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Using a novel fluorimetric assay for pyridoxal phosphate phosphatase, human polymorphonuclear leucocytes 
were found to exhibit both acid and alkaline activities. The neutrophils were homogenised in isotonic sucrose and 
subjected to analytical subcellular fractionation by sucrose density gradient centrifugation. The alkaline pyridoxal 
phosphate phosphatase showed a very similar distribution to alkaline phosphatase and was located solely to the 
phosphasome granules. Fractionation experiments on neutrophils treated with isotonic sucrose containing digi- 
tonin and inh~itor studies with diazotised sulphanilic acid and levamisole further confirmed that both enzyme 
activities had similar locations and properties. Acid pyridoxal phosphate phosphatase activity was located primar- 
ily to the tertiary granule with a partial azurophil distribution. Fractionation studies on neutrophils homogenised 
in isotonic sucrose containing digitonin and specific inh~itor studies showed that acid pyridoxal phosphate phos- 
phatase and acid phosphatase were not the result of a single enzyme activity. Neutrophils were isolated from con- 
trol subjects, patients with chronic granulocytic leukaemia and patients in the third trimester of pregnancy. The 
specific activities (munits/mg protein) of alkaline pyridoxal phosphate phosphatase and alkaline phosphatase 
varied widely in the three groups and the alterations occurred in a parallel manner. The specific activities of acid 
pyridoxal phosphate phosphatase and of acid phosphatase were similar in the three groups. These results, together 
with the fractionation experiments and inlu'bition studies strongly suggest that pyridoxal phosphate is a physio- 
logical substrate for neutrophil alkaline phosphatase. 

Introduction 

Normal human polymorphonuclear leukocytes are 
a rich source of alkaline phosphatase and the levels of 
activity vary considerably in certain neutrophil dis- 
orders [1,2]. Recently this alkaline phosphatase 
activity has been localised in a hitherto undescribed 
organdie (phosphasome) of the neutrophil [3,4], the 
function of which is as yet unknown. In these studies 
alkaline phosphatase was assayed with 4-methyl um- 
belliferyl phosphate, a synthetic, fluorogenic sub- 
strate. We are therefore trying to determine physio- 
logical substrates for neutrophil alkaline phosphatase. 

Previous studies have clearly shown that neutro- 

phil alkaline phosphatase cannot hydrolyse AMP 
[2,5], ADP [6], ATP [7], cyclic AMP [8], histone 
phosphate [9], glucose 6-phosphate (Smith, G.P., un- 
published data), or inorganic pyrophosphate (Raja, 
K., Smith, G_P. and Peters, T.J., unpublished data). 
These results indicate that, contrary to alkaline phos- 
phatase from other tissues, the neutrophil enzyme has 
a high degree of substrate specificity. 

Pyridoxal 5'-phosphate is the main coenzyme form 
of pyridoxine (vitamin B-6) and plays an important 
role in numerous biochemical reactions. The pyri- 
doxal content of tissues is regulated by plasma mem- 
brane transport [10], by phosphorylation of free 
pyridoxal [11] and by binding of the coenzyme to 
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apoprotein. It has also been shown that cellular phos- 
phatases (EC 3.1.3.-) play an important role in con- 
trolling tissue pyridoxal phosphate levels [12]. When 
the amount of pyridoxal phosphate exceeds the bind- 
ing capacity of the protein the free pyridoxal phos- 
phate is rapidly hydrolysed and the released free 
pyridoxal can readily traverse the cell membranes. 
Although the importance of pyridoxal phosphate 
phosphatase is well established very little is known of 
its properties or its involvement in the pathogenesis 
of disease. 

The present study determines the subcellular 
localization of pyridoxal phosphate phosphatase in 
human neutrophils using analytical subcellular frac- 
tionation techniques, examines certain properties of 
the enzymes and compares the neutrophil activities 
in leukocytic disorders known to exhibit striking 
alterations in alkaline phosphatase levels with those 
from control subjects. 

Methods 

Isolation and homogenization of neutrophils. 
Polymorphonuclear leukocytes were isolated by 
sedimentation and Ficoll.Hypaque centrifugation as 
previously described [2]. The cells were pelleted in 
4 ml 0.2 mol/1 sucrose/1 mmol/1 Na2 • EDTA, pH 
7.2•5000 units heparin/1, and disrupted with a 
Dounce homogeniser (Kontes Glass Co., Vineland, 
N J, U.S.A.) by 30 strokes of a tight fitting (Type B) 
pestle. An aliquot of the homogenate was retained for 
analysis and a portion centrifuged at 800 Xg for 10 
rain in a Coolspin 4 × 100 ml swing out rotor (MSE 
Scientific Instruments, Crawley, Sussex). The post- 
nuclear supernatant was removed, stored on ice and 
subjected to analytical subcellular fractionation and 
enzyme analysis as described previously [2]. 

Analytical subcellular fractionation. Approx. 
5 ml of the post-nuclear supernatant were layered 
onto a 28 ml sucrose-density gradient extending 
linearly with respect to volume, from a density of 
1.05 g • cm -3 to one of 1.28 g • cm -3 and resting on a 

6 ml cushion of density 1.32 g.  cm -3 in a Beaufay 
automatic zonal rotor. All gradient solutions con- 
tained 1 mmol/1 Na2 • EDTA, pH 7.2 and 5000 units 
heparin/1. The rotor was run at 35 000 rev./min for 35 
min and, after slowing to 8000 rev./min, some 15 frac- 
tions were collected, weighed and their density 

determined as previously described [13]. 
Organelle marker enzymes. The gradient fractions 

were assayed for marker enzymes for the principal 
subcellular organelles. The enzymes assayed, with the 
organelle, shown between parentheses, were: alkaline 
phosphatase, EC 3.1.3.1. (phosphasome); 5'-nucleo- 
tidase, EC 3.1.3.5. (plasma membrane); myeloperox- 
idase, EC 1.11.1.7 (azurophil granule); N-acetyl-/L 
glucosaminidase, EC 3.2.1.30, acid phosphatase, EC 
3.1.3.2. (tertiary granule); lactate dehydrogenase, 
EC 1.1.1.27 (cytosol); malate dehydrogenase, EC 
1.1.1.37 (mitochondria) and neutral a-glucosidase, 
EC 3.2.1.20 (endoplasmic reticulum). Conditions for 
the assays were as described previously [3]. Unsatu- 
rated vitamin B-12 binding capacity (specific granule) 
was determined by the charcoal radioassay [14]. Pro- 
tein was estimated by a modification [15] of the 
method of Lowry et al. [16] with bovine serum albu- 
min as standard. 

Pyridoxal phosphate phosphatase determination. 
The homogenates and gradient fractions were assayed 
for acid and alkaline pyridoxal phosphate phos- 
phatase activities by a method based on the isolation 
and fluorimetric determination of pyridoxal 
described by Takanashi et al. [17]. In standard assay 
conditions, 0.1 ml of suitably diluted homogenate or 
sucrose gradient fraction was incubated at 37°C for 
up to 60 min with 0.4 ml 2 mmol/1 pyridoxal phos- 
phate dissolved in either 0.1 mol/1 sodium acetate 
buffer, pH5.0 or 0.1 mol[1 diethanolamine-HC1 
buffer, pH 9.3/20 mmol/1 MgC1~J0.1% Triton X-100. 
After termination of the assay, the pyridoxal and 
pyridoxal phosphate were separated by ion¢xchange 
chromatography. The released pyridoxal was oxidised 
with alkaline cyanide to 4-pyridoxolactone, a highly 
fluorescent product. In assays with inhibitors the 
appropriate concentration was included in the buffer 
system, and appropriate controls were performed to 
ensure that they did not interfere with the separation 
of pyridoxal and pyridoxal phosphate or with the 
fluorigenic reaction. The effect of diazotised sul- 
phanilic acid on leukocyte alkaline phosphatase and 
alkaline pyridoxal phosphate phosphatase activities in 
intact and disrupted cells was investigated by the 
method of Smolen and Weissmann [ 18]. 
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Results 

Optimization of  pyridoxal phosphate phosphatase 
assay 

Kinetic studies were carried out to optimise the 
pyridoxal phosphate phosphatase assay with human 
neutrophils as enzyme source. The variation in the 
rate of the reaction with change in pH was investi- 
gated (Fig. 1). The rate was maximal at pH 5.0, 
although there was a second peak at pH 9.3. Further 
optimization of the acid and alkaline pyridoxal phos- 
phate phosphatase assays showed few differences 
between the activities. When variation in reaction rate 
with change in Mg 2+ concentration was investigated it 
was found that neither activity was Mg2+-dependant 
but that both were increased by up to 50% in the 
presence of Mg 2+. A final concentration of 16 mmol/1 
MgC12 was included in the standard assay media. 
Under these conditions the Michaelis constants of the 
enzymes for pyridoxal phosphate were determined. 
When the data were fitted to the points using param- 
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Fig. 1. Variation in the rate of pyridoxal phosphate phos- 
phatase activity with pH, using the following buffers: - 0.1 
mol/1 sodium acetate (pH 4-5 ;  u o). Sodium-2(mor- 
pholino)ethane sulfonic acid (Mes) (pH 5-6.5;  + e), 
Tris-HC1 (pH 6.5-8;  o o), or diethanolamine-HC1 (pH 
8-10;  • --). All assays were carried out with 1.6 
mmol]l pyridoxal phosphate, 16 mmol]l MgCI 2 and 0.1% 
Triton X-100 at 37°C. 

eters calculated from direct linear plots [19] the Km 
for the acid and alkaline activities was found to be 
similar (0.26 mmol/1 and 0.16 mmol/1, respectively). 
When suitable dilutions of neutrophil homogenate 
were assayed, pyridoxal phosphate phosphatase 
activity was proportional to tile concentration of pro- 
tein used and was linear over incubation times up to 
120 min. 

Analytical subcellular fractionation of  human neu- 
trophils 

Fig. 2. shows the averaged density gradient distri- 
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Fig. 2. Isopycnic centrifugation of post-nuclear supernatant 
prepared from neutrophil leukocyte homogenates. Results 
show mean distributions from three experiments. Frequency 
is defined as the fraction of total recovered activity present in 
the gradient fraction divided by the density span covered. 
The activity present over the density span 1.05-1.10 
represents enzyme remaining in the sample layer. Recovered 
activities range from 80-105%. 
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butions for acid and alkaline pyridoxal phosphate 
phosphatase activities and some of  the principal 
organdie marker enzymes for human neutrophils. 

Localization of  alkaline pyridoxal phosphate phos- 
phatase 

Alkaline pyridoxal phosphate phosphatase has a 
unimodal distribution with a modal density of  
1.14 g" cm -3 (Fig. 2). The distribution profile and 
modal density are identical to those of  alkaline phos- 
phatase. However, 5'nucleotidase, the plasma mem- 
brane marker, exhibits a distinct distribution prot~de 
with a modal density of  i .15 g • cm -3. 

In order to confirm the localization of  alkaline 
pyridoxal phosphate phosphatase to the phospha- 
some subcellular fractionation experiments were 
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Fig. 3. Isopycnic centrifugation of post-nuclear supernatant 
from control ( ) and digitonin-treated ( ) neu- 
trophils. Prior to homogenization the leukocytes were resus- 
pended in 23 ml of 0.34 mol/1 sucrose containing eltlaer no 
digitonin (control), (A) 17/~mol/l digitonin or (B) 34tzmol/1 
digitonin, centrifuged at 120 X g and washed in digitonin-free 
0.2 mol/l sucrose. The cells were then homogenised and frac- 
tionated. Averaged control data were taken from Fig. 2. Data 
from digitonin-treated cells are from a single representative 
experiment. 

carded out on neutrophils which had been suspended 
in isotonic sucrose containing 17 or 34 pmol/1 digi- 
tonin and then washed in digitonin-free sucrose. Digi- 
tonin is a selective membrane perturbant which binds 
to cholesterol in plasma membrane, selectively 
increasing the density of  this organelle [20 -22 ] .  
Intracellular organelles which are inaccessible to the 
digitonin are unaffected by this treatment. As seen in 
Fig. 3 the distribution of  the plasma membrane 
marker 5'-nucleotidase is markedly affected by the 
digitonin treatment. After treatment with 17 pmol/1 
digitonin, most of  the activity moved to a density of 
1.16 g .  cm -3. After treatment with 34 pmol/1 digi- 
tonin this shift was increased to a density of  1.18 g • 
cm -3. In contrast the distributions of  alkaline pyri- 
doxal phosphate phosphatase and alkaline phos- 
phatase were unaffected by the digitonin treatment. 

Further evidence in support of  an intraceUular 
localization of  alkaline pyridoxal phosphate phos- 
phatase is shown in Fig. 4. Diazotised sulphanilic acid 
is a poorly permeant reagent which has been used to 
selectively inactivate ectoenzymes [18,23]. In intact 
cells (A) 5'-nucleotidase, an enzyme located to the 
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Fig. 4. A. Intact po|ymo~honuclear |eukocytes, suspepded 
in phosphate-buffered saline, were incubated for 15 min at 
37°C with various concentrations of diazotised .~ulphanilic 
acid. The cells, were then washed twice with ice-cold phos- 
phate-buffered saline, sonicated for 30 s, and assayed for 
alkaline phosphatase (o o), alkaline pyridoxal phos- 
phate phosphatase (o D) and 5 '-nucleotidase 
(e =). B. Polymorphonuclear leukocytes were sus- 
pended in phosphate-buffered saline, sonicated for 30 s and 
then incubated for 15 rain at 37°C with various concentra- 
tions of diazotised sulphanilic acid. The treated sonicates 
were then assayed for alkaline phosphatase (o o), 
alkaline pyridoxal phosphate phosphatase (n o) and 
5'-nucleotidase (e e). In both studies enzyme activities 
are expressed as percentages of those measured for untreated 
cells. 



external surface of the plasma membrane [5] shows a 
progressive and almost complete inhibition by this 
reagent, whilst alkaline phosphatase and alkaline pyri- 
doxal phosphate phosphatase were both unaffected 
by this reagent. With sonicated cells (B) the three 
enzymes were inhibited by diazotised sulphanilic acid 
to a similar extent. These results confirm that alkaline 
pyridoxal phosphate phosphatase and alkaline phos- 
phatase have intracellular localizations in the human 
neutrophil. 

Localization of acid pyridoxal phosphate phos- 
phatase 

In Fig. 2 acid pyridoxal phosphate phosphatase is 
shown to have a broad distribution in the sucrose- 
density gradient with a modal density of 1.23 g- 
cm -3. The modal density is similar to those of 
N-acetyl-/3-glucosaminidase and acid phosphatase, the 
marker enzymes for the tertiary granules, and to mye- 
loperoxidase, marker for the azurophil granules. The 
individual distribution prof'fles for these enzymes in 
the gradient, however, differ significantly from that 
of acid pyridoxal phosphate phosphatase. In par- 
ticular, there is negligible soluble acid pyridoxal 
phosphate phosphatase. 

In order to further investigate the localization of 
acid pyridoxal phosphate phosphatase subcellular 
fractionation was performed on neutrophils homoge- 
nised in isotonic sucrose containing 0.12 mmol/1 digl- 
tonin. In this situation all organelles and membranes 
were accessible to the digitonin. Under these condi- 
tions not only does digitonin increase the equilibrium 
density of cholesterol-containing membranes, it also 
exhibits a detergent effect on some organelles, 
causing the release of enzymes into the soluble frac- 
tion, these results are shown in Fig. 5. Acid pyridoxal 
phosphate phosphatase, N-acetyln6-glucosaminidase 
and myeloperoxidase show a marked reduction in 
part' + :.ctivity. However, the distribution of acid 
phosphatase is similar in the control and digitonin- 
treated neutrophils. 

This evidence suggests that acid pyridoxal phos- 
phate phosphatase is primarily located to the tertiary 
granules but that some may he found in the azurophil 
granules. Acid pyridoxal phosphate phosphatase and 
acid phosphatase are not located to the same subcel- 
lular organdie. 
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Fig. 5. lsopycnic centrifugation of post-nuclear supernatant 
from control ( ) and digitonin-treated ( ) neu- 
trophil leukocyte homogenate. Leukocytes were homoge- 
nised in 0.2 mol/1 sucrose containing either no (control) or 
0.12 mol/1 digitonin and fraetionated. Averaged control data 
were taken from Fig. 2. Digitonin data show the mean distri- 
butions from two experiments. 

Inhibition studies on alkaline and acid pyridoxal 
phosphate phosphatases 

In order to further investigate acid and alkaline 
pyridoxal phosphate phosphatase activities certain 
specific inhibitor studies were performed. The effect 
of levamisole, a potent inhibitor of alkaline phos- 
phatase, is shown in Fig. 6. It is clear that levamisole 
has an identical inhibitory effect on both enzyme 
activities. 

The effect of sodium fluoride and N-ethyl- 
maleimide on acid phosphatase and acid pyridoxal 
phosphate phosphatase is compared in Fig. 7. Whilst 
sodium fluoride strongly inhibited acid pyridoxal 
phosphate phosphatase it had little effect against acid 
phosphatase. In contrast, N-ethylmaleimide had no 
effect on acid pyridoxal phosphate phosphatase, but 
strongly inhibited acid phosphatase. This is further 
evidence that these two activities are not reflections 
of a single enzyme protein. 
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Fig. 6. Inhibition of alkaline phosphatase (o) and alkaline pyri- 
doxal phosphate phosphatase (o) by levamisole. A neutrophil 
homogenate was incubated under usual assay conditions for 
each enzyme in the presence of various concentrations of 
levamisole. The plot shows the % inhibition of each enzyme. 

Rhosphatase activities in patient groups 
Table I shows a comparison of  the specific activity 

of  acid and alkaline pyridoxal  phosphate phosphatase 
with acid and alkaline phosphatase in neutrophil  
homogenates from normal subjects, from women in 

the third trimester of  pregnancy and patients with 
chronic granulocytic leukaemia. Both alkaline phos- 
phatase and alkaline pyridoxal  phosphate phos- 
phatase showed marked variation in the groups. The 
specific activities of  both  enzymes were increased 

.g 
5 0 -  

100 

B 

• 

I I I ' I 110 
0 0.5 1.0 0 5 

[F luor ide]  (mrnol/I) [N-Ethylmaleimide] (mmol/I) 

Fig. 7. Differential inhibition of acid phosphatase (o 4 )  
and acid pyridoxal phosphate phosphatase (o o) by (A) 
sodium fluoride and (B) N-ethylmaleimide. Neutrophil 
homogenate was incubated under standard assay conditions 
for each enzyme in the presence of either inhibitor. The plot 
shows the % inhibition of acid phosphatase and acid pyri- 
doxal phosphate phosphatase by the respective inhibitors. 

8-fold above normal in neutrophils from the pregnant 
women and reduced to 13% of  the control  level in 
patients with chronic granulocytic leukaemia. Neither 
acid phosphatase nor acid pyridoxal  phosphate phos- 
phatase showed any significant variations in the three 
groups. 

D i s c u s s i o n  

The presence of  a phosphatase-hydrolysing pyri- 
doxal phosphate has been reported in brain tissue 
[ 2 4 - 2 6 ] ,  rat liver [27] and rat pineal gland [28]. 
The present s tudy has demonstrated that  human 
polymorphonuclear  leukocytes also have significant 
amounts of  pyridoxal  phosphate phosphatase activity 

TABLE 1 

NEUTROPHIL HOMOGENATE PHOSPHATASE ACTIVITIES 

Results are shown as mean values -+ S.E. with the number of preparations assayed in duplicate shown between parentheses. En- 
zyme activities are expressed as munits/mg protein. 

Chronic granulocytic Control subjects 
leukaemia 

Pregnant patients 

Alkaline phosphatase 0.477 _+ 0.100 a (8) 
Alkaline pyridoxal phosphate phosphatase 0.204 _+ 0.046 a (8) 
Acid phosphatase 19.1 + 3.49 (7) 
Acid pyridoxal phosphate phosphatase 13.3 _+ 2.37 (8) 

3.23_+ 0.342 (10) 26.9 _+ 3.18 a (8) 
1.71_+0.119(11) 12.7 +1.79a(10) 

24.4 _+ 1.25 (12) 24.2 + 1.81 (10) 
7.28 _+ 0.600 (12) 8.87 _+ 0.815 (10) 

a Significant differences from control subjects analyzed by Student's t-test, P < 0.001. 
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which can be reliably measured by a novel fluori- 
metric assay. The change in the rate of reaction with 
pH indicated that there are both acid and alkaline 
activities in human neutrophils. This is in contrast to 
studies in other tissues where only alkaline pyridoxal 
phosphate phosphatase activity has been reported. 

In agreement with previous reports [24,29], it was 
found that although alkaline pyridoxal phosphate 
phosphatase was not Mg2+-dependant, it was required 
for maximal activity. The apparent Km for pyridoxal 
phosphate phosphatase at pH 9.3 was 0.16 mmol/1 
which was in fairly good agreement with values 
reported by Lumeng and Li [29] for rat liver (0.055 
mmol/1), by Bishayee and Bachhawat [26] for rat 
brain (0.135 mmol/1) and by Ebadi and Govitrapong 
[28] for rat pineal gland (0.07 mmol/1). Results of 
analytical subcellular fractionation have shown that 
that alkaline pyridoxal phosphate phosphatase is 
located solely in the low density phosphasome 
granule. This has been confirmed by recent cytoche- 
mical studies (Wilson, P.D., unpublished data). This 
is the first report of a possible physiological substrate 
for neutrophil alkaline phosphatase. Further studies 
to compare alkaline pyridoxal phosphate phosphatase 
and alkaline phosphatase showed striking similarities 
between the two activities. In addition to having the 
same subcellular localization they both showed iden- 
tical inhibition curves with levamisole, a specific 
inhibitor of alkaline phosphatase, and similar varia- 
tions in neutrophil disorders. These results are in 
agreement with studies on rat liver [29] and human 
brain [24], where it was shown that alkaline phos- 
phatase was the principal enzyme responsible for 
hydrolysis of pyridoxal phosphate. 

Analytical subcellular fractionation studies have 
shown that acid pyridoxal phosphate phosphatase 
was found primarily in the tertiary granules, with 
some azurophil granule activity. Further fractiona- 
tion experiments on neutrophils homogenised in digi- 
tonin indicate that acid pyridoxal phosphate phos- 
phatase and acid phosphatase are not located to the 
same subcellular organelle. Inhibitor studies using 
sodium fluoride and N-ethylmaleimide clearly show 
that acid pyridoxal phosphate phosphatase and acid 
phosphatase are distinct activities, and not the result 
of a single enzyme activity. This is in agreement with 
the results of Begum and Bachhawat [30] who showed 
that pyridoxal phosphate is not a substrate for brain 
acid phosphatase. 

Although the importance of pyridoxal phosphate 
in metabolism is well established very little is known 
of its involvement in disease. A deficiency of pyri- 
doxal phosphate has been implicated in such diverse 
diseases as arteriosclerosis [31], convulsions [32,33], 
sideroblastic anaemia [34,35], toxaemia of pregnancy 
[36,37] and liver disease [38]. However, more inter- 
esting from the view of this report is that certain 
population groups, including pregnant women [39, 
40], women taking oral contraceptives [41] and 
assorted leukaemia patients [42] have been shown to 
have low levels of plasma or leucocyte pyridoxal 
phosphate. Further studies in these patient groups 
should indicate whether neutrophil alkaline phos- 
phatase is responsible for regulating the level of phos- 
phorylated pyridoxine in these cells. In addition they 
may further elucidate the physiological and patholog- 
ical role of this enigmatic enzyme. 

Acknowledgements 

We are grateful to Dr. G.D. Smith for the valuable 
advice during the course of this work and to Mr. P. 
White for expert technical assistance. 

References 

10kun, D.B. and Tanaka, K.R. (1978) Am. J. Haematol. 4, 
293 -299 

2 Rustin, G.J.S. and Peters, T.J. (1979) Br. J. Haematol, 
41,533-543 

3 Rustin, G.J.S., Wilson, P.D. and Peters, T.J. (1979) J. 
Cell Sci. 36,401-412 

4 Wilson, P.D., Rustin, G.J.S. and Peters, T.J. (1981) 
Histochem. J. 13, 31-43 

5 Segal, A.W. and Peters, T.J. (1977) Clin. Sci. Mol. Med. 
52, 429-442 

6 Smith, G.P. and Peters, T.J. (1981) Biochim. Biophys. 
Acta 673, 234-242 

7 Smith, G.P. and Peters, T.J. (1981) Eur. J. Clin. Invest. 
10,475-480- 

8 Smith, G.P. and Peters, T.J. (1980) Clin. Chim. Acta 103, 
193-201 

9 Smith, G.P. and Peters, T.J. (1981) Clin. Chim. Acta 
111, 15-25 

10 Spector, R. and Greenwald, L. (1978) J. Biol. Chem. 
253, 2373-2379 

11 Merrill, A.H., Moriike, K. and McCormick, D.B. (1978) 
Biochem. Biophys. Res. Commun. 83,984-990 

12 Li, T.K,, Lumeng, L. and Veitch, R.L. (1974) Biochem. 
Biophys. Res. Commun. 61,677-684 

13 Peters, T.J. (1976) Clin. Sei. Mol, Med. 51,557-574 



294 

14 Kane, S.P. and Peters, T.J. (1975) Clin. Sci. Mol. Med. 
49, 171-182 

15 Schacterle, G.R. and Pollack, R.L. (1973) Anal. Biochem. 
51,654-655 

16 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, 
R.J. (1951) J. Biol. Chem. 193,265-275 

17 Takanashi, S., Matsunaga, I. and Tamura, Z. (1970) J. 
Vitaminol. 16,132-136 

18 Smolen, J.E. and Weissmann, G. (1978) Biochim. Bio- 
phys. Acta 512, 525-538 

19 Eisenthal, R. and Cornish-Bowden, A. (1974) Biochem. J. 
139,715-720 

20 Amar-Costesec, A., Wibo, M., Thines-Sempoux, D., 
Beaufay, H. and Berthet, J. (1974) J. Cell Biol. 62, 717- 
745 

21 Tilleray, J. and Peters, T.J. (1976) Biochem. Soc. Trans. 
4,248-250 

22 Mitropulos, K.A., Venkatesan, S., Balasubramanian, S. 
and Peters, T.J. (1978) Eur. J. Biochem. 82,419-429 

23 DePierre, J.W. and Kamovsky, M.L. (1974) Science 183, 
1096-1098 

24 Saraswathi, S. and Bachhawat, B.K. (1963) J. Neuro- 
chem. 10, 127-133 

25 Saraswathi, S. and Bachhawat, B.K. (1966) J. Neuro- 
chem. 13,237-246 

26 Bishayee, S. and Bachhawat, B.K. (1972) Neurobiology 
2, 12-20. 

27 Lumeng, L. and Li, T.K. (1975) J. Biol. Chem. 250, 
8126-8131 

28 Ebadi, M. and Govitrapong, P. (1979) Int. J. Biochem. 
10, 705-711 

29 Lumeng, L. and Li, T.K.(1974) J. Clin. Invest. 53, 693- 
704 

30 Begum, A. and Bachhawat, B.K. (1960) Annu. Biochem. 
20, 143 

31 Rinehart, J.F. and Greenberg, L.D, (1949) Am. J. Pathol. 
25,481-491 

32 Lerner, A.M., DeCarli, L.M. and Davidson, G,S. (1958) 
Proc. Soc. Exp. Biol. Med. 98, 841-843 

33 Heeley, A., Pugh, R.J.P., Clayton, B.E., Shepherd, J. and 
Wilson, J. (1978) Arch. Dis. Child. 53,794-802. 

34 Hines, J.D. and Cowan, D.H. (1970) N. Engl. J. Med. 
283,441-446 

35 Hines, J.D. (1976) Sem. Hematol. 13,133-140 
36 Wachstein, M. and Gudaitis, A. (1952) J. Lab. Clin. Med. 

40, 550-557 
37 Brophy, M.H. and Siiteri, P.K. (1975) Am. J. Obst. Gyn. 

121, 1075-1079 
38 French, S.W. and Castagna, J. (1967) Lab. Invest. 16, 

526-531 
39 Wachstein, M,, Moore, C. and Graffeo, L.W. (1957) Proc. 

Soc. Exp. Biol. Med. 103,326-328 
40 Lumeng, L., Cleary, R.E., Wagner, R., Yu, P.L. and Li, 

T.K. (1976) Am. J. Ciin. Nutr. 29, 1376-1383. 
41 Lumeng, L., Cleary, R.E. and Li, T.K. (1974) Am. J. 

Clin. Nutr. 27,326-333 
42 Wachstein, M., Kellner, J.D. and Ortiz, J.M. (1960) Proc. 

Soc. Exp. Biol. Med. 105,563-566 


