
THE PHOSPHOROLYSIS OF NICOTINAMIDE RIBOSIDE* 

BY JOHN W. ROWENt AND ARTHUR KORNBERG 

(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Bethesda, Maryland) 

(Received for publication, June 30, 1951) 

Nicotinamide mononucleotide (NMN, picotinamide ribose-5-phosphate) 
is formed during the hydrolysis of diphosphopyridine nucleotide (DPN) 
by nucleotide pyrophosphatase (1) and is involved in the synthesis of 
DPN (2) by a reaction with adenosine triphosphate (ATP) . The accumu- 
lation of NMN in red blood cells incubated with large amounts of nicotin- 
amide and glucose has been reported recently by Leder and Handler (3). 

The participation of NMN in the synthesis of DPN has aroused interest 
in the origin of NMN. One possible origin involves the initial formation 
of nicotinamide riboside (NR) followed by phosphorylation to yield the 
nucleotide. We observed that NR is split at the glycosidic bond by ex- 
tracts of beef liver acetone powder in a reaction which is dependent on 
the presence of orthophosphate. An enzyme, partially purified from these 
extracts, catalyzes the following reversible reaction 

(1) NR+ + orthophosphate = nicotinamide + ribose-l-phosphate + H+ 

This reaction is analogous to the phosphorolysis of the purine nucleosides 
described by Kalckar (4) and there is suggestive evidence that the same 
enzyme is involved. A distinctive feature of Equation 1 is that NR, 
containing a quaternary nitrogen with a strongly ionized positive charge 
at neutral pH, on phosphorolysis is converted to a weak base, with the 
resultant production of a hydrogen ion. For this reason, phosphorolysis 
proceeds virtually to completion in buffered solutions at neutral pH. The 
value for the equilibrium constant, which includes the hydrogen ion con- 
centration term, is close to that obtained by Kalckar. 

Methods 

Materials-DPN (purity 0.78) was prepared by a modification of the 
method of Williamson and Green (5) and triphosphopyridine nucleotide 
(TPN) (purity 0.86) was prepared by ion exchange chromatography of a 
crude liver fraction.’ NMN was obtained by enzymatic hydrolysis of DPN 
(1). Inosine was obtained commercially (Nutritional Biochemicals); it 

* A preliminary report of this work has been published (Federation Proc., 10, 
210 (1951)). 
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was also prepared from inosinic acid (Sigma) by quantitative hydrolysis 
of the phosphate with lyophilized snake venom2 (Cotalus adamanteus) 
which contains a 5’-nucleotidase (6). 

NR was prepared from NMN by hydrolysis with snake venom. The 
incubation mixture (10.0 cc.) contained 1.0 cc. of NMN (0.02 M), 3.0 cc. 
of glycine buffer (0.25 M, pH 8.5), 1.0 cc. of MgClz (0.1 M), and 10 mg. of 
the venom dissolved in 2.0 cc. of 0.01 M KCl. Hydrolysis, determined by 
the release of orthophosphate, was complete in 60 minutes at 38”. The 
incubation mixture was extracted three times with 10 cc. volumes of aque- 
ous phenol (60 gm. in 14 cc. of water). The phenol was then extracted 
3 times with 30 cc. quantities of ether. The aqueous phase was collected 
and combined with two aqueous washings of the ether phase. The solu- 
tion was aerated and the volume reduced to 15 cc. in vacua. The yield 
of NR from NMN, based on fluorometric and spectrophotometric measure- 
ment, was approximately 80 per cent. 

Xanthine oxidase was purified as described by Horecker and Heppel (7) 
through the ammonium sulfate step. The preparation of ribose-l-phos- 
phate (R-l-P) is described under “Results.‘? HsP~~O~ was obtained from 
the Oak Ridge National Laboratory. Dowex-1 formate was prepared as 
previously described (8). 

Determinations-NMN was determined fluorometrically (9) and NR was 
measured both fluorometrically and spectrophotometrically. A value of 
5.7 X lo6 sq. cm. per mole was obtained for the extinction coefficient of 
NR at 265 rnp on samples in which the nicotinic acid was determined 
chemically (10). 

An accurate and sensitive method for nicotinamide is based on the 
fact that a 50 per cent increase in density at 265 rnp takes place when 
neutral solutions are acidified to pH 2 ‘or less. This determination is 
feasible when nicotinamide contributes a large share of the absorption at 
265 rnp and when substances are absent which exhibit a density change 
at this wave-length upon acidification. The density of NR is not altered 
on acidification. 

Orthophosphate was determined by the method of Lowry and Lopez 
(11). Acid-labile phosphate was the phosphate liberated after 10 minutes 
hydrolysis in 1 N HCl at 100” and was determined by the method of Fiske 
and Subbarow (12). Protein was estimated by a modified phenol method 
(13). Hypoxanthine was determined spectrophotometrically by oxidation 
to uric acid with xanthine oxidase (14). 

NR Splitting Activity-The incubation mixture (0.5 cc.) contained 0.05 
cc. of NR (0.003 M), 0.10 cc. of phosphate buffer (0.1 M, pH 7.4), and 
enzyme (0.5 to 0.7 unit). After 10 minutes the reaction was stopped by a 

* Purchased from Ross Allen’s Reptile Institute, Silver Springs, Florida. 
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20-fold dilution with ice-cold water and an aliquot (0.2 cc.) was immedi- 
ately assayed fluorometrically. A unit of enzyme activity was defined 
as the amount causing the cleavage of 1 PM of NR in 1 hour. Specific 
activity was defined as units per mg. of protein. 

Inosine Splitting Aclivity-The incubation mixture (0.5 cc.) contained 
0.05 cc. of inosine (0.005 M), 0.10 cc. of phosphate buffer (0.1 M, pH 7.4), 
and enzyme (0.5 to 0.7 unit). After 10 minutes at 38” the incubation 
mixture was placed in a boiling water bath for 2 minutes and then trans- 
ferred quantitatively to a cuvette for hypoxanthine estimation. The en- 
zyme unit and specific activity were defined as for NR splitting. 

Purijication of Enzyme-10 gm. of beef liver acetone powder (2) were 
extracted with 100 cc. of 0.1 M Na2HP04 for 10 minutes with gentle shak- 

TABLE I 
Purijication of Enzyme 

Fraction No. NR splitting 
actwity 

Protein Specific activity 

units mg. per cc. units per trig. 
)rotein 

I. Crude extract.. 6912 20.2 4.3 
II. Ammonium sulfate. . . . . 3159 21.0 11.5 

III. Calcium phosphate gel eluate. 1890 0.17 162.0* 
IV. Alumina gel eluate . . 1140 0.067 255.0 

* In repeated preparations the specific activity of this fraction varied between 
144 and 180 units. 

ing. This and subsequent operations were carried out at 2”. To 80 cc. 
of extract (Table I) were added’an equal volume of 0.1 M acetate buffer, 
pH 5.0, and 48 gm. of ammonium sulfate. After 10 minutes the precipi- 
tate was removed by centrifugation and 12 gm. of ammonium sulfate were 
added to the supernatant. The resulting precipitate was collected in the 
centrifuge and dissolved in 13 cc. of water (Fraction II). 

This fraction was diluted with water to 45 ml. and treated with 52 cc. 
of aged calcium phosphate gel (15) (10 mg., dry weight, per cc.). The 
gel was collected by centrifugation and washed once with 65 cc. of water, 
and the enzyme was eluted twice with 32.5 cc. portions of phosphate 
buffer (0.005 M, pH 7.5) (Fraction III). 

The addition to 65 cc. of Fraction III of 6 cc. of 0.1 M acetate buffer, 
pH 5.0 reduced the pH to 6.2. 14.2 cc. of alumina gel CT (16) (1.6 mg., 
dry weight, per cc.) were added. The gel was collected in the centrifuge 
and washed with 71 cc. of water; the enzyme was eluted with two 35.5 
cc. portions of 0.02 M phosphate buffer, pH 7.5. This final fraction repre- 
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sents a 60-fold purification over the crude extract, with a yield of 17 per 
cent. 

Orthophosphate in Fraction III (1 .O cc.) was removed by treatment with 
0.1 cc. of a thick suspension of Dowex-1 formate resin. After gentle agita- 
tion for 1 to 2 minutes, the resin was removed by centrifugation. The 
supernatant contained less than 0.06 PM of orthophosphate per CC.~ 

TABLE II 

Phosphorolysis of Nicotinamide Riboside 

The incubation mixture (3.0 cc.) contained 0.15 mg. of Fraction III, 0.2 cc. of 
glycylglycine buffer (0.25 M, pH 7.4), and the indicated amounts of NR and phos- 

phate. The values are expressed in micromoles. 

Experixnt 

I 

II 

III 

IV 

V 

Time 

min. 

0 
35 
A 

0 
20 
A 

0 
20 
A 

0 

20 
A 

0 
90 
A 

- T 

Nicotinamid, 
riboside 

Ortho- 
phosphate Nicotinamide 

- 

_- 
Acid-labile 
phosphate 

0.48 0.76 0.00 0.00 
0.32 0.61 0.19 0.14 

-0.16 -0.15 +0.19 +0.14 

1.90 3.26 0.00 0.00 
0.20 1.93 1.53 1.33 

-1.70 -1.33 +1.53 +1.33 

1.90 2.73 0.00 0.00 
0.15 1.11 1.72 1.62 

-1.75 -1.62 +1.72 +1.62 

3.11 4.20 0.00 0.00 
0.93 1.82 2.50 2.38 

-2.18 -2.38 +2.50 +2.38 

9.30 
1.80 

-7.50 

25.0 

- 

- 

Hydrogen ion 

+6.80* 

* 6.80 PM of NaOH were required to restore the original pH of 7.40. 

Phosphorolysis of NR-Evidence for Equation 1 is provided in Table 
II. At several concentrations of NR the disappearance of the nucleoside 
is accompanied by the removal of molar equivalents of orthophosphate 
and the appearance of stoichiometric amounts of nicotinamide and acid- 
labile phosphate. Experiment V indicates stoichiometry in the release 
of hydrogen ions. 

8 A small column (1.5 cm. X 1 sq. cm.) of Dowex-1 formate leaves no detectable 
orthophosphate (<0.02 MM) when a solution containing 490 PM phosphate has been 
passed through it. The replacement of phosphate by formate results in only a 

slight increase in pH. 
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The presumption that the acid-labile phosphate ester was R-l-P was 
supported by isolation of the ester by ion exchange chromatography (Table 
III). Radioactive orthophosphate was used as a convenient, means of 
detecting the position of phosphate-containing fractions. Approximately 
90 per cent of the acid-labile ester appeared as a sharp fraction after about, 
12 column volumes of eluate and was distinctly separated from the or- 
thophosphate fraction. Analysis indicated a ratio of pentose to acid-labile 
phosphate of 1.07. This experiment, also served as a demonstration that, 

TABLE III 
Isolation of Ribose-l-phosphate by Ion Exchange Chromatography 

The incubation mixture (18.0 cc.) contained 15.0 cc. of NR (0.00217 M), 0.6 cc. 
of phosphate buffer (0.1 M, pH 7.4), 1.1 cc. of glycylglycine buffer (0.25 M, pH 7.4), 
1.5 cc. of Fraction III, and 0.1 cc. of dilute HaP820, (containing 1.14 X 107 o.p.m.). 
After incubation for 85 minutes at 40” the ratio of densities at 265 mcr in neutral and 
acid solutions had reached a constant value of 0.67. The mixture was chilled and 
the 16.0 cc. that remained were adsorbed at 2” on a column (9.5 cm. X 1 sq. cm.) 
of Dowex-1 formate, washed with 10 cc. of water, and eluted at 2” with 0.1 M sodium 
formate buffer, pH 5.0. The flow rate was approximately 0.5 cc. per minute. 

Volume through column Radioactivity 

cc. 101 c.p.m. 

O-103 0 

103-115 1.2 
115-127 316 
127-139 1.1 
139-151 3.4 
151-163 119 
163-175 485 
175-187 120 
187-199 4.2 

- 

-- 

- 

Orthophosphate 

PM 
0.0 
0.6* 
0.9* 
0.0 
0.6* 
8.8 

33.6 
9.1 

A 

T 

Acid-labile phosphate 

w 

0.0 

0.0 

24.3 

* These low values are not analytically reliable. 

the phosphorolysis of NR went readily to completion with only a 2-fold 
excess of orthophosphate. 

The influence of the concentrations of NR and orthophosphate is in- 
dicated in Fig. 1. The Michaelis constants determined by Lineweaver- 
Burk plots (17) of these data indicate values of 1 .l X 1O-3 and 2.8 X 1O-4 M, 
respectively. The dependence on orthophosphate could be made absolute 
by removal of traces of orthophosphate from the NR and enzyme prepara- 
tions by treatment with Dowex-1 formate. In the presence of excess NR, 
the complete removal of added orthophosphate has also been demonstrated. 
Arsenate was less effective than phosphate and was also somewhat in- 
hibitory. In an experiment under standard test conditions, NR splitting 
w~;ts 57 per cent and with phosphate omitted it was 8 per cent. At the 
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same molar concentration of Na&L4sOe, NR splitting was 30 per cent and 
with both arsenate and phosphate present it was 39 per cent. 

Synthesis of NR-Since the hydrogen ion enters as a reactant into. the 
synthesis of the nucleoside, initial studies were made at pH 6.0 rather 
than at more alkaline and optimal pH levels. However, there was rapid 
inactivation of the enzyme at this low pH value. Thus when apparent 
equilibrium had been reached, a further addition of enzyme resulted in a 
prompt initiation of further NR synthesis. It also appeared that high 
concentrations of nicotinamide (0.1 to 0.5 M) were inhibitory. Another 
source of difficulty was the presence of traces of a contaminating enzyme 
in the purified preparations which converted ribose-l-phosphate to a stable 
phosphate ester. This mutase action prevented the attainment of a stable 
equilibrium (Fig. 2, Experiment 3). On the basis of a report by Abrams 
and Klenow (18), that phosphoribomutase in liver extracts is removed 
by surface denaturation, Fraction III was thoroughly aerated.4 This pro- 
cedure effectively removed the phosphoribomutase without significant im- 
pairment of NR phosphorylase action. Stable equilibria were obtained 
with aerated enzyme at hydrogen ion concentrations of 1 X lo-+ and 
4 X lo-* M and nicotinamide concentrations of 0.025 and 0.05 M (Fig. 2, 
Experiments 1,2, and 4). The addition of fresh enzyme at a point beyond 
50 minutes did not alter the concentration of NR. Values for the equilib- 
rium constant 

(2) 
[NRI [orthophosphate] 

Keq. = [nicotinamide] [R-l-P] [H+] 

were 9.2,’ 10.0, and 14.3. 
Other Properties of Enzyme-Fractions II and III lost no activity after 

storage for several weeks at -10”. The pH optimum of the enzyme was 
approximately 8 (Fig. 3). The purified preparation did not decrease the 
fluorescence of NMN, DPN, TPN, and methylnicotinamide, nor were 
there any inhibitory effects of these compounds at equimolar concentra- 
tions on the rate of NR splitting (Table IV). 

Phosphorolysis of Inosine-The purified enzyme fractions were active 
in the phosphorolysis of inosine, and, in addition, inosine markedly in- 
hibited NR phosphorolysis. While the question as to whether one enzyme 
is responsible for both activities has not been settled, available evidence 
does suggest identity. The ratio of specific activities of NR and inosine 
splitting for Fractions I, II, and III were 1.3, 1.4, and 1.8, respectively. 

The Michaelis constant (K,) for inosine was shown to be 1.3 X 1O-5 M 

4 10 cc. of Fraction III in a 2.5 X 40 cm. test-tube at 0” was aerated for 30 minutes 
at a rate sufficient to maintain continuous movement of films of the solution to the 
top of the tube. 
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MOLAR CONCENTRATION Xi04 6) 

FIG. 1. Substrate afWties of NR, orthophosphate, and inosine for the enzyme 
The curves describing the influence of phosphate refer to the rate of NR splitting 
0.74 unit of enzyme was present in the NR and phosphate experiments and 0.37 unit 
in the inosine experiment; other test conditions as under “Methods.” The lower 
curves are plotted according to Lineweaver and Burk (17). 

i i A ,025 .0251 I I L I I 

z 
s:: 

Za 

wf- 
su, 

,015 

zkl 

tg 
‘, k.005 
0 
z 

0 20 40 60 

TIME-MINUTES TIME-MINUTES 

FIG. 2. Attainment of equilibrium in the synthesis of NR. The incubation 
mixtures contained 36 units of Fraction III (aerated in Experiments 1, 2, and 4 
and unaerated in Experiment 3). 0.05 M glycylglycine buffer and the concentra- 
tions indicated below expressed in micromoles per cc. 

Nicotinamide II+ 

Exp%iiment i I R-1-P Ol?hO- 
phosphate 

0 0 min. 80 min. 0 min. 53 min. 108 min. 50 min. 

1 50 4 x 10-s 0.23 0.21 0.19 
2 25 4 x 10-5 0.23 0.14 0.22 
3 25 4 x lo-6 0.23 0.00 
4 25 1 x 10-s 0.23 0.23 0.21 

I i , 
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as compared with a value of 1.7 X lo+ M obtained by Friedkin and Kalckar 
(19). The &nity of inosine as an inhibitor of NR phosphorolysis was 
determined at several concentrations of inosine (Table V) and also at 

230.0 

% 
. 

f 15.0 

. 

3 
I 

F 
s P 

'4 5 6 7 8 910 

PH 

FIG. 3. NR phosphorolysis as a function of pH 

TABLE IV 
Enzyme Specificity among Pyridinium Compounds 

The incubation mixture (0.5 cc.) contained 0.004 mg. of Fraction III, 0.1 cc. of 
phosphate buffer (0.1 M, pH 7.4), and the indicated amounts of substrates. The 
values are expressed as micromoles of pyridinium compound split according to fluo- 
rescence measurements. 

Addition ........................ 
Amount split .................... 
Addition NR (0.08) ............. 
Amount split .................... 

- 

NR 

T 

0.16 
0.110 

NMN DPN TPN Methylnicw 
tinamide 

0.15 0.15 0.15 0.15 
0.006 0.010* 0.000 0.000 
0.075 0.075 0.075 0.075 
0.065 0.072 0.067 0.071 

* This value did not increase on prolonged incubation. 

TABLE V 

KJ of Inosine for NR Splitting 
The incubation mixture (0.50 cc.) contained 0.19 pM of NR, 0.10 cc. of phosphate 

buffer (0.1 M, pH 7.4), inosine as indicated below, and 0.0034 mg. of Fraction III. 

KS = 1.07 x 10-a; K1 = K&[(V,,.S/v)-S-K,& 

Inosine, 2d X 101.. _. 0.44 1.10 2.20 
NR splitting, unils per cc.. _. 3::: 18.3 10.9 8.5 

___~ 

K,, moles per 1. X lo6 3.2 3.1 4.8 

various levels of NR (Fig. 4) and was found to be approximately 3.5 X low5 
M. Since the experimental conditions under which the Ks and KI values 
were, for technical reasons, different, it is difficult to evaluate properly the 
disparity between them. 
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Conversion of NR to NiWN-The formation of NMN from NR was 
detected by carrying out the incubation in the presence of partially puri- 
fied DPN-synthesizing enzyme (2) and estimating the amount of DPN 

u .14- 

t 
0: .12- 

.b so - 

5 .00- 

& .06- 
a 
3 -- 

E 
.u4 l NR ALONE 

.02 ANR + lO-5 INOSINE 

.pI 
‘0 0.2 04 0.6 0.8 1.0 I.2 I.4 1.6 1.8 

I 
T  

S= MOLAR CONC-iNTRATlON X IO4 

FIG. 4. Inhibition of inosine (at a single concentration) of the phosphorolysis of 
NR (at several concentrations). KI of inosine = 3.3 X 10e6 M; KS of NR = 1.1 
x l0-a M. 

TABLE VI 
Synthesis of NMN 

The enzyme was prepared as follows: 10 gm. of hog liver acetone powder (2) 
were extracted with 100 cc. of 0.1 M NazHPOc for 10 minutes at 23’. To 83 cc. of 
extract were added 19 gm. of ammonium sulfate and the resulting precipitate was 
discarded. 8.3 gm. of ammonium sulfate were added to the supernatant and the 
resulting precipitate was dissolved in water to a volume of (Fraction A) 19 cc. 16 
cc. of Fraction A were diluted to 80 cc. with acetate buffer (0.1 M, pH 5.0). 18 gm. 
of ammonium sulfate were added and the resulting precipitate was dissolved in 
water to a volume of 4.0 cc. (Fraction B). The incubation mixture (1.3 cc.) con- 
tained 0.2 mg. of DPN-synthesizing enzyme purified from liver (2), 0.05 cc. of MgClz 
(0.1 M), 0.10 cc. of phosphate buffer (0.5 M, pH 7.0), 0.30 cc. of Fraction B, and fur- 
ther additions as indicated. After 40 minutes at 40”, 0.07 cc. of 70 per cent per- 
chloric acid was added and the neutralized supernatant was assayed for DPN (2). 
The DPN determined is a minimal estimate of the NMN synthesized. 

Substance added NMN formed 

PM 

NR 1.0 PM.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
ATP 2.5 /JM. . . . . . . . . . . . . . . . . . . 
NR 1.0 PM f  ATP 2.5 PM. . . . . . . . . 
NR* 1.0 PM + ATP 2.5 /.cM. . . . . . 
Nicotinamide 2.0 PM + ATP 2.5 PM + R-l-P 0.8 pM + ribosed- 

phosphate 3.0 PM.. . . . . . . . 

0.000 
0.000 
0.047 
0.000 

0.000 

* Enzyme (Fraction B) was omitted. 
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produced. With crude ammonium sulfate fractions from extracts of hog 
liver acetone powder, NMN synthesis was observed only when NR and 
ATP were both added (Table VI). NR could not be replaced by the 
combined addition of nicotinamide, R-l-P, and ribose-5-phosphate. 

DISCUSSION 

The present studies indicate a mechanism for the enzymatic synthesis 
of NR. The fact that the pathway of NMN synthesis by way of NR 
(Equation 3) has been demonstrated does not, of course, preclude the 

(3) 
ATP 

Nicotinamide + R-l-P + H+ $ orthophosphate + NR+ --t NMN+ 

operation’ of other and perhaps more active systems. It is possible, for 
example, that nicotinamide might react with ribose-1 ,5-diphosphate to 
form the nucleotide directly. 

There are some noteworthy features concerning the phosphorolysis of 
NR. Conversion of the strongly basic pyridinium group of NR to the 
weakly basic nicotinamide in a solution buffered at a near neutral pH 
results in the liberation of a hydrogen ion. By fixing the hydrogen ion 
concentration at a very low value (i.e., 10e8 M), a strong force is imposed 
to displace the equilibrium in the direction of phosphorolysis. At pH 8, 
phbsphorolysis of NR is, within experimental limits, essentially complete. 
Since the aflinity of orthophosphate for the enzyme is relatively high 
(KS = 3 X 10e4 M) and since the presence of an excess of NR permits 
complete esterification of the orthophosphate, this reaction provides a 
unique means for detecting and trapping orthophosphate in rather low 
concentrations. 

Detection of the synthesis of NR from R-l-P and nicotinamide, even 
at neutral pH, was made possible by the extremely sensitive fluorometric 
method of Huff and Perlzweig (9). The value obtained for the equilib- 
rium constant (Equation 2) was approximately 10 as compared with a 
value of approximately 16 obtained by Kalckar for purine nucleoside syn- 
thesis. That the values are so close is remarkable in that the hydrogen 
ion concentration, as an additional term in the constant, is a very large 
factor (1O-8 M). This agreement is taken as an indication of similarity in 
the energies of the glycosidic bonds of nicotinamide and purine nucleosides. 

SUMMARY 

1. An enzyme has been partially purified from extracts of hog liver 
acetone powder and shown to catalyze the reaction 

Nicotinamide riboside+ + orthophosphate G nicotinamide 
+ ribose-l-phosphate + H+ 
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2. The equilibrium constant of this reaction was observed to be ap- 
proximately 10 and, by comparison with the value of 16 obtained by 
Kalckar for the synthesis of inosine, suggests a similarity in the energies 
of the glycosidic bonds of pyridinium and purine nucleosides. 

3. Phosphorolysis of nicotinamide riboside proceeds to completion in 
solutions buffered at neutral pH. Ribose-l-phosphate was isolated in near 
quantitative yield by anion exchange chromatography. The absolute de- 
pendence on orthophosphate and the strong affinity of the enzyme for it 
provide a means for detecting and trapping orthophosphate in relatively 
low concentrations. 

4. The purified enzyme preparations did not act upon related pyridinium 
compounds but did phosphorolyze inosine. Some indications were ob- 
tained that a single enzyme was responsible for the phosphorolysis of 
nicotinamide riboside and inosine. 

5. The synthesis of nicotinamide mononucleotide from nicotinamide ri- 
boside was observed in the presence of ATP and crude liver fractions. 
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