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The increasing knowledge of the significance of vitamin B6 in 

human metabolic processes has emphasized the importance of devel- 

oping reliable means of assessing nutritional status with respect to 

this vitamin. One possible approach to this end is the measurement 

of pyridoxal phosphate in blood or plasma, particularly since this 

phosphorylated component is the most common metabolically active 

form. Although some methods of measurement have been proposed, 

none has proved completely satisfactory. This research was under- 

taken in an effort to find an improved procedure for determining 

pyridoxal phosphate, which might be used for evaluation of vitamin 

B6 nutrition. 

The earliest method for the determination of pyridoxal-5- 

phosphate was a manometric procedure which involved the measure- 

ment of CO2 released from tyrosine by the action of tyrosine 



decarboxylase. Since pyridoxal phosphate is the coenzyme of 

tyrosine decarboxylase, the rate of the reaction is proportional to 

the amount of this form of vitamin B6 which is present. This method 

has been adapted for use with whole blood, plasma, and leukocytes. 

More recently, the sensitivity and precision of the method have been 

increased by incorporating radioactive tracer techniques. Tyrosine - 

U -14C was used as the substrate and the radioactive tyramine and 

tyrosine were measured after separation by paper chromatography. 

The investigations which led to the development of a procedure 

parallel to that above, but employing tyrosine -1 -14C as the substrate, 

are described in this report. The enzymatically released 14CO2 is 

measured by liquid scintillation techniques. This procedure is less 

complicated than any of the others, involving simple apparatus and 

reaction steps. It presupposes, however, the availability of some 

type of liquid scintillation counter. Moreover, the procedure is 

extremely sensitive, approximately equalling the sensitivity of 

microbiological methods. 

Included in this report are descriptions of the apparatus which 

was developed, and the tests which were made to establish optimum 

levels and ratios of reactants, as well as optimum conditions for the 

reaction and for detecting the 14C- labeled carbon dioxide. Prelim- 

inary tests were made applying this procedure to the assay of whole 

blood or plasma, thereby demonstrating that it can provide a feasible 



assay method. 

In addition, there are some recommended steps for future 

work which would be of value in correlating the use of this procedure 

with other means of assessing vitamin B6 nutritional status. 
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THE DETERMINATION OF PYRIDOXAL PHOSPHATE BY THE 
MEASUREMENT OF 14CO2 ENZYMATICALLY RELEASED 

FROM TYROSINE -1 -14C 

INTRODUCTION 

For a few years after the identification of pyridoxine (vitamin 

B6) as an essential growth factor (43, 44) considerable work was 

done to establish certain fundamental information. The structure, 

properties, methods of synthesis, mode of action, and various meth- 

ods of measurement were investigated. It was nearly fifteen years 

before it was established that the vitamin existed in not one but three 

forms, the alcohol, the aldehyde, and the amine (104, 105), as well 

as in phosphorylated forms (3, 4, 79, 80). By that time it was 

generally accepted that, although vitamin B6 was an essential nutri- 

ent, it was present in so many foodstuffs that severe dietary defi- 

iency was very unlikely. Thus, research on vitamin B6 lagged for 

a time. 

However, a little over a decade ago, a renewed interest 

occurred when a correlation between vitamin B6 deficiency and 

severe convulsions in infants was established (19, 8i, 111). Since 

that time the physiological significance of vitamin B6 has been 

studied intensively, particularly the way in which, in its phosphoryl- 

ated form, it serves as the coenzyme for many of the apoenzymes 

essential in biological systems. More than 50 enzymes are known 

to require vitamin B6 as a co- factor (14, 26, p. 672 -685). By far 
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the most common form of the vitamin to serve in this capacity is 

pyridoxal -5- phosphate (PALPO). Thus, the need to establish a 

satisfactory method (or methods) of measuring concentrations of the 

phosphorylated forms is intensified. 

The whole problem of methodology is complicated by the exist- 

ence of the several forms and the possibility, to a degree not yet 

fully known, of metabolic interconversions. Methods with varying 

degrees of accuracy and sensitivity are available for the three 

vitamin B6 components and the principal metabolic end product, 

4- pyridoxic acid, as well as for the phosphorylated forms. The 

fact that no one method of establishing nutritional status with respect 

to this vitamin has had wide acceptance would seem to indicate that 

the determination of a single form of the vitamin is not sufficient. 

In fact, there is not even a definite recommendation for a minimum 

daily allowance by the National Research Council, since, in many 

cases, there has been no way to be sure the metabolic requirements 

are being met. In view of these facts, several years ago the staff 

of the Nutrition Research Laboratory of the School of Home Economics 

of Oregon State University undertook a study of methods for deter- 

mination of vitamin B6, hoping to learn whether blood levels of one 

or more forms of the vitamin could be used as a criterion for nutri- 

tional status in this respect. Since the concentration of the vitamin 

in blood is apparently quite low, useful methods would have to be 
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comparatively sensitive, e. g. , adequate to measure quantities of 

less than 5 ng of pyridoxal phosphate per ml of blood. Also, since 

change in chemical form may occur in vivo, it could be very impor- 

tant to correlate the levels of various forms of the vitamin at vary- 

ing intakes. Moreover, the complication of probable protein binding 

means that extraction methods must be studied to be sure that any 

method of measurement adopted is a reliable index of the total 

amount of the vitamin available to the biological host. 

To date only two basic methods have been used to determine 

PALPO in blood, namely, the tyrosine decarboxylase method and the 

apotryptophanase method. Both employ pyridoxal phosphate - 

dependent enzymes. The original tyrosine decarboxylase method 

was a manometric procedure (122), neither sufficiently sensitive 

nor precise for many cases, even after its modification by Boxer 

et al. (13) and Wachstein and associates (126, 127). The 

apotryptophanase method, a colorimetric procedure suggested by 

Wada et al. (129) and refined by McCormick et al. (78) and other 

investigators (27, 135), presents difficulties which limit its useful- 

ness. Microbiological assays, traditionally the most sensitive of 

assay methods, are unsatisfactory for the coenzyme for lack of an 

organism specific for PALPO. In addition, other complications 

(5, 114) have prevented their use with blood. One chemical method, 

the cyanohydrin method of Bonavita (10), which has been suggested as 
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being sufficiently sensitive for measurement of PALPO in blood, 

under certain conditions is subject to interference from pyridoxal. 

Other methods have been suggested, but they are either lacking in 

specificity or sensitivity. 

Therefore, it was with great interest that I noted the work of 

Hamfelt (48) in which he modified the tyrosine decarboxylase method 

of Umbreit et al. Hamfelt made use of 14C- labeled tyrosine and 

measured the radioactive tyrarnine after decarboxylation with 

tyrosine apodecarboxylase and coenzyme ( PALPO). Although he 

demonstrated the usefulness of the method by measuring PALPO 

levels in blood as low as 2.4 ng /ml (49), it seemed that a more sat- 

isfactory method could be devised, employing tyrosine -1 -14C as the 

substrate and using liquid scintillation techniques to measure the 

released 14CO2. 
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BACKGROUND OF THE PROBLEM 

Historical Résumé 

The identification and characterization of the various compo- 

nents of the vitamin B complex provides a fascinating story of which 

the isolation of vitamin B6 (pyridoxine) as a part of this complex is 

an important facet. The first report of vitamin B6 as a distinct 

entity of the B- complex of vitamins came from György in 1934 (42). 

Shortly thereafter, in 1936, came a report of the preparation of a 

crude concentrate of the vitamin with some information concerning 

its chemical properties (7). 

Within two years Lepkovsky (71) had isolated pure crystalline 

vitamin B6, and by 1939, Harris and Folkers (51) had synthesized 

vitamin B6, showing it to be a pyridine derivative, 3- hydroxyl -4, 5- 

dihydroxymethyl, 2- methylpyridine. The name pyridoxine proposed 

by György and Eckhart (45) received general acceptance although the 

name adermin proposed by Kuhn and Wendt (70), in keeping with its 

identification as the antidermatitis factor, was used for a time, 

especially in Europe. 

In the early years, rats were used for assays almost exclu- 

sively. It had been established that vitamin B6 was required for 

growth for a number of animals and that convulsions, anemia, and /or 
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other critical symptoms developed in the young under conditions of 

severe deficiency of the vitamin. However, other species were 

used only to a limited degree for assay purposes (102). 

With the use of microbiological assays by Snell (104, 105), the 

existence of chemical forms other than the one originally isolated 

was recognized. At first these other forms which gave a response 

similar to that of pyridoxine were called pseudopyridoxine. Further 

work, however, demonstrated that the vitamin existed in three forms: 

the alcohol, pyridoxine; the aldehyde, pyridoxal; and the amine, 

pyridoxamine, as well as certain conjugated or bound forms. The 

type of "binding" frequently was not known, but doubtless included 

both protein binding and phosphate binding. 

In the meantime, other researchers in England were trying to 

identify the product responsible for the decarboxylation of certain 

amino acids. Gale and Epps (36) reported in 1944 that a natural 

product extracted from yeast would catalyze the decarboxylation of 

tyrosine and lysine. Concurrently in the United States, Umbreit et al. 

(122) reported the preparation of a synthetic coenzyme which had 

the same effect. These were subsequently proved to be the same 

product, the phosphorylated form of pyridoxal, the most common 

biologically active form of the vitamin. At about the same time 

Huff and Perizweig (60) reported that they had isolated a product 

from human urine which was highly fluorescent, and which they had 
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demonstrated to be identical with the synthetic product, 4- pyridoxic 

acid. 

Numerous investigations have been made in a search for other 

analogs or related compounds which might have similar physiological 

activity. The search continues, but the consensus to date is to 

ascribe activity to the three components and their phosphates. The 

principal metabolite is 4- pyridoxic acid. 

Nomenclature, Properties, and Structure 

Definitive rules for the nomenclature of vitamin B6 were pub- 

lished in 1960 by the Commission on the Nomenclature of Biological 

Chemistry of the International Union of Pure and Applied Chemistry 

(64). Under these rules "the term pyridoxine may be used as a 

group name to designate the naturally occurring pyridine derivatives 

with vitamin B6 activity." They also designated the name pyridoxol 

to be used for the alcohol. Although the use of this terminology is 

being noted in some European papers, it has not received wide 

acceptance in the United States. For this reason the accepted usage 

prior to the 1960 report has been followed in this paper. 

A number of the properties of the vitamin have been charac- 

terized. A summation with some of the appropriate references may 

be found in Storvick et al. (115). Probably the most significant for 

purposes of this paper is the sensitivity of the vitamin to light, 
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particularly in neutral or alkaline solutions. PALPO is the most 

sensitive of all the forms to light. Furthermore, the phosphate bond 

may undergo spontaneous hydrolysis upon storage, even at refriger- 

ator temperatures. It is apparently stable at 0 °C. 

The close structural relationships of the vitamers, their 

phosphorylated forms, and the metabolite may be noted in Figure 1. 

Physiological Significance 

Knowledge of vitamin B6 in relation to nutrition is somewhat 

reminiscent of the map of Africa a hundred years ago - bright spots 

scattered disconnectedly upon an otherwise dark background. In 

much the same way a survey of the literature in the field of twenty 

years ago shows isolated patches of knowledge. Ten years ago the 

bright spots were larger and growing, much as a jigsaw puzzle 

grows as the pieces begin to fall into place. Today knowledge has 

increased so greatly that one might be tempted to say the end is in 

sight. But even though the map of Africa in the 1960's shows no 

black spots representing unexplored territory, there are undoubtedly 

untouched areas which may reveal undreamed of secrets. So, too, 

does each discovery in vitamin B6 metabolism open still other doors 

for further investigation. Thus one cannot say how far we are from 

seeing the complete picture. 

For more than a decade after the identification of pyridoxine as 
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part of the vitamin B complex (43), relatively little was known about 

the effects of vitamin B6 deficiency in the human. By means of 

animal studies it had been demonstrated that the vitamin was an 

essential growth factor for chicks (53, 58) and for rats (25). In 

addition, it had been learned that in deficiency states, various abnor- 

mal conditions might occur: for example, microcytic hypochromic 

anemia in pigs (61), in dogs (116), in ducks (54), and in monkeys 

(77); acrodynia and /or skin lesions in rats (42); arteriosclerotic 

lesions in monkeys (94); neurological involvements, such as convul- 

sions or epileptiform fits, in rats (17), in pigs (134), and in chicks 

(72). 

It was not so easily ascertained how many comparable condi- 

tions occurred in instances of human deprivation. True dietary 

vitamin B6 deficiency is seldom found, because the occurrence of 

the vitamin is widespread. An artificially induced deficiency can 

be obtained only through the use of a synthetic diet over a consider - 

able length of time, or through the use of an antimetabolite, such as 

deoxypyridoxine. Early studies were made in an attempt to cor- 

relate intake with excretion in order to learn as nearly as possible 

the human requirements for the vitamin (29, 68, 73, 91). Spies, 

Ladish, and Bean (112) state that vitamin B6 is important in human 

nutrition and [their investigation] gives strong support to the hypoth- 

esis that clinical deficiency diseases occur not as a single entity but 
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as complexities." 

Various investigators reported a number of conditions in 

humans which were associated with assumed vitamin B6 deficiency 

states and which responded to treatment with pyridoxine. These 

conditions included cheilosis (103), mental depression and confusion, 

changes in blood cells and cell counts (52), and nausea and vomiting 

(82), in addition to the change in excretion pattern of the components 

and the metabolite, 4- pyridoxic acid. 

With the report of Snyderman, Carretero, and Holt ( 1 10) 

that an infant maintained on a pyridoxine - deficient diet developed 

convulsions which were promptly relieved upon the administration of 

pyridoxine, a new era of investigation began. Soon thereafter came 

the first reports of infants, being maintained exclusively on a certain 

proprietary liquid formula (SMA), suffering convulsive seizures 

which ceased when the diet was altered. The investigation which 

followed became a medical version of a cloak -and- dagger drama 

until it was finally ascertained that the convulsions were associated 

with pyridoxine deficiency in the SMA formula (75). 

This dramatic demonstration that vitamin B6 is essential and 

that its lack can be highly detrimental encouraged the further inves- 

tigation of the physiological and biochemical interactions of the vita- 

min in biological systems. Now that a number of investigators have 

demonstrated its coenzyme function and that so many enzymes are 
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dependent upon its presence, it is not so surprising to discover that 

a suboptimal level can result in various disorders. 

Studies have demonstrated that enzymes usually exist in excess 

of requirements in tissues and, therefore, are not rate limiting (121). 

It may be hypothesized, then, that if a vitamin B6- dependent enzyme 

fails to function, the cause may well be a lack of the coenzyme; or 

alternately, a basic genetic defect may prevent the normal function. 

There is considerable evidence that there are at least two 

general types of abnormalities, namely, pyridoxine deficiency and 

pyridoxine dependency (131). In the former case, the cause is 

primarily nutritional, but in the latter instance there is, in all prob- 

ability, a genetic defect which interferes with normal metabolic 

pathways so that a much higher requirement exists. Both conditions 

are characterized by convulsive seizures with accompanying abnor- 

mal encephalograms which can be restored to normal within minutes 

following an injection of pyridoxine, If either vitamin B6 deficiency 

or dependency is suspected, it can be readily diagnosed by a 

therapeutic test. The deficiency can be corrected by diet. The 

biochemical cause of dependency is less readily determined, but it 

is assumed to be related to lowered y -amino butyric acid levels in the 

brain as a result of decreased activity of PALPO- dependent glumatic 

acid decarboxylase. The y -amino butyric acid acts as a suppressor of 

neuronal activity (6). Vitamin B6 is also required to activate the 
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enzyme, Y -amino butyric acid transaminase, which accomplishes 

the breakdown of Y -amino butyric acid (117). 

In view of the potential interference with transaminases, 

desulfhydrases (considered to be the most sensitive to lowered 

vitamin B6 levels), and other enzymes involved in metabolism of 

amino acids, lipids, and carbohydrates, one can only postulate the 

many unrecognized pathological conditions which may be related to 

vitamin B6 deficiency. Doubtless, in some cases, an individual 

may have a lower threshold of sensitivity, or may have a suboptimal 

dietary intake so that some stress will cause a temporary deficiency 

which may go unrecognized in the etiology of the condition. Waldinger 

and Berg (132) reported supportive evidence that illness might pro- 

vide such stress in cases of vitamin B6 dependency. 

Extensive tests on a pyridoxine- dependent patient (101) gave 

further evidence that vitamin B6 deficiency does not affect all PALPO- 

dependent enzymes to the same extent. The decarboxylases were 

more sensitive to depletion than the transaminases. This is prob- 

ably related to the fact that, in general, the coenzyme is more 

tightly bound to transaminases (107). 

Coursin (21) reported Bain's findings that all members of the 

vitamin B6 group are probably converted into one of the coenzyme 

forms within two hours. It had been assumed that the pathway 

involved oxidation of the alcohol, pyridoxine, to the aldehyde, 
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pyridoxal, (Figure 2, step 1) which was then phosphorylated (step 

2) by means of pyridoxal kinase, utilizing a mole of ATP in the 

process (63). However, Wada and associates (130) presented 

evidence that another pathway takes precedence, that of pyridoxine - 
pyridoxine phosphate (step 2) -pyridoxal phosphate (step 4). 

As stated above, the cause (or causes) of vitamin B6 depend- 

ency is not known. It may be some impairment in the synthesis of 

the coenzyme or in its binding to the apoenzyme. It may be that 

some type of inhibitor or antagonist is present. It would seem from 

the very different reactions to deficiency and supplementation of the 

patients described by Coursin (21) that the cause is not the same in 

all cases. Only additional studies with normal subjects and patients 

who evidence a greater requirement, as well as further investigation 

into the factors which affect enzyme - substrate relationships, will 

throw needed light on the matter. Snell (106) points out that the 

form in which the vitamin is administered might be important in 

cases which fail to respond to the usual treatment. This points up 

the importance of the development of satisfactory methods for the 

detection of deficiency as well as for assessing the nutritional status 

with regard to the vitamin in normal individuals (20). 

It is generally thought that a dietary intake of 2 mg vitamin 

B6 per day is sufficient. Average American diets probably provide 

1 -3 mg /day (98). The cases of vitamin B6 dependency which have 
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been reported require oral dosages varying from 2 mg /day (62) to 

50 mg /day (100). 

Studies are too limited at present to draw final conclusions, but 

there is evidence that the so- called "dependency" syndrome is 

hereditary. Certainly in several cases siblings have been affected 

and it is known that deaths have occurred after similar symptoms 

with older siblings or other relatives (37, 62, 99, 132). 

There is some evidence that manifestations of dependency can 

begin in utero, suggesting the possibility that it might be a cause of 

some still- births (131). Several studies (22, 125, 126) have demon- 

strated that vitamin B6 requirements are increased during pregnancy, 

and that stores of the vitamin may be depleted at term. 

It has been established that vitamins of the B- complex, 

including vitamin B6, are associated with neuronal metabolism. 

According to Tower (121), "neuropathies, myelin degeneration, and 

the like occur in animals and in man associated with pyridoxine 

deficiency. In contrast to deficiencies of all other B- complex 

vitamins, pyridoxine deficiency is also associated with striking 

species incidence of convulsions. . . . Pyridoxine appears to be 

unique among vitamins of the B- complex group in another way, since 

excessive amounts are toxic to the central nervous system, resulting 

in signs and pathologic findings resembling those seen in deficiencies 

of its vitamin." A further discussion of pyridoxine and neuronal 
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metabolism including the involvement of lipids and amino acids is 

given in this same report. 

It has long been known that the convulsive seizures were a 

characteristic symptom of vitamin B6 deficiency in the young of many 

species. However, in the human adult these had not been observed 

either in induced or in natural (dietary) deficiency; instead, the 

deficiency syndrome was characterized by dermatitis, cheilosis, 

irritability, pyridoxine -responsive anemia, or other variant blood 

or excretion patterns. Recently, Sauberlich (98) reported that after 

only 21 days on a vitamin B6- deficient diet, abnormal encephalograms 

developed, and one subject had a grand mal convulsion during the 

seventh week. The encephalograms returned to normal upon 

repletion with the vitamin. 

The increasing use of certain chemotherapeutic agents such as 

isonicotinic acid hydrazide (INH) for tuberculosis or 4- deoxypyri- 

doxine (DOP) for cancer has emphasized the need for further knowl- 

edge of metabolic processes and normal blood levels of the vitamin, 

for these are antimetabolites for vitamin B6. The latter, DOP, has 

frequently been used to induce deficiency for certain metabolic 

studies (82). A summary of the current thinking in respect to these 

and other metabolic inhibitors will be found in the discussion by 

Rosen, Mihich, and Nichol (96). 

In considering the widely divergent scope of the increasing 
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number of reports on the nature of the vitamin and its significance, 

one feels almost as if he were in a small clearing in the middle of a 

great forest with paths leading in a number of directions, unable to 

decide which one to follow. 

Methods of Analysis 

Research on vitamin B6 prior to 1950 was concerned primarily 

with the characterization and standardization of the vitamin, its 

chemical nature, and its physiological behavior. Some work was 

done to establish methods of analysis and to apply these to determine 

the vitamin B6 content of certain foods. According to Snell and 

Keevil (108), vitamin B6 is more widely distributed in foods than 

most other vitamins. Although attempts were made to determine 

human requirements, the difficulties encountered in establishing 

true deficiencies, as well as in developing satisfactory criteria for 

assessing adequate vitamin B6 nutrition, prevented the attainment 

of this goal. 

Animal Assay 

The earliest method of estimation was a biological assay using 

the rat as the primary test animal. The first tests were based on 

the cure of rat acrodynia, a scaly dermatitis which had been produced 

by use of a vitamin B6- deficient diet (43). For several reasons this 
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did not prove to be a sufficiently objective or accurate method of 

measurement, with the result that many investigators turned to the 

rat growth test for greater reliability (18, 55). The chick growth 

test has also been used to a limited extent (9). 

The proponents of the various animal assays feel that they are 

more reliable than other methods for several reasons. 1) They 

require no preliminary hydrolytic or extractive procedure to liberate 

any bound forms of the vitamin. 2) An animal assay measures 

"available" vitamin B6 rather than the "total" amount resulting from 

some extractive process. On the other hand, animal assays are 

time consuming and expensive. Moreover, it does not necessarily 

follow that vitamin B6 "available" for metabolism by a rat is the 

same as that "available" to a human being (120). 

Since the early tests were made before the isolation and 

synthesis of pure pyridoxine, pyridoxal, or pyridoxamine, it was 

necessary to use materials not entirely free from extraneous sub- 

stances. This was allowable with animal assays, but at the same 

time some method of standardization was required. Since the first 

identification of the vitamin was associated with the condition called 

rat acrodynia, it was natural that early standardization criteria were 

based on the curative effect of the vitamin on this dermatological 

condition. Thus, the ''rat -day dose" as defined by Üydrgy (42) was 

"the minimum quantity of the substance that would cause healing of 



20 

the specific dermatitis." After pyridoxine was synthesized, this 

standard of one "rat -day dose" was established as the equivalent 

of approximately 10 µg of pyridoxine. 

Colorimetric Assay 

A number of colorimetric tests have been devised for one or 

more forms of vitamin B6. These have been described in detail and 

evaluated elsewhere (46, 102, 115). Many are not sufficiently 

specific nor sensitive for use with biological samples. Most, perhaps 

all, would require some type of preparative treatment of the sample 

before they could be used. 

Spectrophotometric Assay 

Spectrophotometric methods are useful but usually require 

solutions of greater concentrations than are likely to be available in 

biological samples. The characteristic ultraviolet absorption spectra 

for the components and the phosphorylated forms have been reported. 

Pyridoxal phosphate has an absorption maximum of 295 mp. in 0. 1 

N HC ï. This maximum disappears upon neutralization; in 0. 1 N 

NaOH the absorption maximum is 388 intl. This characteristic 

absorption spectrum makes it possible to differentiate PALPO from 

the other forms of the vitamin (86). 
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All forms of vitamin B6 will fluoresce, some more than others. 

This property forms the basis for the assay of samples by means of 

direct reading of fluorescence on a spectrophotofluorometer, with 

which both activating and fluorescing wavelengths can be varied. 

A good discussion of this will be found in Storvick et al. (115). 

Probably the greatest drawback to this method is the fact that the 

three components fluoresce at so nearly the same wavelength that 

it is not possible to distinguish among them. For that reason it is 

necessary to separate them in some way, e. g. , by column chromato- 

graphy before measuring the fluorescence. Moreover, although 

pyridoxamine phosphate is highly fluorescent, pyridoxal phosphate 

is much less fluorescent. Therefore, direct reading is feasible only 

in more concentrated solutions for PALPO. 

Indirect Fluorometry 

Two distinctive methods have been developed to enhance the 

fluorescent nature of some form of vitamin B6 by means of chemical 

reactions. 

Cyanohydrin. Bonavita (10) demonstrated that by the reaction 
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of pyridoxal phosphate with potassium cyanide (KCN) a highly 

fluorescent cyanohydrin was formed. Pyridoxal also reacts with 

KCN to form a cyanohydrin but the resulting compound fluoresces 

at a different wavelength. None of the other forms of vitamin B6 

will react with KCN. Thus the fluorometric -cyanohydrin method is 

specific for pyridoxal phosphate and pyridoxal. Toepfer and his 

associates (88, 118) have adapted this method for the determination 

of pyridoxamine or pyridoxine after the transamination or oxidation 

of the respective compound to pyridoxal, which in turn is changed 

to the cyanohydrin. 

Lactone. Undoubtedly the most important chemical method in 

use today is the so- called "lactone" method. The first vitamin B6- 

related compound to be analyzed in this way was the metabolite, 

4- pyridoxic acid. Huff and Perizweig (60) found that upon being 

heated in an acid medium, 4- pyridoxic acid readily forms a lactone 

which is 25 times more fluorescent at pH 9 -10 than the original form, 

which itself is the most fluorescent natural form. This property of 

the metabolite made possible the development of an assay procedure 

which is used today with a few modifications (93, 97, 136). In 1955, 

Fujita and his associates of Japan (31, 32, 33, 34) reported that 

they were able to measure pyridoxine, pyridoxamine, and pyridoxal 

as well as pyridoxic acid by changing each of them to the lactone 

form and measuring the resulting fluorescence on a photofluorometer. 
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A summation of their method and their results along with that of 

subsequent investigators will be found in several reports (56, 74, 

115). 

Microbiological Assay 

Undoubtedly the most widely used and most generally accepted 

method of analysis has been the microbiological assay. Snell and 

associates were responsible for much of the early development of 

this type of assay, in the course of which it was established that 

there were three forms, not one, of the vitamin (105). 

Since microbiological assays, like animal assays, reflect a 

metabolic process, one might expect the product which they measure 

to be approximately that of the form available for human nutrition. 

Microbiological assays require much less time than animal assays 

and are cheaper. However, they do have the disadvantage of requir- 

ing previous extraction procedures, usually acid hydrolysis, to free 

the vitamin from its protein binding or to break phosphate bonds. 

Total vitamin B6 usually is measured by yeast assays, with 

Saccharomyces carlsbergensis as the most popular organism (2). 

Certain lactic acid bacteria can be used to measure one or more of 

the vitamin B6 components; i. e. , Lactobacillus casei responds to 

pyridoxal, and Streptococcus faecalis and Streptococcus faecium 

respond to pyridoxal and pyridoxamine. No organism has been 
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reported which is specific for pyridoxine. By careful selection of 

organisms it has been possible to measure the components in some 

products by means of a differential assay (90). This procedure is 

fraught with complications, however, especially in the assay of 

blood (5, 114). 

Although Polansky and her associates (89) reported that values 

for vitamin B6 in selected foods obtained by yeast assay are in agree- 

ment with values obtained by rat assay, it has still not been demon- 

strated that the abnormally high pyridoxal values obtained from blood 

with L. casei and Str. faecium do not reflect some vitamin B6 com- 

ponent not measured by S. carlsbergensis. An alternative hypothesis 

is that the yeast is inhibited by some substance which does not have 

the same effect on the lactic acid bacteria. 

Microbiological assays measure the free forms of the vitamin 

in almost all instances. The pre -treatment, such as hydrolysis, 

which is used to free the vitamin from binding also breaks phosphate 

bonds, thus liberating free pyridoxal, pyridoxine, and pyridoxamine. 

No good method has been developed to measure the phosphorylated 

forms by differential assay since it is not possible to distinguish 

between free and protein -bound phosphorylated forms and protein - 

bound non -phosphorylated forms, if such exist. Some organisms 

which are specific for phosphorylated forms have been suggested 

(79, 80) but have not had wide acceptance, probably indicating that 
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they are not as specific as was first thought. 

Enzyme Assay 

Since vitamin B6 enters into so many metabolic processes as 

the coenzyme in enzymatic reactions, it is only logical that several 

enzymatic methods for measurement of the vitamin have been pro- 

posed. The earliest of these, chronologically, is the tyrosine 

decarboxylase method (41, 122) which will be discussed in detail 

later. This method, more than any other has been used to determine 

PALPO levels in blood (See Table I). 

Table I. Pyridoxal Phosphate Content of Human Blood 

PALPO Number of Content Sample Method Reference Subjects (ng /ml) Type 

192 0 -10 blood 

32 10 -37 blood 

40 5.2 -33 plasma 

12 5.0 -16.8 plasma 

59 0 -57.1 plasma 

4 20 -27 serum 

tyrosine decarboxylase (13) 

tyrosine decarboxylase (13) 

tyrosine decarboxylase (126) 

tyrosine decarboxylase (48) 

tyrosine decarboxylase (49) 

apotryptophanase (129) 
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Apotryptophanase 

In 1957 Wada and associates (129) proposed the apotryptophanase 

method by which the production of indole from tryptophan can be 

measured as a function of the amount of PALPO present. PALPO 

values for blood obtained by this method have been published by 

Wada et alp , for leukocytes and liver by Donald and Ferguson (27), 

and for liver by Nakahara et al, (83). 

Transaminase 

Serin transaminase concentrations are frequently determined 

in clinical situations as a significant indication of the progress of 

certain disease conditions (1, 113, 138). Since the transaminases 

are vitamin B6 dependent, it has been suggested that transaminase 

levels, especially glutamic- oxalacetic transaminase, could be used 

as an index of vitamin B6 nutriture. With that in mind, a micro 

method suitable for use with finger -prick quantities of blood was 

developed in the Home Economics Nutrition Research Laboratory of 

Oregon State University (57). However, although the test is a useful 

diagnostic tool, the method is not sufficiently sensitive to variations 

in coenzyme levels to be useful as a routine assay procedure. Holzer 

and Gerlach (59) have reported the development of a method for the 

determination of PALPO based upon the same principle but using 
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purified apotransaminase in excess and making the coenzyme, 

PALPO, the limiting factor. The basic reaction for all methods is 

as follows: 

a- ketoglutarate + asparate glutamate + oxalacetate (1) r---- 
oxalacetate + DPNH + H+ malate + DPN+ (2) ---- 
In the procedure of Holzer and Gerlach, the change in optical 

density accompanying the disappearance of DPNH is measured 

spectrophotometrically as a function of the amount of PALPO 

present, rather than as a function of the transaminase activity as in 

the original method. Goryachenkova (40) has reported using a mod- 

ification of this latter procedure to measure PALPO and pyridoxamine 

phosphate (PAMPO) in purified enzyme preparations in amounts as 

low as 1 ng (0.001 µg). 

Cheney and Beaton (16) reported that erythrocyte transaminases, 

both glutamic -oxalacetic (GOT) and glutamic- pyruvic (GPT), have 

been demonstrated to be suitable parameters for the assessment of 

vitamin B6 nutriture in the male rat. However, erythrocyte GPT 

is preferred for use with pregnant rats, since erythrocyte GOT, 

hepatic GOT, hepatic GPT, and xanthurenic acid excretion after a 

tryptophan load are all affected by the state of pregnancy per se. 

Tyrosine Decarboxylase 

After it had been determined that the cofactor of tyrosine 
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decarboxylase isolated from yeast by Gale (35) was essentially the 

same product as synthetic codecarboxylase (the phosphorylated form 

of pyridoxal) (4), investigation was continued to learn more about the 

properties and behavior of this coenzyme. In a comprehensive 

report (28) Epps described a method for the isolation of the enzyme 

from Str. faecalis Dunn, reporting that during the purification proc- 

ess there was apparently complete spontaneous dissociation of 

apoenzyme and coenzyme. She demonstrated that this bacterial 

enzyme, which is stereo -specific, will decarboxylate L- dihydroxy- 

o he n y lalanine (DOPA) as well as L -tyrosine, although different 

enzymes are required in animal tissues (8). Other characteristics 

which she reported included: 1) the pH optimum was 5. 5 for 

tyrosine in acetate buffer although good results were obtained from 

5.2 to 5.8; 2) the rate of CO2 production was increased in the 

presence of excess undissolved tyrosine; 3) a rise in temperature 

above 30 °C did not increase the activity significantly; and 4) the 

rate of CO2 production was directly proportional to the amount of 

enzyme used, over the range tested. 

The following year, Umbreit, Bellamy, and Gunsalus (122) 

reported similar tests with the enzyme extracted from Str. faecalis R 

and synthetic codecarboxylase and described an analytical procedure 

which may be used to measure PALPO. It may also be used to 

measure pyridoxal in the presence of ATP, since the enzyme contains 
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a kinase which converts the pyridoxal to pyridoxal phosphate if a 

phosphate source is provided. 

As a result of their investigations they reported additional 

properties of the apoenzyme- coenzyme entity. Some of the more 

significant findings are summarized here: 1) The enzyme assay was 

specific for pyridoxal and pyridoxal phosphate. Neither pyridoxine 

nor pyridoxamine, alone, or with added ATP, would activate the 

enzyme. p- Pyracin, the lactone of 4- pyridoxic acid, was also 

tested, with negative results; 2) The natural coenzyme lost activity 

upon storage and was destroyed by acid hydrolysis. In addition, the 

natural codecarboxylase of Gale and Epps (36) was identified as a 

derivative of pyridoxine. The precision of the method was reported 

to be about 10 %. The enzyme unit used by both Gale and Epps and 

their American counterparts, Bellamy, Gunsalus, and Umbreit, was 

given as the amount of enzyme required to release 100 µl of CO2 in 

5 minutes. 

Boxer et al. (13) used a modification of the original method 

(122) to determine PALPO levels in whole blood and leukocytes, but 

found that in humans over half the adult subjects had values too low 

to measure, i. e. , less than 10 ng /ml. Wachstein and his associates 

(126, 127) used essentially the same procedure, with plasma and 

leukocytes of both rats and human subjects. They tried to compensate 

for the low values by using load tests of added vitamin B6. They 
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were able to demonstrate deficiency states in the third trimester of 

pregnancy, or at post partum, and that cord blood was higher than 

maternal blood. Hamfelt (48) adapted the basic procedure to a 

radioactive tracer technique, using tyrosine- U -14C, and determining 

the PALPO as a function of the ratio of tyrosine to tyramine. The 

method was used with deproteinized plasma samples to avoid the 

inhibition which he found with diluted whole blood or plasma. With 

this method he was able to compare the coenzyme levels of various 

age groups (49). More importantly, he was able to increase the 

sensitivity of the method over that used by Boxer et al., so that 

reliable values could be obtained for his elderly subjects. 

It was this latter procedure which was found intriguing. It was 

easily understood that the use of a radioactive tracer would increase 

the sensitivity of the method. However, his procedure seemed 

unnecessarily cumbersome, since it included separation of the 

products by paper chromatography and subsequent measurement with 

a chromatogram scanner. This scanning technique is less sensitive 

than liquid scintillation assay (133, p. 104 -143). Since a number of 

metabolic studies had been made here at Oregon State University 

involving 14C- labeled glucose, butyric acid, or other metabolic 

precursors, I became interested in the possibilities of a similar 

procedure. I chose to investigate the potential usefulness of a 

procedure employing the basic decarboxylation reaction, but using 
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14C label in the carboxyl group of the substrate so as to release 

radioactive 14CO2 which could be conveniently trapped and measured 

using a liquid scintillation spectrometer. 

Although other work is being done in the field of vitamin B6- 

dependent enzymes, particularly with amino oxidases (83, 87), no 

other procedure involving enzymes has been suggested as the basis 

for quantitative determination of the coenzymes. 

Evaluation of Current Methodology 

Thus it is seen that the methods in use include: 1) the use of 

biological systems with which the amount of the vitamin usually is 

correlated with growth as determined by weight (rat assay) or 

optical density (microbiological assay); 2) chemical methods in which 

the end product to be measured is actually in some other form or a 

derivative of the component being evaluated; and 3) enzymatic methods 

in which the compound being measured is the end product of a reac- 

tion catalyzed by the coenzyme, PALPO. The more complex an 

assay method becomes, the more factors there are that can influence 

the final result. This is particularly true with biological systems 

or enzyme reactions which can be affected by many variables. For 

that reason it will probably be necessary in the final analysis to use 

several tests concurrently to determine which findings are significant 

in a given set of circumstances. That was the approach of Cheney 
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and Beaton (16) above. A number of other parameters such as 

tryptophan metabolism (12, 30, 123), cysteine metabolism (24, 76), 

or the formation of urinary oxalates (38) might be used in conjunction 

with previously established methods in order to learn the degree of 

correlation which might be expected with normal individuals and 

whether they are consistent in their reflection of deficiency states. 

It may be that more information about the part vitamin B6 plays in 

intermediary metabolism will be learned by establishing the way in 

which varying enzyme reactions are affected in deficiency states. 

It would appear helpful to compare methods which require little 

preparative treatment of blood samples with those which require 

hydrolysis or other extraction procedures, since, at this time, it 

is not known whether some interconversions take place or new com- 

pounds are formed during such treatment (39). 
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EXPERIMENTAL 

The procedure used by Hamfelt to assay PALPO appeared to be 

more time consuming and involved than necessary in view of recent 

advances in tracer methodology. However, it suggested a possible 

new technique. 

By using tyrosine -1 -14C as the substrate for the action of 

tyrosine decarboxylase, 14CO2 would be released as shown below. 

I-I 

H2- C- C- 14COOH 
\NH2 tyrosine 

apodecarboxylase 

PALPO 
H -C 

tyrosine 

H2..b4-C-NIl2 14 4c02 + H2 

H - C; 

tyramine 

This in turn could be trapped in a suitable organic base and the 14C 

activity counted by means of a liquid scintillation spectrometer. It 

was necessary to start on an exploratory basis in the selection of 

apparatus, in establishing the optimum conditions for the reaction, 

and in determining the desirable levels and ratios of reactants. For 

that reason a number of tests were made over a period of months. 

The highlights of these tests will be described here, culminating 

with the procedure which has given the most reliable results so far. 

In general the procedure followed was the same as that of the 

`\ /1 
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traditional Warburg method. The reaction mixture consisted of 

tyrosine, apoenzyme, and coenzyme (PALPO), all at pH 5.5. The 

main difference was that the substrate, tyrosine, was labeled with 

14C in the carboxyl group. The reaction mixture was placed in a 

flask which had some provision for trapping the 14CO2 released from 

the substrate by the action of the enzyme. After a brief incubation 

period, the reaction was stopped and the sealed apparatus left 

undisturbed for some time to allow the 14CO2 to be trapped in the 

organic base. At the end of the trapping period, the base with the 

trapped 14CO2 was combined witha liquid scintillator and the activity 

counted in a liquid scintillation spectrometer. 

The tests described in this section were made to determine 

whether such a procedure could be used to measure the level of 

pyridoxal phosphate in blood or other biological samples. This 

meant that the procedure must be both sensitive and accurate. In 

order to develop a usable procedure it was necessary to establish 

the most efficient apparatus available; the order and manner of 

adding reagents; the most satisfactory time for the reaction and for 

the trapping of 14CO2; the level of activity of the radioisotope, the 

enzyme, and the substrate; the method of preparation of the enzyme 

and of the blood sample. The tests which were made and the prob- 

lems encountered are described in the following pages. 
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Specialized Equipment 

Apparatus 

Three types of apparatus were tested (Figure 3), all of which 

required some fabrication of equipment either in the glass blowing 

shop or in the machine shop. All three types proved usable, but the 

best replication was obtained with III. With apparatus I (Figure 3), 

the reactants were placed in the main flask, either directly or by 

means of a hypodermic needle inserted through the serum cap. 

Trapping solution was added to the side arm to collect the 14CO2. 

After a given trapping period, aliquots of the trapping solution were 

transferred to counting vials containing scintillation solution. 

The use of low actinic glass was a convenience in view of the 

light sensitivity of the coenzyme. It was easy to add the reagent 

without mixing; however, the size and location of the side arm made 

it necessary to transfer aliquots of trapping solution to the counting 

solution by means of volumetric pipets, thus introducing a source 

of error. 

The simplicity of apparatus II (Figure 3) was its greatest 

advantage. The flasks were the right size for the shaking water bath 

available so that 20 samples could be assayed at once. The reactants 

were placed in the bottom of the flask in the selected order and 
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Apparatus I: a = 50 ml Erlenmeyer 
flask, low actinic glass, with 
b = test tube joined to one side 
with tubing c, about 10 mm i. d. 
Serum stoppers, d, are used for 
closures for both flask and side arm. 

Apparatus II A: a = 25 ml heavy duty 
Erlenmeyer flask; b = glass tube, 10 x 
18 mm, held by coiled wire support c, 
inserted in serum stopper d. (See Cuppy 
and Crevasse, ref. 23) 

Apparatus II B: a = 25 ml Erlenmeyer 
flask with serum stopper closure d, 
and one -piece polypropylene or glass 
center well e (Kontes Glass Co., 
Vineland, N. J. , # K- 88230) 

Apparatus III: a = 25 ml flask with 
side arm b (10 mm i, d.) leading to 
liquid scintillation vial c. 
d = serum stoppers. e = reversed 
serum stopper with the opening reamed 
out to provide a sleeve opening to join 
the shaft of b to counting vial c. 

Figure 3. Apparatus used for the decarboxylation of 
tyrosine -1 -14C and the subsequent trapping 
of 14002. 

a 

a 
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manner, with the trapping agent in the suspended well. At the end 

of the trapping period, the well with trapping agent was transferred 

in toto to a counting vial containing scintillation solution. If 

polypropylene type wells were used they were either broken off into 

the bottle of scintillation solution or were emptied and rinsed 

thoroughly in the toluene mixture. For a reason not fully ascertained, 

good replication was not obtained. There were indications that some 

loss (perhaps by "creep ") of the trapping solution occurred during 

the trapping period, leading to variation in volume. 

The best replication was obtained with apparatus III (Figure 3). 

The reactants were placed in the flask in the same manner as with 

apparatus II, but without the hazard presented by the flexible 

suspended well. The trapping solution was added to the counting 

vial. At the end of the trapping period, the counting vials containing 

the trapped 14CO2 were removed and the liquid scintillator added. 

Since no transfer of the trapping solution was necessary, that pos- 

sible source of error was eliminated. Usually the trapping solution 

was added to the vial at the same time that the enzyme and coenzyme 

were added to the flask. However, there has not yet been an oppor- 

tunity to determine whether the presence of the volatile organic 

compound has a depressing effect on the enzyme reaction. 

The length of the side arm "b" was determined by the position 

of the clamps in the shaker. The apparatus was constructed with a 
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"center -to- center" distance, f -g, of 65 mm, so that the flask could 

be held in the first position in the shaker and the bottle in the second. 

Thus, for the complete unit, two shaker spaces were required, 

reducing to ten the number of units which could be used concurrently. 

Other devices for trapping14CO2 in incubation studies have been 

described by Neville and Feller (84), Roberts et al. (95), and 

Keen et al. (69). I was not entirely satisfied that apparatus III 

was the best or most efficient, but concluded that it was adequate 

for use in establishing some basic information about the assay pro- 

cedure. 

Pipets 

Precise measurements are essential to the success of the 

method. Several devices were used to insure precision without 

undue delay. Constriction micropipets were used for delivery of 

PALPO standard solutions or unknown samples, as well as for 

accurate measurement of the isotope when preparing the diluted 

tyrosine- 1 -14C. Syringe pipets (hypodermic syringes equipped with 

frames to control delivery for replicate samples) were used in 

appropriate sizes for buffer solutions and enzyme suspensions; for 

volatile compounds such as the trapping or counting solutions; and, 

equipped with needles, for the injection of tyrosine- 1 -14C, and 

H2SO4 through the serum stopper. A 10 µl Hamilton syringe was 
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convenient for the delivery of the internal standard, toluene -14C, 

to the samples. 

Liquid Scintillation Spectrometer 

The 14CO2 was measured by means of a Packard Tri -Carb 

Liquid Scintillation Spectrometer, Model 314EX -2. After testing a 

number of high voltage tap (HVT) settings from 3.0 to 5.0, we 

selected HVT 4.0 as being optimum with window setting of 10 -100, 

and with gain controls at maximum. These settings were determined 

by establishing the point at which the count rate for thermal noise 

plus background radiation was lowest in proportion to the sample 

count rate. The selection was made on a statistical basis according 
2 

to the formula S /B = max (133, p. 100), where S = sample count 

rate and B = background count rate. 

Counting efficiency was determined by the internal standardiza- 

tion, or spiking, method by using toluene -14C of known disintegration 

rate. The calculations associated with this method are included with 

the other calculations in a later section of this paper. 

Counting efficiency with ethanolamine- ethanol trapping solution 

usually ranged from 45% to 55 %. When Hyamine was used for 

trapping, the counting efficiency dropped to 25% to 45 %, depending 

upon the volume of Hyamine used. 
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Materials 

Apoenzyme 

Tyrosine apodecarboxylase (from Worthington Biochemical 

Corporation, Freehold, New Jersey) had been prepared from Str. 

faecalis R, grown in vitamin B6- deficient medium. Two preparations 

were obtained during the period of these experiments. According to 

the information supplied with the enzyme, lot I had ari activity of 

0.32 units /mg; that is, with an excess of PALPO (5 µg), it produced 

0.32 µmoles of CO2 /min. at 37 °C (137). Lot II, with which most 

of the tests reported here were made, yielded 0.39 µmoles of 

CO2 /mg /min. when assayed by the standard manometric method. 

The residual activity was reported to be the equivalent of that 

obtained with 5 ng of added PALPO. 

Apoenzyme Level 

During the evolution of the method from Umbreit et al. (122) to 

Harnfelt (48), the levels of apoenzyme used varied from 1 to 2.4 mg. 

For most of my preliminary work, I used 1 mg, although other levels 

were tried for certain tests. Ultimately 0.5 mg was chosen as being 

adequate for the substrate levels being used, although further inves- 

tigation might be advisable in the future. The 0.5 mg level was 
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selected in order to avoid the possible decarboxylation of all the 

substrate within the time limit; that is, in order to have PALPO the 

only limiting factor, it was necessary to have both substrate and 

apoenzyme in excess. Moreover, the longer the reaction time, the 

less likelihood that inadvertent time variations would be responsible 

for lack of replication. With the apoenzyme having a potential 

activity of 0.39 units /mg, one could expect that 0.5 mg of apoenzyme 

could react with 1.95 µmoles of tyrosine in 10 minutes or 2.93 

µmoles of tyrosine in 15 minutes. The limit of solubility of tyrosine 

at pH 5.5 was approximately 450 mg or 2.5 arnoies /ml. Although 

such a rate of decarboxylation implies the presence of sufficient 

coenzyme to cause total enzyme activity, it seemed advisable to 

keep enzyme levels low enough to permit greater flexibility for other 

factors. 

Figure 4 shows the results of a test with four levels of 

enzyme. It will be noted that, according to the value for total enzyme 

activity given above, complete decarboxylation of the substrate 

should occur with less than 3 mg of enzyme. Although the amount 

of 14GO2 recovered increases with the increase in enzyme level, 

there is a definite break in the curve between 2 and 3 mg. 

The apoenzyme as purchased was an acetone powder prepara- 

tion. It was usually pulverized in a mortar before weighing. It 

was either weighed in the portions needed for one day's assay and 



90 1- 

80 

70 

60 

j50 
40 

30 

20 

10 E 

Conditions of the experiment: PALPO level, 100 ng; 
14 

s;iltrate level, 5 tarnoles; specific activity of tyrosine -1- C, 

2 nc, / }imole; reaction time, 5 minutes; trapping time, 5 hours. 

1 2 3 4 5 

mg of apoenzyrne 

Figure 4. Relation of the amount of apoenzyme to the 
14 recovery of CO2. 

- 

- 

- 

a) 

.6.Lz. 

r 

- 

- 

Ñ 



43 
stored at 0 °C until needed, or a larger portion was weighed and 

suspended in 0. 1 M sodium acetate (pH 5.5) and stored in suitable 

aliquots in the freezer. Just before use the frozen enzyme was 

transferred to a Ten Broeck homogenizer and homogenized. If 

further dilution was required, 0.1 M sodium acetate (pH 5.5) was 

added. 

Purification of the Enzyme 

Although the apoenzyme was reported as being suitable for 

PALPOassay (by the manometric procedure), enough residual 

activity from unresolved coenzyme was present in the first prepara- 

tion which we received to cause rather high blanks (no added PALPO). 

For that reason it was decided to attempt purification of the enzyme 

by precipitation with ammonia and ammonium sulfate solution (48, 

50). 

A suspension was made of the powdered enzyme in redistilled 

water, 1 mg /ml. One volume of this suspension was added to 3 

volumes of ammonia - ammonium sulfate solution, prepared as 

follows: 

760 g ammonium sulfate 

52 ml 24% ammonium hydroxide (48 ml 28% ammonium 

hydroxide + 8 ml redistilled water = 56 ml of 24% 

solution) 

1000 ml redistilled water 



44 

The mixture containing the enzyme and the ammonia - ammonium 

sulfate solution was chilled in an ice bath for 30 minutes, then centri- 

fuged at 4°C, and the supernatant fluid decanted. After the precipitate 

had been subjected twice more to the same procedure, it was sus- 

pended in 0. 1 M sodium acetate (pH 5. 5) in one -tenth the volume of the 

original suspension. The purified enzyme preparation was stored in 

the freezer in convenient 1 ml portions (10 mg/ml). Residual activi- 

ty, as indicated by recovery of 14CO2, was reduced to less than one- 

fifth of the original amount with the result that if no coenzyme was 

added, recovery of 
14 

CO2 was less than 1 %. 

With the second preparation of coenzyme obtained, the residual 

PALPO seemed sufficiently low as to make purification unnecessary. 

Recoveries from blanks were not as low as with the purified product 

(about 2 %), but there was a significant increment with the addition of 

the lowest level of the coenzyme that would be needed for assay 

purposes. 

Tryosine-1- 14 
C 

The 14C- labeled substrate was secured from New England 

Nuclear Corp. (Boston), having a specific activity of 26. 6µc /µmole. 

The substrate as supplied was diluted with 0. 2 mM tyrosine to pro- 

vide 5 µc or 0. 19 µmoles /ml. Although the range of specific 
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activity used has been wide since the first exploratory experiments, 

all the significant tests of recent months were made within the range 

of 4 to 50 nc /µmole. Since I have been concerned with the proportion 

of the isotope recovered during the course of the assay, I have 

expressed it in terms of activity/flask. Inasmuch as the current 

procedure calls for the addition of 1 ml of tyrosine /flask with 10 to 

50 nc /ml, the specific activity of the labeled substrate used may be 

expressed as ranging from 5 to 25 nc /µmole. The 50 nc /ml level 

appears to be quite satisfactory with the lower concentrations of 

coenzyme. 

Tyrosine 

Early investigators used varying levels of tyrosine, from 

0.7 µmoles (48) to 678 µmoles (126). Since approximately 2.5 

µmoles /ml is the solubility limit at pH 5.5, it would necessarily 

follow that several of these procedures involved suspensions, not 

solutions. During the course of the development of a satisfactory 

procedure, I tried many levels and methods of addition. The con- 

centration of the unlabeled tyrosine was important for two reasons. 

First, the precision of the method depends upon the exact amount of 

14C-- labeled tyrosine available for decarboxylation. Since it is more 

difficult to be exact in the measurement of suspensions than of 

solutions, it seemed wise to have all the tyrosine dissolved. Second, 
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the sensitivity of the method depends in part upon the ratio of labeled 

to unlabeled substrate. For many of the experiments I used the 

approximate limit of solubility at pH 5.5, or 2.5 µmoles /ml for the 

unlabeled tyrosine. Since the enzyme supposedly could react with 

1.95 µmoles of substrate in 10 minutes, this could mean that the 

maximum amount of 14C that could be recovered would be 1.95/2.50 

or 78% recovery. Later, solutions were made with 2 µmoles /ml so 

that a theoretical complete decarboxylation would yield 1.95/2.0 or 

97.5% recovery. 

In a test to determine the effect of varying the level of tyrosine 

from one to five µmoles per flask (Figure 5), the results were as 

expected in that the available enzyme (1 mg) was essentially exhausted 

at the level of 2.5 µmoles of substrate. 

Calibration of Tyrosine -1 -14C 

When a new lot of tyrosine was procured, it was noted that, 

although nominally of the same specific activity, the percentage 

recovery of labeled carbon was appreciably lower. It seemed prob- 

able that the quoted specific activity varied from actual specific 

activity. Since I was trying to prepare some standard curves which 

could be compared over a period of time, it seemed advisable to 

calibrate the two lots of tyrosine- 1 -i4C. 

For this purpose Bray's liquid scintillator (15) was selected, 
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Figure 5. Relation of the amount of tyrosine to "CO 
2 

activity. 

Conditions of the experiment: PALPO level, 100 ng; apoenzyme level, 1 mg; 
specific activity of tyrosine- 1 -14C, 2 nc / »mole; reaction time, 5 minutes; 
trapping time, 3 hours. 



48 

since it is compatible with the amount of water which would be 

included. Aliquots of solution as diluted for assay purpose were 

used. The results are shown in Figure 6. 

Pyridoxal Phosphate Standard Solutions 

A stock standard solution, 100 µg /ml was prepared and stored 

in approximately 1 ml aliquots at 0 °C in small culture tubes. Since 

PALPO appears to be unstable during storage for even a few days at 

room or refrigerator temperatures, this system had a distinct 

advantage. It was then possible to remove a single tube for the 

preparation of dilute solutions for a day's assay. 

Dilute solutions were made up with 0.1 M sodium acetate 

(pH 5.5). A satisfactory range for a standard curve for use with 

blood or plasma samples is 0.5 to 50 ng PALPO for each reaction 

flask. Dilutions of the standard were made accordingly, since 

assays were carried out with quantities of PALPO varying from 

100 µl to 1 ml /flask. 

Trapping Solutions 

Hydroxide of Hyamine 10 -X (Registered Trade Mark of Rohm 

and Haas, Inc.) (85) has been the most popular trapping agent for 

14.02. The counting efficiency decreases with increasing Hyamine 

concentrations,but by using an internal standard one may determine 
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the amount of quenching, i. e. , reduction in efficiency in the transfer 

of energy in the counting solution (133, p. 131). Hyamine is 

relatively expensive and care must be taken in storage, since it must 

be protected from atmospheric CO2. 

Jeffay and Alvarez (66) described the use of ethanolamine as an 

efficient and comparatively inexpensive trapping material. Instead 

of the ethylene glycolmonoethyl ether which is somewhat toxic, I 

used ethanol to facilitate the solubility of ethanolamine carbonate in 

the counting solution (133, p. 166). Quenching is much less than for 

Hyamine (see Table II), although the trapping qualities are poorer, 

yet adequate. Since the solution can be prepared easily from readily 

available reagents, it is less expensive and more convenient than 

Hyamine. 

Table II. Comparison of Counting Efficiency and 14002 Recovery 
with Hyamine and Ethanolamine Trapping Solutions 

Sample Counting Efficiency Recovery 

Hyamine Ethanolamine Hyamine Ethanolamine 

] 

2 

3 

4 

33.1% 

30.6% 

30.6% 

30.8% 

48.2% 

49.8% 

45.4% 

46.8% 

53.6% 

57.2% 

60. 3% 

61.6% 

49.8% 

50.8% 

54.3% 
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In all the early tests in this investigation, the trapping solution 

used was ethanolamine- ethanol (1:2 v /v). When difficulty in securing 

replication became evident, I obtained some 1 M hydroxide of Hyarnine 

for additional tests. Because there was more information about it in 

the literature than about any other trapping agent, I felt that this 

solution would provide an additional means of evaluating the efficiency 

of the apparatus. In order to avoid too many variables, Hyamine was 

used in all subsequent tests. 

According to Passman et al. (85) the trapping efficiency of 

Hyamine hydroxide is 100% at 10% excess; i. e. , 1.1 mmole of 

Hyamine will trap 1 mmole CO2. Jeffay (65), reported that 1 ml of 

ethanolamine will react with 8 mmoles of CO2, which is considerably 

higher than the efficiency reported for Hyamine. Since the amount 

of potential CO2 available from the tyrosine decarboxylase reaction 

was well under the limits of either of these compounds, it would 

appear that no problem should have been encountered on that point. 

It is possible that smaller quantities of either ethanolamine or of the 

hydroxide of Hyamine might be used in order to reduce the quenching. 

Rapkin (92) reported that counting efficiencies for 14002 of over 

We had been obtained with 1 ml of Molar Hyamine in 15 ml of 

toluene scintillation solution, but I did not approach that with similar 

solutions. (See Table III.) 
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Table III. Comparison of Counting Efficiency with Different 
Amounts of M Hyamine in 15 ml of Scintillation 
Solution 

0. 4 ml aliquot 0.5 ml aliquot 1 ml aliquot 

45.3% 40. 9% 34.2% 

45. 6% 42. 9% 32. 6% 

46.8% 43.9% 33.9% 

45.2% 42.4% 33. 6% 

46. 7% 42.6% 30.3% 

45. 7% 43.3% 33. 0% 

42.4% 

Counting Solution 

The liquid scintillation solution for this investigation was 

toluene- absolute ethanol (2:1 v /v), with a 3 mg 2- terphenyl and 30 µg 

POPOP [ 1, 4- bis- 2- (5- phenyloxazolyl)- benzene] per liter of toluene. 

The toluene- ethanol solution serves as a solvent for the trapping 

agent with the 14002; p- terphenyl is the primary fluor and POPOP is 

the secondary fluor or "wave shifter." 

Methodology 

At first I had nothing to guide my selection of procedures 
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except the work which had been done with manometric apparatus as 

well as a few metabolic studies which had been adapted to radio- 

isotope techniques. Some of the experimental steps which were 

taken to establish the best apparatus and desirable levels of reactants 

have been discussed in the preceding pages. Other tests which were 

made in an effort to establish a satisfactory procedure are described 

below. 

Timing 

As the development of the method progressed, it became evi- 

dent that exact timing was important for the reaction period, and 

that other time intervals might well be significant. Although the 

optimum time for all steps has not been established completely, I 

adhered to certain time intervals for the sake of uniformity until 

such time as further investigation can be made. 

Union of Coenzyme and Apoenzyme 

Thirty minutes has been chosen somewhat arbitrarily for this 

step. Hamfelt (48) used a thirty minute incubation for temperature 

equilibration for blood samples and apoenzyme. Earlier methods 

(13, 41) employed ten minute periods for the equilibration of 

temperature and blending of the enzyme components. It is probable 

that the ten minute period is adequate for standard solutions of 
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PALPO. Wada et al. (129) reported that ten minutes was enough for 

standard solutions with the apotryptophanase method, but thirty 

minutes was needed for blood or tissue samples. 

Evacuation of Air f rom Apparatus 

This time period was also an arbitrary selection, depending 

somewhat on the volume of the apparatus to be evacuated. The aim 

was to provide a slightly negative pressure so that the collection of 

CO2 would be facilitated. It also provided a check on whether the 

air -tight nature of the system was maintained throughout the 

trapping period. 

Reaction Time 

This is without doubt the step in which timing is most critical. 

Enzyme activity is frequently measured by determining initial 

velocity (26, p. 8 -10). Since PALPO is required for tyrosine 

decarboxylase activity, it is obvious that the initial velocity of the 

reaction should be a function of the amount of coenzyme present. 

The available apparatus did not lend itself to the measurement of 

initial velocity. Instead, a uniform time for the reaction was 

selected, with all other conditions except the level of PALPO being 

kept the same. The choice of ten minutes was based upon the desire 

to have as much "CO 
2 

as possible released without making either 
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the apoenzyme or substrate the limiting factor. A number of tests 

were made using a fifteen minute time period. Since the level of 

coenzyme used in the measurement of PALPO in blood is low, it 

seems probable that neither apoenzyme nor substrate would prove 

limiting in that length of time. It would seem advisable to investi- 

gate these relationships more thoroughly. 

An example of the relation of reaction time to recovery of 

14CO2 is shown in Figure 7. Theoretically, one mg of enzyme is 

adequate for the decarboxylation of 1.95 µmoles of tyrosine in five 

minutes. According to the results shown here, only 46% or 1.15 

µmoles of 14CO2 
2 

were released. It may be that this difference is 

indicative of the amount of apoenzyme which has been activated by 

the coenzyme. 

Trapping Time 

Trapping time was also considered but not tested extensively. 

Other investigators who have tested the effect of varying the trapping 

time in order to evaluate either the trapping agent or the apparatus 

in use have reported that diffusion and absorption of 14CO2 were 

essentially complete by 30 to 60 minutes (69, 95, 109). The results 

of very limited tests, made with apparatus II (Figure 3) and 

ethanolamine- ethanol, are shown in Figure 8. It would appear that 

no appreciable increment occurs after 90 minutes. 
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Figure 7. Relation of time allowed for decarboxylation of 
tyrosine -1 -14C to recovery of 14CO2. 

Conditions of experiment: PALPO level, 100' ng; apoenzyme level, 1 mg; 
substrate level, 2.5 moles; specific activity of tyrosine- 1 -14C, 4 ne /yimole. 
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Temperature 

All these experiments were carried out at 37°C for the reaction 

period. Hamfelt used 30oC for his first experiments (48) and 37°C 

for those reported in 1964 (49). Both Boxer et al. (13) and Wachstein 

et al. (126) used 30oC. Since I have made no study of temperature 

effect, it would seem advisable to do so in the future. 

Order of Adding Reactants 

In the original method (41, 122), apoenzyme and coenzyme were 

mixed in the main flask of the Warburg apparatus and the tyrosine 

was placed in the side arm to be added later. Boxer et al. (13) 

reversed the process, having the cell suspension (apoenzyme) in the 

side arm to be added after the desired temperature had been reached. 

This would indicate that they did not see any necessity for allowing 

an extended period for the apoenzyme and coenzyme to unite. 

Hamfelt (48) used the same order as Umbreit et al. (122), but added 

the tyrosine after a thirty minute equilibration period. 

Both orders of combining substrate and enzyme- coenzyme were 

investigated. The method of choice at a given time depended partly up- 

on the form in which a reactant was added. For example, for some 

experiments, tyrosine was either in suspension or was weighed and trans- 

ferred to the flask with labeled tyrosine and buffer. The apoezzyrne and 
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coenzyme, previously mixed, were added to the closed system by 

means of syringe and needle. This arrangement had two drawbacks. 

First, if different levels of PALPO were to be used, it would neces- 

sitate making several different apoenzyme- coenzyme mixtures. 

Second, the protein nature of the apoenzyme made it difficult to add 

the mixture quantitatively by means of a syringe and needle without 

the formation of bubbles. Later the level of tyrosine was lowered 

to permit the use of a solution rather than of a suspension or of 

crystals. Then the tyrosine and tyrosine -1 -14C were mixed and 

added, by means of a syringe and needle, to the flask containing the 

apoenzyme- coenzyme mixture. This proved to be a satisfactory 

practice. 

Tyramine Inhibition 

I observed a tendency for a standard curve to be linear at 

lower levels but to drop with higher concentrations. Boxer et al. (13) 

reported that a curve flattened out above levels of 4 ng /flask. Since 

I had similar results, I considered the possibility of end -product 

inhibition. It was possible to make only one test, but this gave no 

evidence of depressed values with added tyramine in the level of 

potential 33% decarboxylation. (See Table IV) 
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Table IV. Effect of Added Tyramine on the Decarboxylation of 
Tyrosine 

Reaction Mixture Recovery 

Tyrosine 
Tyramine Enzyme PALPO 

µmoles µmoles µc mg ng 

0 2 0.05 0.5 5 16.5 
18.0 
17.5 
18.3 

1 2 0.05 0.5 5 17.1 

22. 3 

17.2 
19.3 

18.7 

Preparation of Blood Samples 

Boxer et al. (13) used whole blood, either oxalated or frozen 

immediately after drawing, for their analysis. The blood sample 

was hemolyzed with 2 volumes of distilled water and used directly 

for assay. PALPO levels in leukocytes were determined also. 

Wachstein and associates (126) collected blood in sodium versenate- 

treated tubes and assayed either the isolated leukocytes or the plasma 

which had been diluted 1:6 with distilled water. They reported 82% 

recovery of PALPO standard from plasma, but only 68 and 61% 

respectively from whole blood and red cells. Hamfelt reported (48) that 
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decarboxylation was greatly inhibited in diluted whole blood. 

Accordingly, he precipitated the plasma proteins with 50% trichloro- 

acetic acid (TCA), which was subsequently extracted with water - 

saturated ether. 

Although I felt that any work which I was able to do with blood 

samples was in the nature of preliminary survey, I did try diluted 

whole blood, serum, plasma, and deproteinized plasma. These 

tests were not extensive enough to establish the degree of recovery 

but it seemed that the deproteinization method was the most satis- 

factory. The treatment used for the preparation of plasma for the 

assay depicted in Figure 9 is as follows: 

To 5 ml plasma add 0. 5 ml of 55% TCA. Mix gently but 

completely. Centrifuge at full speed for 15 minutes. Decant 

the supernatant fluid. To 1 ml of the solution add 10 ml of 

water- saturated ether, shake to extract TCA, and remove the 

ether layer with suction. Use 100 -200 µl for assay. 

Selected Procedure 

The procedure selected as being most satisfactory for assay 

of blood samples is as follows: 

Transfer to each 25 ml flask (of apparatus III, Figure 3) 500 µl 

of prepared apoenzyme suspension (0.5 mg); 200 µl of PALPO 

standard solution or plasma; 200 41 of 0.1 M sodium acetate 
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(pH 5. 5). Swirl to mix the contents thoroughly; add 1 ml of 

trapping solution (Hyamine hydroxide or ethanolamine - ethanol) 

to the attached counting vial. Close the openings with serum 

stoppers. By means of a hypodermic needle attached to a 

vacuum pump, evacuate to slight negative pressure. Place 

the apparatus in a shaking water bath pre- heated to 37 °C. 

Incubate for 30 minutes to allow the coenzyme and apoenzyme to 

combine. At the end of the incubation period, add in turn to 

each flask, by means of a syringe pipet equipped with a #25 

hypodermic needle, 1 ml of tyrosine- l -14C containing about 

2 µmoles of tyrosine and 5 nc of activity. Incubate with 

shaking exactly 10 minutes. Add 0.3 ml of 6 N H2SO4 to stop 

the reaction. Set in the shaker for 1 hour to trap the released 

14CO2. (Subdued light is used until the reaction has been 

stopped in order to protect the light- labile PALPO). Remove 

the counting vials from the apparatus; add 15 ml of toluene - 

ethanol counting solution. Count in a Tri -Carb Liquid 

Scintillation Spectrometer to 10, 000 counts or more with high 

voltage setting at 4.0 and window setting at 10 -100. After the 

initial count, add internal standard (approximately 4000 dpm), 

and recount to determine the efficiency of the counting process. 
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Calculations 

Calculate the disintegrations per minute (dpm) and the percent 

recovery of the labeled carbon. A sample of calculation will be found 

below, as well as a sample of data from a record book (Table V). 

The gross sample counting rate (cpm) a and c, were obtained 

from the automatic printer attached to the spectrometer. Net 

counts, b and d, were obtained by subtracting the background reading. 

The remaining calculations are made as follows: 

e = net internal standard = d - b 

f = % efficiency - net internal standard (e) 
- dpm for added internal standard 

g = net sample dpm -net sample cpm (b) 

% efficiency (f) 

h = % recovery of 14C =net sample dpm (g.) 

dpm supplied (tyrosine- 14C) 



Table V. Excerpt f rom a Record Book Showing Data and Calculation 

a b c d e f g 
Gross Net Gross Net Net Net 

Sample Sample Sample Sample Sample Internal Sample 
+ + Standard Efficiency* 

Internal Internal 
Standard Standard 

h 

Recovery of 14c** 

cpm cpm cpm cpm cpm dpm 

Bkg 24 

377 a 6759 6735 8929 8905 2170 56. 7% 11878 27.0% 
b 6826 6802 9009 8985 2183 57.0% 11933 27.1% 
c 6969 6945 8929 8905 1960 51.2% 13564 30.8% 
d 7275 7251 9435 9411 2160 56.4% 12856 29.2% 

av. = 28. 5% + 1, 6++ 

*based on the addition of 10 µl toluene 14C containing 3830 dpm 

**based on the original addition of 2 ne tyrosine -1 -14C or 44,000 dpm 
+ +standard deviation 

m 
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CONCLUSION 

The difficulty in securing good replication has been responsible 

for most of the variation in technique during this exploratory period. 

The agreement among replicate samples has been greatly improved 

in the later tests, using apparatus III (Figure 3). It was thought 

that if day -to -day replication proved to be equally satisfactory, it 

would be possible to use a single level of PALPO along with an 

unknown sample in order to validate a day's assay. However, that 

goal has not been reached as yet. 

Figure 10 depicts a standard curve prepared over a period of 

three weeks, one level of PALPO a day. The tendency of a standard 

curve to flatten out by the 5 ng level demonstrates the need for more 

work with lower concentrations of PALPO. Lack of time prevented 

the making of a similar study with levels ranging from 0.5 to 

4 ng /flask, using this same apparatus. 

Because of the exploratory nature of this research, conditions 

of the assays were varied. For that reason it is not possible to 

compare all assays at a given level of PALPO. Assays having com- 

mon conditions have been selected for comparison. In general, 

cumulative results for levels up to 5 ng /flask are approximately 

linear. However, in some instances in which assays at a given level 

of coenzyme were made on a number of different days, there was 
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considerable variation. In considering some of the possible causes 

of this variation, one might assign them to one of two categories. 

The difficulty could be due to some inconsistency in the decarboxyla- 

tion reaction itself, or there could be incomplete trapping of the 

"CO which has been released by the reaction. 

Considering the first possibility, one should keep in mind that 

there are a number of potential reasons for low recoveries, reasons 

inherent in enzyme reactions per se (26, p. 8 -10). However, if the 

temperature, timing, and pH are within optimum range and the 

measurements of reactants are exact, one should be able to obtain 

relatively uniform and satisfactory values. It may be that the 

homogeneity of the enzyme has been overestimated. In that case, 

some unresolved coenzyme could cause enhanced values. On some 

days, blank (no PALPO) values were high, but not high enough to 

account for all the increment in the other samples. Purification of 

the enzyme might increase the uniformity of the results. 

Except on a few isolated occasions, even with an excess of 

PALPO, recoveries of 14CO2 have not approached 100 %. There was 

no evidence that the amount of trapping agent present was insufficient 

to bind all potential CO2 in the reaction system. Therefore, the 

only remaining possibility in this category is that the apparatus is 

less efficient than it should be. Certain improvements are under 

consideration. 



69 

If, however, this inconsistency in results persists, it may be 

necessary to ascertain whether the cause lies in the reaction step or 

in the trapping procedure. If the reaction is at fault, the unreacted 

tyrosine -1 -14C will still be in solution at the end of the trapping 

period. If there has been no problem in the decarboxylation, there 

will be less tyrosine -1 -14C remaining, the actual amount depending 

upon the level of the coenzyme which has been added. It should be 

possible, then, to separate the tyramine and tyrosine by paper 

chromatography according to the procedure of Liamfelt (48). Any 

radioactivity would of necessity be due to the presence of tyrosine- 

1-14C and could be measured by means of a chromatogram scanner 

(133, p. 162). For more precise measurements, the fluorometric 

procedure of Waalkes and Udenfriend (124) could be used to deter- 

mine both tyramine and tyrosine, once these have been separated. 

It might be that a sample of the reaction solution could be measured 

directly in one of the liquid scintillators which are compatible with 

aqueous solutions. Bray's liquid scintillator (15), which was used 

for calibration of the tyrosine -1 -14C (Figure 6), or the solution 

used by Johanssen et al. (67) for direct measurement of labeled 

vitamin B6 components and 4- pyridoxic acid in urine could be tried. 

This latter procedure would be the easiest to carry out, but the 

fluorometric procedure would probably be the most sensitive. 

Doubtless more work needs to be done to establish optimum 
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conditions with the apparatus being used. The first step might be to 

ascertain as nearly as possible the initial velocity of the enzyme 

reaction as discussed earlier. Even though initial velocity can be 

determined more easily with a Warburg apparatus than with those 

described above (Figure 3), the findings from such tests should 

prove helpful in establishing other basic information. 

Certainly when the assay procedure is demonstrated to be 

satisfactory with standard solutions and the limits of reliability have 

been established, the next step will be to proceed with assays of 

blood or plasma. To date it has been shown that the sensitivity of 

the method is such that it is a suitable procedure for these materials. 

In addition, preliminary tests indicated that TCA- deproteinized 

plasma can be assayed satisfactorily, having no inhibitory effect on 

the enzyme. Further work needs to be done on preparation of blood 

samples, including a comparison of this with other methods of 

deproteinization, such as perchloric acid (11) or metaphosphoric 

acid (129). Leukocytes could also be assayed, after preliminary 

treatment with NaOH (13), to provide more information about 

vitamin B6 levels in another blood fraction. 

The possibilities of the application of the procedure, once it 

has been refined, are almost endless. The effect of a load test of 

pyridoxine or other forms of the vitamin; the effect of vitamin B6 

depletion on PALPO levels in plasma or other fractions; the 
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correlation of values obtained by the decarboxylase procedure with 

those obtained by microbiological or other assay methods; and the 

effect of such inhibitors as DOP or INH are only some of the studies 

which might be made. It would be of value to ascertain whether the 

increased values for deproteinized plasma over laked blood or diluted 

plasma reflect some PALPO released from protein binding in addition 

to free PALPO. 

The method itself might be studied further as a possible means 

of measuring pyridoxal upon the addition of ATP to the reaction 

mixture, or of measuring pyridoxamine phosphate (or pyridoxamine) 

after nonenzymatic transamination to pyridoxal phosphate (or 

pyridoxal) (135). 

It is hoped that this introductory work will culminate in a 

usable procedure which may prove helpful in providing additional 

information about the role vitamin B6 plays in human nutrition. 
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