a desiccator.
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Proof of Structure

Elemental Analysis of the Barium Salt of the Phosphate-free 
Compound,»•

The barium salt of the phosphate-free compound was pre­
pared by Rapoport from a sample of compound which had been
freed of the phosphate by long acid hydrolysis.

The elemental analysis was performed by William Saschek* 
with the following results:

6.440 mg, were dried at 100° C» in vacuo 
0,275 ®g* Iobb on drying
6,165 og* toy weight gave:

1) H£0 0.85 «g H: 1.5^
2) COp 3>50 mg. (from combustion)
+C02 1.00 mg. (calcd, from BaCO^ ash)

Total C02 ^*50 mg C: 19.92^
3) Ba (calcd. from BaC03). ,Ba: 50*52$

Ba (calcd. from 5*33° ttg* BaSOlJ). ,Ba; 51*35$
k) 0 (calcd. by difference) 0: 26.02#

Found: C, 19.9; H, 1.5̂ *» 0, 26.0; Ba, 5O.5

. C, 19.8; H, 1.65; 0, 30.1; Ba, w.5
c7H7°aBai.5‘

* Saspkek, Kent-Jones Laboratory, The University of
Chicago, 5747 Ellis Avenue, Chicago 37, Illinois.
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The Ba value from the BaSOij. is 2$ higher than the Ba 
value calculated from the BaCO^ because of a little impurity 
probably present in the BaCO^. The Ba value is thus slightly 
higher than the true value.

Preparation of the Silver Salt of the Phosphate-free Compound 
?br Elemental"*Analyst s.

One and six-tenths cc. of a solution of the phosphate- 
free compound, equivalent to 2S.S micromoles, and free of 
contaminating salts, was neutralized with the calculated 
amount of carbon dioxide-free 0,2 N sodium hydroxide. Sil­
ver nitrate equivalent to 250 micromoles was added with 
stirring. The mixture was cooled and 10 cc. CO^-free abso­
lute ethanol was added. The precipitate was collected and 
washed thoroughly with 30$ ethanol. The last two washes 
gave a negative test for the silver ion. The silver salt 
was then dried in vacuo over phosphorus pentoxide. The salt 
was protected from light throughout the preparation, as the 
8ilver salt is light sensitive.
Elemental Analysis of the Silver Salt of the Phosphate-free 
compound

The elemental analysis was performed by William Saschek 
with the following results:

13.S30 ®g» gave: 1) 1.3& ... H: 1.10$
2) 5.92 mg. COg... C: 11.68$
3) 9.*4-1 mg. Ag (residue). Ag: 63.0*4$
14.) 0 (calcd. by difference)G: 19.13$
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The analysis expected was CyH^OgAg^. The preparation 
of the sample was checked, and it was found that there was 
probably some AggO precipitated along with the compound.
The analyeis was corrected on the basis of CyAg^, with the 
excess Ag calculated as AggO.

The result was as follows:
Pound: C, 15.5; H, 1.47; 0, 23*2; Ag, 59.6

Calcd. for
Ĉ Ĥ OgAĝ : c, 15*5» H, 1.30; 0, 23.6j Ag, 59*6

Titration of the Phosphate Compound.
I. A solution of the phosphate compound contained

84 micromoles of organic P and 28 micromoles of inorganic P.
The solution wa3 titrated with 0.622 H sodium hydroxide,
with phenolphthalein as an indicator.

A total of 474 microequivalents of alkali were needed
to neutralize the compound.

Calculations: 474 total microequivalents
-  56 aicroequivalents of inorganic P
418 microequivalents of compound

4lg mlcroequlvalenta of compound = 5>Q aold equlTalents 
84 micromoles organic P per phosphate.

II. The 232 mg. of dry lead salt which had been freed of 
lead (see page 36) was now in solution in a volume of 17.6 cc. 

Exactly 3 cc. of this solution was transferred to a
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aicrobeaker and titrated electrometrically with a Cambridge 
pH meter reading + 0.01 pH units. Carbon dioxide-free 
sodium hydroxide (0.8̂ 9 $) was used which had been standard­
ized against 0.100 H hydrochloric adid, prepared from con­
stant boiling acid and checked with potassium biniodate 
titrations. The alkali was added from a 0.200 cc. Behburg 
buret calibrated in cubic millimeters, and the mixture was 
stirred with a capillary stream of nitrogen. The end point 
was interpolated from a graph of pH versus cubic millimeters 
of alkali and found to be 1S7 cubic millimeters.

The inflection points are not clear and the pH curve 
la typical of polybasie acids.

The total titratable acidity of the 3.00 cc. of solution 
was 0.177 milliequivalents. Calculated for the 17.6 cc. of 
solution: 1.0̂ 0 milliequivalents.

Total P analysis: 0.233 (triplicate)

^ acid groups per phosphate.0.233
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Equivalent Weight of the Phosphate Compound,
The lead sulfide obtained from the hydrogen sulfide 

decomposition of 232 mg. of dry lead salt of the phosphate 
compound (see page 36) was brought to a constant weight by 
drying in a high vacuum over phosphorus pent oxide, at the 
temperature of refluxing toluene (110° C.). The weight of 
lead sulfide equalled 181 mg., which is equivalent to 
157 nig. Fb or 1.52 ailliequivalents of Pb.

Since the total titratable acidity of the compound 
obtained from this lead salt was only 1.0^0 ailliequivalents, 
it is very likely that the aeq. of extra lead was 
present in the form of a basic salt, X-Pb~0H or X-Pb-0/2.

Equivalent weights based on these figures;
66 corrected as OH basic lead salt, or 
69 corrected as 0/2 basic lead salt.

Equivalent Weight of Phosphate-free Compound and Electro­
metric Titration oT~Phosphate-free Compound.

A sample of 111.̂ - mg. of a lead salt of the phosphate- 
free compound was decosposed thoroughly with hydrogen sul­
fide and the hydrogen sulfide was removed with nitrogen.
The lead sulfide was collected and dried to a constant 
weight. The volume of the solution of the compound was 
determined by calculation from its weight in a taxed glass- 
stoppered cylinder.
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A 3»00 cc. sample out of a total volume of 12,51 cc. 
was titrated electrometrically in the manner described in a 
previous experiment. As may be seen from the accompanying 
titration curve the pK*s are not clearly defined. The 
calculated values, pEj = 2.50, pXjj = 3*30, pKjii = 5*50, 
are reasonable for a tribasic acid.

Results: Total acidity calculated from the 12.51 cc. = 
0.1*20 meq.

Weight of Pb, calculated from the weight of PbS obtained 
= 7̂ .3 mg* = 0.735 milliequivalents of pb.

An excess of O.315 mill!equivalents of lead was indi­
cated, present as the OH or 0/2 basic lead salt of the com­
pound.

Equivalent weights of phosphate-free compound based on 
these figures: 71.1, corrected as OH basic salt

78.5, corrected as 0/2 basic salt.
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Equivalent Weight of the Phosphate-free Lactone.

1) Lactone Prepared from Phosphate Ester Hydrolyzed 
Enzymatically.

*»

A sample of S.2& co. (determined by weight) of solution 
of the phosphate-free compound, out of the 12*51 cc. obtain­
ed in the preceedlng experiment, was transferred to a tared 
platinum dish and evacuated overnight at 37° C. over phos­
phorus pentoxide, The next day the dish appeared completely 
dry with a pure white amorphous or crystalline material in 
the dish. This was the first time that anything except a 
gum had been obtained from numerous attempts to produce a 
crystalline lactone. The material, however, proved to be 
deliquescent. After ten days standing at room temperature 
in vacuo and protected from the light, the material weighed
21,2 mg.

This gave an opportunity to calculate the equivalent 
weight of the lactone:

12.51 cc, had a titratable acidity of 0.420 meq.

f̂l~2̂  co! X 21*2 “S* “ 2S*̂ fflg* per 12*51 cc*
7)' 426̂ aoidlty “ ®Quiva^en‘t weight of the lactone.

This material was used for the cryoscoplc determination 
of molecular weight.
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2) Lactone Prepared by Acid Hydrolysis of Phosphate Ester.
A sample of the phosphate ester containing 1.03 milli­

moles of organic phosphorus including 2.2$ ribose phosphate 
was heated in 2 N HC1 in a boiling water bath for hours.

The solution was decolorized with Darco charcoal, and 
after the liberated phosphorus and some sulfate which had 
been carried along in the preparation were precipitated with 
Bacig, the HC1 and water were removed in vacuo. The residue 
was extracted repeatedly with hot anhydrous ethyl acetate 
and the combined extracts were filtered and evaporated.
After several days drying in a vacuum desiccator 102 mg. of 
a dark brown semi-crystalline gum remained. Repeated ethyl 
acetate extractions of the gum and decolorizations yielded
62.2 mg. of an almost colorless semi-crystalline mass which 
showed a total uptake of 0.925 m. Eq. of alkali from which 
an equivalent weight of 67.5 is calculated. The titration, 
unfortunately, was not performed as a lactone titration.

Molecular Weight Determination of the Phosphate-free Compound.
1) Introduction.

It was necessary to establish, as,closely as possible, 
the molecular weight of the phosphate-free compound. , Because 
of the size of the sample available (20 mg., or approximate­
ly 0.1 millimole) and the desire to use this eaa$>le for later
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worb certain difficulties were encountered.
Because of the polar nature of the compound measurement

of the boiling point elevation was not practical. Elevation
)

of the melting point of camphor was ruled out because of our 
wirh to recover the sample after the determination.

The Barger (25) method for the determination of molecu­
lar weight or osmolarity in a capillary tube was investigated 
thoroughly* but it was found that several days equilibration 
at 3?° C* were required to show the difference between 
0,016 H SaCl and 0.020 U Haci. Our material, being partic­
ularly susceptible to mold growth, could not be easily in-

•.k

vestigated with this method.
Freezing point depression of a solution of the phos­

phate-free compound coupled with a measurement of the 
hydrogen ion concentration and calculation of the molecular 
weight (after the method of Warburg as used by Kiessling and 
Meyerhof (26)) was decided upon as the most direct method.

The only micro-freezing point apparatus at hand, which 
was one developed by C. D. West and S. Rapoport, required 
3 cc. of solution. If the 20 mg. sample had been diluted to
3.0 cc., the resulting freezing point depression would have 
been about 90 milli-degrees. With an absolute error in the 
apparatus of about 10 milli-degrees, it was thought that an 
Increase in accuracy could be obtained by scaling down the
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required dilution of the sample.
Because of its large hulk and relatively large thermal 

lag, a Beckman thermometer could not he used, if the reduc­
tion of the sample volume required were to he accomplished. 
It was decided to use the type I1©  Thermistor, manufactured 
hy the Western Electric Company, as a small resistance 
thermometer. This Thermistor has a maximum diameter of 
0.1 inches, it has a thermal time constant in water of only 
one second, and the remarkable temperature coefficient of 
about -0.01!- ohms per ohm per degree centigrade. The use 
of these small elements as resistance thermometers has been 
described previously (27,26,29,JO).

The procedure used was auopted from that of Richards
and Canpbell (26) to make use of equipment already on hand.

«

81nce the setup used is considerably more sinple than that 
of Richards and Campbell, it is described in some detail.

2) Electrical Setup.
The Wheatstone bridge used is shown in Figure 1. The 

bridge arms R̂  and Rg are the 500 ohm resistances of a 
Leeds and Northrup Wheatstone Bridge with the multiplier 
switch set at position 1. is a Leeds and Northrup 
Student Slide Wire with a fixed resistance of ^50 ohms, and 
a variable resistance of 100 ohms, which could be read
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i/rt 1
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directly to 0*1 ohm. is the three dial resistance box 
of the Leeds and Northrup Bridge reading to 11,100 in steps 
of 10 ohms. R^ is a 100,000 ohm shunt for the protection of 
O, a Pfaltz and Bauer Multiple Mirror Galvanometer with a 
sensitivity of 1.9 * 10”9 amperes per millimeter deflection. 
”TU is the Thermistor. The source of current is the 2 volt 
cells of two lead storage batteries connected in parallel.
The negative side of the bridge is grounded to maintain 
stability of the circuit.

3) Thermistor.
The Thermistor mounting is very similar to that used by 

Richards and Campbell. The lead wires of the Thermistor are 
soldered to 23-gauge enameled copper magnet wire. The wire 
to be used as the positive lead is shielded with polyethylene 
catheter tubing. A glass tubing handle which contained the 
lead wires is affixed to the top of the Thermistor with 
DeKhotinsky cement. A half-inch piece of Tygon tubing is 
attached to the top of the glass tubing and the leads are 
brought out through two small holes in the tubing. The 
handle is completed by attaching a glass tube close at the 
top of the Tygon joint. Two rubber spacers assure centering 
°f the Thermistor in the sample tube and a rubber collar is 
fixed to allow the proper depth of immersion in the sanple 
fluid.
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k-) Sample Tubes.
Sample tubes used axe 10 mm. by 75 113111 * pyrex tubes.

They are fitted with spacers and a collar made from rubber 
tubing. The jacket tubes are 16 mm. by 100 mm. pyrex tubes. 
Lead sinkers are placed in the bottom of the jackets to keep 
the jackets in the freezing bath. The jackets are supported 
on the cover of the bath by larger rubber spacerse

3) Freezing Bath.
The freezing bath used was a large Dewar flask, which 

was fitted with a 1/2" wooden plate countersunk to fit the 
flask snugly. A hole was bored through the center of the 
plate to hold a brass sleeve which served as a bearing for 
the motor-driven stirrer. Other concentric holes were 
bored to receive the freezing point jackets and their tubes, 

About 300 grams of Epson Salts (ligS0ij.*7H2O) was mixed 
to a slush with ground ice and the Dewar flask was filled 
with this slush to within 1 l/2s to 2* of the top.

6) Procedure.
One-half cc. samples of the solutions to be determined 

were introduced into the sample tubes. The tubes were fitted 
into the lead weighted jackets, and the jackets fixed in the 
plate. The propeller was introduced and stirring was begun.
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When the temperature of the bath reached -2° C., as 
determined with an accessory thermometer, the Thermistor was 
placed in a mercury-filled tube to'determine the stability 
of the bath temperature. tfhen the bath temperature became 
stable, with resistance measurements varying by only a few 
ohms per minute, freezing point determinations were begun. 
Current was kept flowing through the Thermistor throughout 
all the determinations to eliminate transient heating 
effects which would be caused by closing the circuit and 
which would necessitate additional equilibration.

Seeding with the Thermistor was not possible, in our' 
hands, even when the external surface of the Thermistor had 
been roughened with emery paper. The solutions were seeded 
as follows: a Nichrome wire hook was equipped with a very 
small cotton plug which was wetted with water. The tiny 
drop of water was frozen and supercooled by placing it in a 
test tube which rested in an ice-salt freezing mixture. Seed­
ing was accomplished by immersing the frozen seed in a 
sanqple tube for 1-2 seconds and then removing it. The wire 
was tapped sharply to remove excess solution and returned 
to the supercooling bath. The thermistor was removed from 
the tube last measured, wiped dry and introduced into the 
next sample to be determined. Since the transfer of the
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Thermistor requires only 1-2 seconds and the thermal con­
stant of the Thermistor is 25 seconds in air, the Thermistor 
is only heated a few degrees by the exposure to the air.

M

After the initial large drop in resistance following 
the seeding, the resistance drifts slowly upwards or stays 
constant for as much as five minutes. The fl^al balances 
at this time are taken with maximum galvanometer sensitivity.

t

The sensitivity of the setup and the reproducibility of 
the electrical null point were tested as follows:

A four decade Leeds and Northrup resistance box was 
substituted for the Thermistor in the circuit, the box 
resistance was set at 3700 ohms, and the balance with the 
variable resistors, R^ and R^, was found to be 56OI.6 ohms.
At this time a setting of 56OI.O ohms gave a galvanometer 
reading of -1.2$, while a setting of 5602.O ohms gave a 
reading of +0.2$, so it may be seen that the setup is cap­
able of detecting a change in resistance of 0.1 ohm. Several 
days later the balance was found to be 56OI.5 ohms. The 
stability of the battery voltage and of the resistance 
measurement was thus established.
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7) Calibration.
The ice point was determined a few times to establish 

the reproducibil: ,y of the freezing points. This was 
followed by measurements of the freezing points of 0.050, 
0.060, 0.070 K Had solutions.

Average Value
Results: Ice Points 5613.^ ohms5612.6 8 5612.1 B 5613.0 *

5612.6 8 5612.6 ohms
0.05 H NaCl 5662.3 *5661.6 8 5662 ohms
0.06 H HaCl 5663.9 8

5§73.9 8 5670 8
5670 8
5673.0 8 *

B5669 
56695669 8 5671 ohms

0.07 H HaCl 5660.1 8
5§79.1 8 
5660.9 8 
5676 85662
§660 8 5660 ohms

The AR per milliosmol in the range 0.05 H to Q.07 H 
Had = -O.lJ-5 ohm per milliosmol, uncorrected for activity 
values of the sodium chloride. This figure was calculated 
merely to show the linearity of the method over this range 
of concentration.
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g) Measurement of the Freezing Point of the Phosphate-free 
Lactone.
The 21.2 mg. of lactone (seejpage was dissolved in

1.05^ g. of water. One-half cc. of this solution was used
for the freezing point determination. Concentration of the
solution equalled . = 20.1 mg. per cc.l.O^r

* *
The resistance at the freezing point for the solution 

of the lactone was 5^71 ohms. Since only one determination 
was made, the maximum uncertainty would he + k ohms. This 
corresponds to a milliosmolar concentration of 120 + 9» 
uncorrected for activity of the sodium chloride solutions 
used for the calibration curve.

The activity of 0.06 N NaCl is (31)* The true

milliosmolar concentration of the solution, then was

120 + 9 x = 115 + 9.

9) Measurement of Hydrogen Ion Concentration.
After the freezing point determination, the material 

was allowed to thaw. It was then diluted by a factor of 2.2 
and the hydrogen ion concentration was determined at C. 
in the Cambridge pH Meter as follows: Direct readings of the 
electromotive force of 0.05 M potassium acid phthalate and 
the unknown against the glass electrode were taken.
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Results:
4-° C. 0.05 M potassium acid phthalate 65*5 milli-volts 
4°  C. Unknown " - 12.5 *

Electromotive force 9^*0 8
The known values were substituted in the formula;

Emf = M  In 0.09B = 0.00019^406 x T log £§3 unkn0wnnF 0^ [HU KH phthalate

From [xj] phthalate = 1 x 10*"̂ , the hydrogen concent rcu- 
tion of the unknown solution was 6 x 10~3, this times the 
dilution factor of 2.2 equalled 13 x 10~3, for the original 
freezing point solution.

• •
10) Calculation of Molecular Weight of the Lactone.

llj + 9 milliosmolar concentration of lactone solution
- 13 milliosmolar concentration of hydrogen ion

100 + 9 milliosmolar concentration of lactone molecules.

Since the concentration = 20.1 mg. per cc.,
Molecular weight of lactone = o 'x'q^.^q offi = 201 £
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Oxidation of Pho sphate-containlng Compound with Acid 
Permanganate Performed by Rap op or t and Van Fossen (7).
1) Titration.

One cc. of a solution of the phosphate compound, acidi­
fied to 1 N strength with sulfuric acid, and containing 
7.5 micromoles of organic phosphorus was titrated in the 
cold with 0.01 N potassium permanganate. Thirty-two micro­
equivalents, i.e., .̂27 equivalents per mole of p, were 
consumed. Analysis of the inorganic P indicated that only 

of the compound was hydrolyzed under these conditions* 
Like the original compound, the product of the oxida^ 

tion gave a positive iodoform reaction. The oxidation 
product also gave a negative Benedict’s test for a reducing 
group, a negative test with Deniges’ reagent, and a posi­
tive test for a carbonyl group with 2,U-dinitrophenyl- 
hydrazine.

2) Measurement of the Carbon Dioxide Liberated.
These experiments were performed in a closed system in 

a current of carbon-dioxlde-free nitrogen. The carbon dioxide 
evolved in the reaction was collected in two receivers 
placed in series and containing barium hydroxide of known 
normality. The carbon dioxide collected was determined 
either by titration with HCl or gravimetrically with con- . 
sistent results.
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In a given experiment 75 micromoles of the compound 
were oxidized in 1 N sulfuric acid. First, permanganate 
was added in the cold until a pink1 color persisted. A 
total of *K)0 micro-equivalents of permanganate were required, 
or 5*33 equivalents per mole. The carbon dioxide collected 
at this point amounted to 150*5 micromoles, i.e., 2.01 moles 
per mole of P. Addition of permanganate was continued, with 
warming of the reaction vessel to $0° C., until a total of
1,000 micro-equivalents had been added. Another 100 micro­
moles of C02» or 1.3 moles per mole of P were collected. 
Whereas less than 10$ of the P was hydrolyzed with libera­
tion of the first 2 moles of C02 in the cold, ^5$ was 
hydrolyzed during continued oxidation.

Denlges* Reaction (32) with Phosphate-free Compound Prepared 
Enzymatically.

a) To two drops of a solution of .the phosphate-free 
compound containing 3 micromoles per cc. was added one drop 
of 10$ mercuric sulfate in ^ N sulfuric acid and one drop 
°£ 5$ potassium dichromate. On standing, the solution 
became turbid. When the solution was heated to 100° C* in 
a tube capped with a marble, a heavy precipitate formed 
which looked like the typical acetone complex.

b) To another two drops of the test solution was added 
°ae drop of 10$ mercuric sulfate in k N sulfuric acid plus
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one drop of 0,05 N potassium permanganate. A white pre­
cipitate formed which looked like the typical acetone com­
plex.

c) A few drops of citric acid containing 1 mg. per cc. 
was treated as in b) with the same results.

The precipitate from a) was collected on a filter stick 
and washed with water. Five cc. of borate-HCl buffer and 
the filter stick were added to a distilling flask. Four and 
one-half cc. of distillate was collected in an ice-cooled 
receiver and the following procedure was employed to test 
for acetone:

Behre’s salicylaldehyde test - One cc. of distillate 
was tested for acetone with the potassium hydroxide, 
ethanol, salicylaldehyde test (33) aadL compared with a blank 
run and a standard acetone test. The distillate gave an 
orange-red color the same as that produced with acetone.

Friedemann-Haugen test (3̂ -) - To the rest of the dis­
tillate was added one cc. of 0.1$ B^dinitrophenylhydrazine 
la 2 N HC1. The mixture was extracted for ten minutes with 
2 cc. of carbon tetrachloride. The carbon tetrachloride 
extract was colored yellow, so it was washed two times with 
2 cc. of water. One drop of the solution gave a red color 
with sodium hydroxide and water.
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Format Ion of Pentahromoacetone.
Test of phosphate-free compound for the formation of 

pentahromoacetone (10,11).
To 0.1 cc. of a solution of the compound containing 

3 micromoles per cc. was added one drop of potassium bromide- 
potassium bromate solution and one drop of IS N sulfuric 
acid, four drops of water, and two drops of 5$ potassium 
permanganate. After ten minutes standing at room tempera­
ture, the mixture was cooled to 0° C. and decolorized with 
yjo hydrogen peroxide. White crystals which were left had 
a greasy apper^ance characteristic of pentahromoacetone.

The precipitate, like pentahromoacetone, was soluble 
in petroleum ether. Dilute sodium sulfide added to the 
petroleum ether extract gave a yellow color, a confirmatory 
test for pentahromoacetone (35)*

Pre-paration of Pentahromoacetone from Phosphate-free Compound.
To ^.2 cc. of solution containing 1^ micromoles of com­

pound was added 2 cc. of water, 0.2 cc. of 1 H potassium 
bromide, 1 cc. of 10 N sulfuric acid, and 5$lpotassium per- 
manganate dropwise until a slight excess was present. The 
mixture was let stand for 10 minutes at room temperature, 
cooled to 0° C. and decolorized slowly with 3$ ice-cold 
hydrogen peroxide. The mixture, containing the white crys­
tals of pentahromoacetone, was let stand on ice overnight.
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The precipitate was collected in a tared tube in the
cold and washed 3 times with 1 cc. portions of ice-cold
water. The precipitate was dried^over potassium hydroxide.
The yield was 3*0 mg* of pentahromoacetone.

The melting point determinations were made on micro-
slides in an uncalibrated Fisher-Johns melting point

r oapparatus which was preheated to about 60 C.
Pentahromoacetone was prepared from citric acid for 

purposes of comparison.
Results:

Material Tested Sintering Point Melting point
------------- ---------°-“cT---- - ---- ° c ;----

Standard 67 70.0 - 70.5
Standard 67 69.5 - 70.0
Standard 67 70.O - 70.5
Standard 67 69.5 - 70.0
Unknown 66 70.0 - 70.5
Mixture 67.5 70.0 - 71.Q
Unknown 66 70.0 - 70.5
Mixture 66 69.5 - 70.0

Gasometrie Measurement of Carbon-dloxlde Evolution with 
Permanganate-bromlne Oxidation.

a) Using citric acid as a model substance, the con­
ditions were explored which would yield 3 moles of carbon 
dioxide per mole of citric acid in the Uarburg apparatus.
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COOH

c « o + 5 co,tl+ I

CHBr2
HOOC-C-OH 2H 1

Br2 OBr?

Acid, bromine, and permanganate concentrations and 
temperature were varied. The following procedure was found 
suitable.

The Warburg bath was kept at 7° C. Twenty-cc. Warburg 
vessels with a single side arm were used. Into the main 
vessel was introduced 1 cc. 10 N sulfuric acid, 0.1 cc. of 
1 M potassium bromide, 0.4 cc. of 0.4 M potassium permangâ * 
nate and water to make the final volume, after tipping of the 
side arm, 2.6 cc. In the side arm was introduced 0.1 to 
0.3 co. of 0.025 M citric acid standard (2.5-7•5.micromoles). 
After equilibration at 7° C., the citric acid was tipped in 
and a time curve of the gas evolution was taken. After 
40 minutes, the carbon dioxide evolution per mole of citric 
acid was close to J,0 for samples ranging from 2.5 to 7*5 
micromoles of citric acid.

b) The same procedure was used for a sample of the 
phosphate-free compound, the total titratable acidity of 
which was determined on a different aliquot as follows:
To 0*5 co>> of solution was added 1 micro drop of phenol- 
phthalein. The solution was titrated to a definite pink
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with 0,2X6 N sodium hydroxide, using nitrogen stirring and 
a Rehburg buret. A total of 67 cutjic millimeters of sodium 
hydroxide was used. Since this sample has been prepared by 
solution of a lactone preparation, the titrated mixture was 
heated at 100° C. and more alkali was added until a stable 
pink was obtained. The total alkali consumption of 95 
cubic millimeters gave a calculated 4l.l micro-equivalents 
of acid per cc. On the basis of a tribasic acid the 0.1 cc. 
sample used for the Warburg measurement was equal to 1.37 
micromoles of compound.

The first determination gave about 3*7 moles of carbon 
dioxide per mole after 2 hours and ̂ .0 after about 3 hours.

With the idea that the lactone ring might be hindering 
the rate of carbon dioxide formation, another sample was 
treated with alkali, heated to 100° C. for 100 minutes to 
cleave the lactone and then acidified with sulfuric acid 
before the oxidation experiment. After 66 minutes, 3*7 moles 
of COg per mole had been given off. The value stabilized 
at ^.1 after two hours.
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Lack of Carbon-dloxide Evolution on Heating of Phosphate- 
free Compound.

One-tenth cc. of solution of ..the phosphate-free com­
pound equivalent to l A  micromoles of compound was evapo­
rated to dryness at room temperature in the side arm of a 
Thunberg tube.

One cc. of saturated barium hydroxide was added to the 
main tube of the Thunberg tube and the tube was evacuated. 
The side arm was heated, while the barium hydroxide arm was 
kept cool. At 100° C. no carbon dioxide was evolved. At 
1^0° C. the material browned, but at l6o° C. there was 
still no barium carbonate formation detectable.

The residue was dissolved, removed, and titrated using 
a Rehburg buret and nitrogen stirring. The total acidity 
of the residue was only about 60$ of the theoretical. A 
reduction of some sort is presumed to have occurred.

1
A blank test with one micromole of sodium carbonate 

mixed in an evacuated Thunberg tube with 1 cc. of barium 
hydroxide gave a heavy turbidity.
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Characteristics of the Phosphate Compound

Optical RotetIon of Phosphate~contalnlng Compound.
A concentrated solution of the compound had been 

obtained by dissolving a lead salt with sulfuric acid,
(see isolation experiment). The volume of the solution 
was 1.20 cc.

After an aliquot of the solution was analyzed for 
phosphorus to determine the concentration of the compound, 
the rotation was read to the nearest thousandth of a degree 
in a Rudolph Half-Shade Polarimeter at 20° C., using the 
mercury vapor line of 5^1 A0. The solution was contained 
in a micro-cuvette with a volume of 0.6 cc. and a length 
of 1 dm. Air blanks had been shown previously to give the 
same readings as water blanks.

Results: P analyses (duplicate) « 264- pit P/cc.
= 0.264- M/1. 

Air blank (av. of 11 readings) « + 0.090° 
Compound (av. of 15 readings) =* + 0.011?

From the formulas: [a] « and

Where [a] is specific rotation, a is observed rotation, 
b is depth of solution in decimeters, c is concentration in 
grams per 100 co., [m] is molecular rotation power, and M 
ia molecular weight (36), the formula is derived that
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M  = — — iii-S_____moles per liter

= -3.o°±o.if°
i i

Acid Hydrolysis Curve.
The hydrolysis curves of the phosphate compound in 

1 N and 6 N sulfuric acid are presented in Graph #3.

Iodoform Reaction,
In a series of experiments performed hy Rapoport and 

Van Fossen, the phosphate ester was found to give a positive 
haloform reaction with hypoiodite. About six equivalents-of 
iodine were consumed per mole and iodoform was Isolated as 
a product of the reaction. This behavior is consistent 
with the presence of active hydrogen atoms.

f u fI ‘eli5k6l
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Characteristics of the Phosphate-free Compound

Enhancement of Optical Rotation of-Phosphate-free Compound 
with Ammonium Molybdate.

In a previous experiment, the molecular rotation of the
phosphate compound was determined and found to he only

Since very little phosphate-free compound was available, 
its rotation was not measured; however, since the phosphate- 
free compound has the same asymmetric carbon atoms and 
differs from the parent compound only in the substitution of

rotation would also be very small.

A 0.55 cc. sample of solution, with a titratable acidity 
of 10.06 micro-equivalents per cc. and calculated concentra­
tion of 3*35 millimoles per liter, was mixed with O.3Q cc. 
of 25̂  ammonium molybdate and read in a micro-cuvette against 
a water blank. The rotation (average of 10 readings) was
+ 0.050° + 0.01°.

Calculations:

-3.0° ± 0.1*°.

an OH group for an OPO^Hg group, it was assumed that its

a = 0.050 x 2i| (dil. factor) = + 0,077° + 0.015° '

0.00335
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Lactone Formation,
1) An aqueous solution of & spall preparation of the 

lactone, prepared by acid hydrolysis and ethyl acetate 
extraction, titrated at room temperature micro­
equivalents of sodium hydroxide and 3&»7 micro-equivalents 
more when heated.

2) Another aqueous solution of the lactone prepared by 
acid hydrolysis followed by continuous ether extraction 
titrated 193 micro-equivalents in the cold and 65 micro­
equivalents more when heated to 100° C,

3) In a titration of another preparation the end points 
were not clear, but there was some evidence for the presence 
of a di-lactone.

)|Furth-Herrmann Pyridine-acetic Anhydrlc Color Test (15) in 
the Phosphate-free Compound (Prepared Enzymatically).

Two drops of a solution of compound equivalent to about 
60 micrograms was evaporated to dryness in a porcelain dish. 
One-half cc, of acetic anhydride and 3 cc. of anhydrous 
pyridine were added, On warming the mixture on the steam 
bath, a faint but definite cherry-red color became evident. 
The intensity of the color was between that produced in 
similar tests with 25 and 50 micrograms of citric acid.
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Ultravlolet Absorption Curve.
A solution of the phosphat ■ ] ■ c compound, prepared 

enzymatically, which had been n . cj 11 zed to a pH of 11*5 
and contained 3*35 micromoles pc : ;c was read in a 
Beckman Quartz Spectrophotometei a agt a water blank.

After this curve was read, 1 0 3. concentrated 
hydrochloric acid was added and t : a nilting mixture, 
which had a calculated pH of X.3j » u t.lso read against a 
water blank.
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APPENDIX

THE ISOLATION FROM LIVER AND THE PRELIMINARY 
STUDY OF A NUCLEOTIDE WITH UNUSUAL SOLUBILITY

PROPERTIES
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introduction

In the course of the purification of 2-phospho-ty—hydroxy- 
ty-carboxyadipic acid from dog or rabbit liver, following the 
steps involving the removal of barium and glycogen, it was 
observed that 5 ethanolic solutions which were concentrated 
with respect to nucleotides gave a light yellow semi­
crystalline precipitate on standing in the cold (see page 25).

In the crude precipitates, molar ratios of adenine, 1.0; 
15 minute hydrolyzable phosphorus, 1.1; difficultly hydro­
lyzable phosphorus, 1.1; and total phosphorus, 2.2 were 
typical. These molar ratios would be 1,1,1,2 for ADP or 
diadenosine tetraphosphate.

The solutions in which precipitation occurred were 
0,1 N with respect to nitric acid. Since this precipitation 
behavior is not characteristic of AA, ADP, or ATP and is more 
reminiscent of the behavior of the diadenosine tetraphosphate 
of Klessling and Meyerhoff (26) which has been prepared from 
yeast, the material was studied at some length.

The initial yield of crude precipitate was increased 
greatly by keeping the volume very low during the removal of 
barium and glycogen (see page 2̂ ), and by the addition of a 
total of 2 volumes of alcohol and 3 volumes of acetone to 
the aqueous solution. From the analysis (given on page 26)
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of a precipitate obtained in this manner the molar ratios, 
adenine, 1.00; 15 minute hydrolyzable phosphorus, 1.25; 
difficultly hydrolyzable phosphorus, 1.11; and total phos­
phorus, 2.36, were obtained.

From studying various purification procedures, the 
assumption was made that the equivalent weight of the 
material per adenine group could approach 427, the molecular 
weight of ADP, as a limit.

All operations were carried out in the cold at 2-6° C. 
in order to minimize hydrolysis of the nucleotides.
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Purificatlon procedures

Acid Silver Fractionation.
A precipitate of the nucleotides was obtained in the 

manner described on page 25* The precipitate was dissolved 
in the minimal amount of water (16 cc.); and some water- 
insoluble material was centrifuged off. The supernatant 
contained L*( ufli of adenine, 1.3 aM of 15 minute hydrolyz­
able P, 1.5 mU of difficultly hydrolyzable P, and 2.S mU of 
total P.

A total of 6 cc. of saturated picric acid was added to 
the solution of nucleotides in small portions until precip­
itation was complete. The picrate precipitate was collected, 
washed with water, and discarded. The supernate and washes 
were extracted with ether to remove the picric acid.

A precipitate of the nucleotides was obtained by the 
addition of 1 volume of alcohol and 1 volume of acetone.
After standing for two days, the precipitate was collected, 
dissolved in water and reprecipitated with alcohol and 
acetone. The precipitate, which was collected, washed with 
a water-ethanol-acetone mixture and dried in vacuo over 
potassium hydroxide, had a dry weight of 91-l vig*

A sample of ¥*7 mg. of the above precipitate was dis­
solved in 7 cc. of water, six-tenths cc. of 5 N silver 
nitrate was added and a heavy white precipitate formed,
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which was not increased by further additions of silver. The 
silver precipitate was collected, decomposed with hydrogen 
sulfide, and the hydrogen sulfide was removed.

The solution was again subjected to the procedure 
described above. To the resulting solution of nucleotides 
(16 cc.) was added 2 volumes of alcohol and 2 volumes of 
acetone. The precipitate obtained in this relatively dilute 
solution weighed only 100 mg. and analyzed approximately as 
adenylic acid, so it was discarded.

After the supernate from the preceding step was diluted 
with water to make it 50# aqueous, a silver precipitation’ 
was used to collect the remaining nucleotides. The solution 
obtained after the removal of 3ilver from the precipitate 
was lyophilized. The 206 mg. was dissolved in 5.0 cc. of 
water and an aliquot was analyzed. The molar ratios ob­
tained were adenine, 1.00; 15 minute hydrolyzable p, 1.01; 
difficultly hydrolyzable P, O.96; total p, 1.97» tout the 
equivalent weight per adenine group was 5̂ 3 > 80 it was 
believed that a non-purine impurity still remained.

The 5 cc. of solution was acidified to 0.02 H with 
nitric acid. Fifty mlcrcequivalents of silver nltiate were 
added and the resulting small silver precipitate was dis­
carded.
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Seven hundred and fifty microequivalents of silver 
nitrate were added to the supernate. The silver precipitate 
was collected, washed with alcohol, dried and weighed.

Analysis of Silver Salt Molar Ratios
Adenine 1.00
15 min. hydrolyzable P 0.2&
Difficultly hydrolyzable P 0.92
Total P 1.79
Ag 1.72

Molecular weight of the silver salt calculated on the 
basis of one adenine group per mole equalled 695* The 
molecular weight of the disilver salt of ADP would be 6̂ 1.

Purification by Means of Anion Exchange.
Since the procedure previously described had not given 

as pure a product as was desired, other attempts at purifi­
cation were made. Fractional precipitation of 0.1 H nitric 
acid solution with alcohol and acetone gave very little 
purification, so it wrs decided to try anion exchange 
chromatography.

The method used was adapted from the methods described 
by Carter and Cohn (37) and Cohn (32) for the separation of 
cytidylic, uridylic, adenylic, and guanylic acids. At the 
time this work was undertaken in November 19^9» the separa-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-gl-

tion of AA, ADP, and ATP "by ion exchange had not yet been 
described. The separation of the nucleotides was achieved 
by increasing the acidity of the eluting fluid in a step­
wise manner. This procedure is inferior to that recently 
reported by Cohn and Carter (39) ia which the hydrogen ion 
concentration of the eluant is kept constant and the salt 
concentration is increased, but it served in this prelim­
inary work.

1) Anion Exchange Procedure, Illustrating a Separation of 
Adenylic Acid and Adenosine Triphosphate.
Dowex 1* (250-500 mesh) washed free of fines by repeated 

decantations was slurried into a glass tube fitted with a, 
flat glass-wool plug and a fine glass tip at the base. The 
resin column was 9 cm. long and had a cross-section of 
O.65 square cm.

* Samples of the various Dowex resins were generously . _ 
supplied to us by Dr. W. C. Bauman, The Dow,Chemical Co., 
Midland, Michigan,

V
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Two cc. of a solution containing Bischoff My-B-Den 
adenylic acid (ev = 115) and Rohm and Haas tetrasodium 
salt of adenosine triphosphate (ev = 89) was allowed to 
pas8 slowly through the column.

The column was eluted with 0.003 N hydrochloric acid. 
Twenty cc. portions of eluate were collected, mixed and 
analyzed spectrophotometrically for adenine. When elution 
appeared to be practically complete, the eluting fluid was 
changed to 0.009 N hydrochloric acid. The process was 
repeated for 0.03 N and 0.10 H hydrochloric acid (Graph #1). 
The rate of elution was about 1 cc. per minute. A total 
recovery (calculated on the basis of absorption measure­
ments) was obtained. The 0.10 N acid eluate analyzed 
easily hydrolyzable P, evidencing fairly pure ATP.

2) Purification of ADP
A sample of 98.1 mg. of Sigma barium salt of adenosine 

diphosphate was freed of barium and put into solution with 
sulfuric and nitric aoid. The solution was neutralized to 
pH 6 and adsorbed on a column similar to that described

* (ev) represents the product of the volume of the solution 
and the extinction of the solution. It provides a con­
venient number with which to express the total amount of 
material present, since *

ev x 100 — ------- a micromoles of material
molecular extinction coefficient in the solution.
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See Graph #2. Total recovery was only 65$. Twenty- 
three per cent of the eluate was In the 0.003 N nitric acid 
fraction (AA). The 0.009 N nitric acid eluate was
collected as a lead salt.

3) Purification of the Nucleotide precipitate.
A sample of the crude precipitate of the nucleotides 

weighing 100.5 mg* was dissolved in 10 cc. of water and 
adsorbed on a Dowex 1 column which was 2 cm. high and had 
a cross-section of 1.3 square cm.

The material was eluted with varying concentrations of 
hydrochloric acid. A total recovery of 91$ was obtained.
Of the material recovered, 23$ was eluted in the AA fraction,
k-jfo in the "ADP fraction," and 30$ ia ike ATP fraction
(Graph #3).

The "ADP fractions'1 eluted from the column between 
260 and 3^0 cc. were combined, neutralized to pH 6.6, 
adsorbed on a new column, and eluted as before. The total 
recovery was 9&$* Of the material eluted, 11$ was in the 
AA fraction, and 6$ was in the ATP fraction (Graph
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Attempts to Differentiate Between ADP and the
Nuoleotide

Anion Exchange Method Applied to a Mixture of AT . and the 
Nucleotide. ~

A sample of the unknown material was adsorbed on a 
Dowex column and the acid eluate corresponding to the "ADP 
fraction" was collected as a lead salt. The lead was 
removed with hydrogen sulfide, the hydrogen sulfide was 
removed and the solution of the nucleotide was acidified 
to 0.05 N with nitric acid, and precipitated with silver 
nitrate. The silver was removed from the silver salt and 
the resulting solution was lyophilized. Analysis of the 
material gave molar ratios of adenine, 1.00; 15 minute 
hydrolyzable P, 1.09; difficultly hydrolyzable P, l.OJ; 
total P, 2.07; and- pentose, 1.03*

Some of this material was mixed with a solution of 
ADP from a Sigma Preparation of the Barium salt of ADP. 
This mixture was not xesolved at all under the conditions 
used (Graph #5)*

Paper Chromatography.
The methods used by Vlscher and Chargaff (to); and 

Markham and Smith (̂ 1) for the separation of various 
purines and pyrimidines were adapted for our use.
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Tiie following solvent systems >were tried:
1) 77# n-butanol, 13# water, 10# formic acid,
2) 50# n-butanol, 25# water, 10# formic acid, 15# ethanol,
3) 20$ water, ^0$ ethanol, kQ$> acetone,
ty) **0# ethanol, kô a acetone, 20# 0.1 N nitric acid,
5) 50# n-butanol, 15$ ethanol, 35# water,
6) 50$ n-butanol, 15# ethanol, 35# water, ammonia atmosphere,
7) phenol saturated with water,
g) 2,^,6-collidine saturated with water.

In our hands none of these systems gave clear-cut - 
evidence of a separation between ADP and the nucleotide.

In the light of the recent work on the separation of 
various nucleotides by means of paper chromatography (37) 
this work should be repeated using the new solvent systems.

Adenyllo Acid Desamlnase.
This experiment was run in order to find whether or 

not the nucleotide would yield significant amounts of amino- 
nltrogen when incubated with adenylic acid desaminase. One 
mole of adenylio acid should yield one mole of amino-nitrogen, 
ATP or ADP should yield none, if the enzyme is pure. 
Diadenosine tetraphosphate should yield one mole per mole.

A preparation'of adenylic acid desaminase was prepared 
after Lohmann (̂ 2) from the baok muscle of a rat.
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On incubation with the enzyme, adenylic acid gave close 
to the theoretical yield. ATP and the nucleotide gave very 
little amino-nitrogen.

/

Molecular Weight Determination.
The silver wae removed from a sample of the silver 

salt of the nucleotide (see section on acid silver fraction­
ation) and the solution of nucleotide was lyophilized.

A cryoscoplc determination coupled with a measurement 
of the hydrogen ion concentration gave a molecular weight 
of ^70 + 50. This result is strong evidence against the 
Identity of the nucleotide with diadenosine tetraphosphate 
(1CT = 836). ^

Precipitation Behavior of the Nucleotide and of ADP.
Barium-free solutions of ADP were prepared from the 

Sigma barium salt. With concentrations as high as Zk mg. of 
ADp/cc., no turbidity was produced by the addition of two 
volumes of ethanol. A faint turbidity finally appeared when 
a volume of acetone was added to the solution which was 66̂  
ethanolic. A white gum was obtained when another volume of 
acetone was added.

Solutions of the nuoleotide prepared by acid silver 
fractionation or by anion exchange and silver fractionation 
in concentrations of 10 mg./co. were partially preoipitated
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by one volume of alcohol.

Summary of the Work on the Nucleotide

A nucleotide which is easily precipitated by alcohol 
from a concentrated solution has been isolated from dog and 
rabbit liver.

The nucleotide has a molecular weight of k-JO ±
* ■>

Molar ratios of adenine, 1.0; 15. min. hydrolyzable P, 1.0; 
difficultly hydrolyzable P, 1.0; and ribose, 1.0 are 
indicated. The material is not significantly attacked by 
adenylic acid desaminase. In our hands, mixtures of the 
nucleotide and ADP have not been separated by anion exchange 
or by paper chromatography. The nucleotide is precipitated 
from solution much more readily than ADP.

On the basis of these findings, it is suggested that the 
nucleotide is an isomeric ADP.
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