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The importance of intracellular Pi1 has long been known both as a 
controlling factor in glycolysis and gluconeogenesis (l-3) and as an 
equal partner with ATP and ADP in determining the cellular phos- 
phorylation ratio, 

[MgATP2-] 

[MgADP’-][HPOZ-] 

This importance of Pi in cellular metabolism makes desirable an easy 
and accurate method for the measurement of this ion. 

For a long period only calorimetric methods for Pi determination have 
been availa,ble. However, calorimetric determinations of this ion are 
laborious and present several unsatisfactory features even with adequate 
modifications (5,6). The main objection to these methods is the inevi- 
table hydrolysis of some of the acid-labile organic phosphates, particu- 
larly CrP, from tissues such as brain and skeletal muscle in which 
creatine phosphate is present in high concentrations. 

An enzymic method for measuring inorganic phosphate at nearly 

1 Abbreviations: Aldolase = fructose-1,6diphosphate n-glyceraldehyde-3-phosphate- 
lyase (EC 4.1.2.13). HK = hexokinase (ATP:n-hexose 6-phosphotransferase) (EC 
2.7.1.1). GAPDH = glyceraldehydephosphate dehydrogenase (n-glyceraldehyde-3- 
phosphate:NAD oxidoreductase (phosphorylating)) (EC 1.2.1.1.2). TPI = triose- 
phosphate isomerase (n-glyceraldehyde-3-phosphate ketol-isomerase) (EC 5.3.1.1). 
3PGK = phosphoglycerate kinase (ATP : 3-phospho-n-glycerate 1-phosphotransferase) 
(EC 2.7.2.3). Pi = inorganic phosphate. FDP = n-fructose l&diphosphate. GAP = 
n-glyceraldehyde 3-phosphate. DHAP = dihydroxyacetone phosphate. 1BDPG = 
n-l,%-diphosphoglycerate. 3PG = n-3-phosphoglycerate. F6P = n-fructose 6-phosphate. 
NAD’ = nicotinamide-adenine dinucleotide, oxidized form. NADH = nicotinamide- 
ndenine dinucleotide, reduced form. ATP, ADP = adenine 5’-triphosphate and 
-diphosphate. Tris = tris(hydroxymethyl)aminomethane. EDTA = ethylenediamine- 
tetraacetate. CrP = creatine phosphate. 
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neutral pH based on the reaction of phosphorylase a (EC 2.4.1.1.) has 
been proposed by Fawaz, Roth, and Fawaz (7) and studied more com- 
pletely by Schulz, Passonneau, and Lowry (8). These methods avoid 
the hydrolysis of creatine phosphate by acid molybdate, the major 
disadvantage of the calorimetric methods, and have been shown to be 
useful in measuring Pi in tissues. 

The enzymic assay described in this paper is an alternative method 
based on the reaction of the enzyme glyceraldehydephosphate dehydro- 
genase. It allows specific and rapid determination over a wide range of 
inorganic phosphate concentrations even when high concentrations of 
labile phosphate esters are present and does not require further puri- 
fication of commercially availa.ble reagent. The calculations of Pi con- 
centration can be made directly from the NADH extinction coefficient, 
dispensing with the need for frequent standards. It simplicity makes it 
suitable for routine determinations. 

EXPERIMENTAL METHODS AND DISCUSSION 

A. Materials 

1. Rats 

Male Sprague-Dawley rat!s (Zivic-Miller, Pittsburgh, Pennsylvania) 
weighing 159-200 gm were used. Food and water were given ad libitum. 
The diet was Wayne Lablox consisting of 24% crude protein, 4% crude 
fat, and 50.8% carbohydrate largely as starch. 

2. Reagents for Enzymic Pi Determination 

All reagents are prepared in deionized water: 

(1) 0.3 M Tris/HCl buffer, pH 7.6. 
(2) Fructose l,gdiphosphate, trisodium salt, weighed out fresh daily. 
(3) Adenosine 5’-diphosphate, trisodium salt, weighed out fresh daily. 
(4) 0.1 M ethylenediaminetetraacetic acid, disodium salt. 
(5) 2% (w/v) P- nicotinamide-adenine dinucleotide, oxidized form, free / 

acid. 
(6) 0.5 &f D-Fructose. 
(7) 0.1 M MgCI,.GH,O. 
(8) Aldolase from rabbit muscle (10 mg/ml, 9 IU/mg) . 
(9) Triosephosphate isomerase from rabbit muscle (2 mg/ml, 2400 ’ 

IU/mg) . 
(10) Glyceraldehyde dehydrogenase from rabbit muscle (10 mg/ml, 

36 IU/mg). 
1 
I 



ENZYMIC PHOSPHATE ASSAY 279 

(11) 3-Phosphoglycerat,e kinase from yeast (10 mg/ml, 180 IU/mg) 
(12) Hexokinase from yeast (2 mg/ml, 140 IU/mg) . 

All metabolites, cofactors, and enzymes were purchased from Boeh- 
ringer-Mannheim. Several of the reagents contain phosphate contami- 
nations. One of the main sources of this contamination is the 3PGK, 
which contains 10 mM Pi. TPI shows a lesser contamination, while the 
other enzymes show no contamination. However, in spite of contami- 
nations, further purification of the enzymes or reagents is unnecessary. 

3. Analyses of Pi(Colorimetric Method) and CrP 

Calorimetric determination of Pi for comparison with the enzymic 
method was carried out according to Martin and Doty (6). The method 
of Lamprecht and Stein (9) was used for CrP determination. The en- 
zymic and calorimetric methods of Pi determination agree well in 
standard solutions and in a tissue such as liver which contains little 
labile phosphate. On the other hand, in tissues containing high levels 
of creat,ine phosphate the calorimetric method gives very much larger 
values, presumably due to hydrolysis of labile phosphates during the 
assay (Table 1). 

TABLE 1 
Comparison of Calorimetric and Enaymic Pi Determinations in Tissues 

(values are expressed as pmoles/gm wet weight + S.E.M.) 

Pi 

Tissue Enzymic method Calorimetric method 

Liver 3.37 f 0.10 3.29 f 0.14 
Brain 2.91 i 0.05 5.12 * 0.33 
Muscle 8.34 IL 0.22 15.40 5 0.26 

For details see “Experimental Methods.” 

4. Glassware 

All glassware is soaked in concentrated nitric acid and rinsed com- 
pletely with deionized water. Cuvettes are treated in t’he same way. 

5. Instmments 

The spectrophotometric measurements are carried out on a Zeiss 
PMQll. Initial rates for the determination of the K, of Pi for GAPDH 
in this system are carried out on a Beckman Acta III spectrophotometer. 
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B. Tissue Extraction 

Different procedures for the extraction are used according to the 
tissue assayed. All numbers reported are the mean of at least 5 animals. 

(1) Liver. The rats are killed by cervical dislocation and the liver 
rapidly removed and pressed between aluminum clamps previously 
cooled in liquid nitrogen (10). The frozen liver is extracted with 0.55 M 
perchloric acid according to Veech et al. (11) except that Florisil is 
omitted. 

(2) Brain. A procedure which allows the removal and freeze clamping 
of brain in about 1 set was used. The details of this method are to be 
published elsewhere. The frozen brain is treated in the same way as 
the liver except that 1.2M perchloric acid is used. 

(3) Muscle. Under light Nembuta,l anesthesia (100 mg/kg body 
weight) a piece of hind limb muscle is freeze-clamped and extracted 
in the same way as liver. 

C. Recoveries 

Recovery expermients of phosphate and creatine phosphate have been 
carried out. An amount of substrate close to the endogenous concen- 
tration is added to the centrifuge tube prior to the addition of the 
frozen tissue. The assay is then carried out as usual and the endogenous 
concentration determined separately is subtracted. 

Recovery of creatine phosphate is Ql-101% in the 0.8 M perchloric 
acid extraction with corresponding recovery of phosphate of 95-100% 
when measured enzymically (Table 2). Recoveries of less than 100% 
for creatine phosphate are probably not due to hydrolysis since st,andard 

TABLE 2 
Recovery Experiments of CrP and Pi in Tissue 

(values are expressed as pmoleslgm wet weight f S.E.M.) 

Tissue 
Tissue Amt. 
cont. added 

Total 
talc. 

Total % 
found recovery 

Creatine phosphate 
Liver 0.00 - - - 

Brain 3.45 Ik 0.03 3.97 + 0.003 7.42 7.44 f  0.04 101% 
Muscle 17.5 + 0.5 33.7 Ik 0.21 51.2 48.3 + 0.4 91% 

Inorganic phosphate 
Liver 2.93 f  0.10 4.86 f  0.23 7.79 7.74 f  0.32 99% 
Brain 2.91 + 0.08 2.93 f  0.06 5.84 5.68 + 0.05 95% 
Muscle 8.34 5 0.22 21.1 IL- 0.30 29.4 29.0 f  0.37 99% 

For details see “Experimental Methods.” 
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solutions of creatine phosphate treated with perchloric acid in the same 
way as tissue show less than 1% hydrolysis to free phosphate. This 
confirms the work of Kushmerick, Larson, and Davies (12) and Schulz, 
Passonneau and Lowry (8). 

D. Method-Spectrophotometric Determination of Pi 

The successive enzyme steps involved in the Pi determination are: 

aldolase 
FDP4-- GAP*- + DHAP2- 

-K,, = 0.98 X lo-’ M (13) 
(A) 

TPI 
DHAP2- + GAP2- 

K,, = 22 (13) 
(B) 

GAPDH 
GAP2- + NAD+ + HPOa2- _ 1,3DPG;- +-“;9yD& + H+ 

-I - 
3PGIi 

(Cl 

1,3DPG’- + MgADP’- + H+ 6 3PGz- + Mg.4TP2- CD) 
K,, = 3 X lo3 (15) 

MgATPZ- + D-fructose _ MgADP’- + F6P2- + H’ 
K,, N 1.6 X 103 (16, 17) 

(E) 

The assay itself is based upon the reaction of GAPDH (C). The use 
of this enzyme for the Pi assay presents two major difficulties. First, 
commercial preparations of GAP are heavily contaminated with phos- 
phate and GAP itself is unstable in neutral and alkaline solutions 
hydrolyzing to glyceraldehyde and Pi (18). This problem is solved by 
the use of FDP as a source of GAP via aldolase and TPI, yielding 
relatively low but constant levels of GAP, The other difficulty is that 
the equilibrium position of the GAPDH reaction is near 1. However, 
coupling the reaction with the 3PGK and HK reactions produces a 
system that is virtually irreversible and a quantitative utilization of 
phosphate. Figure 1 shows the accuracy and linearity of the resulting 
enzymic phosphate assay over the wide range of phosphate concentra- 
t.ions tested (5&566 mpmoles/assay) even though phosphate levels 
below R, of phosphate are being used (Fig. 2). n-Fructose rather than 
glucose is used, as n-Glucose 6-phosphate has been reported as inhibitory 
of the hexokinase reaction (12). 

E. Procedure 

Because of phosphate contamination of the reagents, a reagent cock- 
tail is prepared. Either of two procedures may be used with satisfactory 
results : “Method one,” though more laborious, should be employed 
when low levels of phosphate are being measured and high degrees of 
precision are required. “Method two” is recommended when large num- 
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FIG. 1. Accuracy and linearity of enaymic phosphate assay using Na,HPOa 
standard. Volume in cuvette =3.0 ml. Curve is theoretically calculated from 
weight of pure NaJIPO, standard; (a) represent experimentally determined points. 

bers of samples are being processed and high levels of phosphate are 
being measured. The accuracies of the two methods are equivalent 
except that the standard error of the mean of “method two” is higher 
and the assay itself is more prolonged since the time of the reaction 
depends on the concentration of Pi (Fig. 3). 

(1) Method One. In this method the Pi contamination of the reagents 
react before addition of the sample. A cocktail of the reagents is 
prepared by mixing together the following: 15 ml of 0.3M Tris, pH 
7.6; mg of FDP; 5 mg of ADP; 0.15 ml of 0.1 M EDTA; 1.0 ml of 
0.1 .U.MgCl,; 1.0 ml of 0.5 M n-fructose; 4.0 ml of 2% NAD+; 35 ml 
of water; and 100 ~1 each of the enzymes aldolase, TPI, GAPDH, 
3PGK, and HK. This reaction mixture is allowed to sit in the cold for 
20 min, during which time the phosphate contamination of the reagents is 
used. If a 0.2 ml sample of tissue extract is to be assayed, 2.8 ml of 
this reagent mixture is pipetted into all the cuvettes, including the 
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FIG. 2. Lineweaver-Burk plot for determination of K, of Pi for GAPDH under 
enzymic assay conditions at 25°C. V,=A[NADHl/min; [NADHI and [PiI ex- 
pressed in millimolar concentrations. K, = 0.48 X 10e3 M. 
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FIG. 3. Dependence of time to completion of enzymic phosphate assay (method 
one) upon quantity of phosphate present. Volume in cuvette = 3.0 ml. 
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blank. Reading is 340 rnp after setting the blank to zero. All the 
cuvettes should give a reading close to zero except for differences 
between the cuvette glass. The reaction is started by adding 0.2 ml of 
water to the blank and 0.2 ml of the tissue extract to the other 
cuvettes. A reading should be made every 5 min until reaction is 
complete. (Occasionally a reoxidation of the NADH is seen if the 
reaction is followed beyond the end point.) The change in optical density 
(AE,) is dependent on both the phosphate present in the tissue and a 
nonspecific light absorption by the tissue extract. Therefore a separate 
tissue blank is prepared. The absorbance is rea,d before and after 
addition of 0.2 ml of tissue extract to a cuvette containing 2.8 ml of 
cocktail without GAPDH. This gives the absorbance due to the tissue 
(AE,). The change in optical density due to the P, present (A,??) is 
obtained by subtracting AE, from AE,. 

(2) Method Two. The same reagent cocktail as prepared before is 
employed except that 20 ml of water instead of 35 ml is used and 
GAPDH is omitted. Into a spectrophotometer cuvette are pipetted 2.0 
ml of the reagent mixture, 0.2 ml of the tissue extract, and water to a 
final volume of 3.0 ml. After initial readings at 340 rnp the reaction is 
started by additions of 5 ~1 of GAPDH in each cuvette. The blank con- 
tains 2.0 ml of the reagent mixture and 1.0 of water. The phosphate 
concentration is calculated directly from the change in absorbance (AE). 

Calculation of the Pi concentrations can be made directly using the 
molecular extinction coefficient of NADH at 340 rnp (6.22 X lo6 cm2/ 
mole). 

SUMMARY 

A method is presented for the enzymic determination of inorganic 
phosphate in the presence of labile organic phosphates. The procedure, 
based on the reaction of glyceraldehydephosphate dehydrogenase, is 
simple and accurate over a wide range of phosphate concentrations. 
Commercially available reagents can be used for the assay without 
purification, making the method suitable for routine use. 

Methods are also described for extraction of inorganic phosphate 
from tissues without significant hydrolysis of labile phosphate esters. 
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