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Although the mechanism of conversion of vitamin B6 to pyridoxal phosphate is not
fully known for any tissue,1 it requires in every case participation of a kinase. Such
kinases must be of almost ubiquitous occurrence and, indeed, have been detected
in brain,2 liver,3 Streptococcus faecalisy' 5 Escherichia coli,6 and yeast6. Despite the
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central role of the ultimate product, pyridoxal phosphate, in amino acid metabolism
only the kinase from yeast has been purified significantly and its properties studied
in reasonable detail.6 During a comparative study of pyridoxal kinases from
different organisms,7 brain tissue was found to be among the richest sources of this
enzyme. This finding was of particular interest because of the intimate relation-
ship of vitamin B6 to brain metabolism as evidenced by the occurrence of con-
vulsive seizures during vitamin B6 deficiency, whether induced by restricted intake
of the vitamin,8-10 by administration of analogues of the vitamin,9' 11 or by
administration of carbonyl reagents such as isonicotinyl hydrazide and related com-
pounds.12' 13
We have now partially purified the brain kinase and examined some of its prop-

erties. Carbonyl reagents proved to be potent inhibitors of the enzyme, which
was maximally activated only by Zn++. Some details of these studies are pre-
sented herein.
Methods.-Pyridoxal phosphate formation was followed by the method of Wada

et al.,14 with slight modifications. This involves calorimetric determination'. of
indole production from tryptophan in the presence of apotryptophanase from E.

TABLE 1
PURIFICATION OF PYRIDOXAL KINASE FROM HUMAN BRAIN
Fraction Specific Activity* Total Activityt

(1) Brain homogenate 1.5 22,100
(2) Supernatant solution from (1) 14. 2t 47,000
(3) Dialyzed fraction of (2) soluble in 40, in-

soluble in 60% (NH4)2SO4 26.7 28,000
(4) Peak cut from DEAE-cellulose column,

dialyzed 250 ...

* Mpmoles of pyridoxal phosphate formed per mg of protein per hr at 370C. The incubation mixture con-
tained 5 X 10-4 M pyridoxal, 5 X 10-4 M ATP, 1 X 1O-5 M Zn++, 0.1 M potassium phosphate buffer at pH 6.5,
and enzyme in 2.5 ml total volume. Incubation was at 370 for 1 hr.

t From 200 gm of cerebral tissue.
* An independent preparation from an autopsy specimen held in the deep freeze for two years prior to fractiona-

tion showed a specific activity of 300 at this point and was used (following dialysis) in some of the experimental
work.

coli and is a considerable simplification over previously used methods. Protein was
determined by the method of Lowry et al.'6 and by optical density measurement at
280 mwu.
The semicarbazone, hydrazone and a-methylphenethylhydrazone of pyridoxal

were synthesized by heating approximately equimolar quantities of pyridoxal
hydrochloride with the appropriate carbonyl reagent in 0.1 M potassium acetate
buffer, pH 4.5, filtering, and washing. The 2,4-dinitrophenylhydrazone was pro-
duced from a similar reaction in ethanolic HC1. All compounds yielded the ex-
pected analysis for C, H, and N.

Pyridoxal kinase was purified as described below. All operations were carried
out at 00C. (1) Cerebral cortex was homogenized in a Tenbroeck apparatus with
three to four volumes of 0.1 M potassium phosphate buffer, pH 6.5, and the sus-
pension centrifuged at 18,500 X gm for 30 minutes. (2) The clear, reddish-
yellow supernatant solution was decanted and brought to 40 per cent saturation
with ammonium sulfate. The mixture was centrifuged at 18,500 X gm for 15
minutes, and the precipitate discarded. (3) To the supernatant solution from
step 2, ammonium sulfate was added to 60 per cent saturation. The precipitate
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formed contains the kinase and was collected by centrifuging for 15 minutes. It
was dissolved in a small volume of distilled water and dialyzed against 0.05 M
potassium phosphate buffer, pH 6.5, to remove ammonium sulfate. (4) The dia-
lyzed solution was again centrifuged. The active yellowish, supernatant solution
was poured over 5 to 20 times its weight (cellulose/protein) of diethylaminoethyl-
cellulose and eluted fractionally in a linear gradient fashion with potassium phos-
phate buffer between 0.05 M, pH 6.5, and 0.2 M, pH 5.5. (5) Fractions containing
kinase activity were pooled. The protein was precipitated at 60 per cent saturation
of ammonium sulfate, collected by centrifugation, dissolved in a small volume of
0.05M potassium phosphate buffer, pH 7.0, and dialyzed against this buffer.

Results.-Purification and properties of the kinase: The purification of enzyme
during the fractionation is
shown in Table 1. Figure 1
shows the elution pattern of 250 i 0
the material over DEAE-cellu- 0 0
lose. The kinase activity of , 0o
brain tissue does not decrease, 0200
and may even increase, on a. 0

storage in the frozen state for Ie \
as long as two years. Con- 150
centrates of the kinase at stage < 00
(3), Table 1, are also quite >-
stable to storage at deep-freeze ' 100
temperatures for long periods H
of time, but more highly puri- 00
fied fractions from the cellu- C50 d

LL Ii 0
lose column are much less 3 !
stable. Unlike crude fractions X
of the pyridoxal kinase of 0 200 400 600 800 1000
liver,7 most of the activity of MILLILITERS OF EFFLUENT
the brain kinase is destroyed by FIG. 1.-Fractionation of pyridoxal kinase from human
heating at 550C for 5 minutes. brain on DEAE-cellulose. One gram of Fraction 3, Table
The relation of pyridoxal 1 (sp. act. 26.7) was applied to five grams of the cellulose

derivative. Assay conditions as in Table 1. Curve 1,
phosphate formation to con- protein; curve 2, specific activity of kinase.
centration of pyridoxal, ade-
nosine triphosphate, and Zn++ is shown in Figure 2. The KM value for pyridoxal
was 10-4 to 10-5 M; the smaller value was obtained with more highly purified
preparations. KM values for ATP and for Zn++ were 5 X 10-5M and 1 X 10 M,
respectively. The pH optimum (Fig. 3) is approximately 6.5 with Zn++ as the
activating metal ion, but is nearer 7.0 and much broader with Mg+ + as the activat-
ing metal ion. At pH 6.5 the activity of the Zn++-activated enzyme is at least
twice that of the Mg++-activated enzyme. Separate trials in which the concentra-
tions of these ions were varied in systems containing optimal amounts of pyridoxal
and ATP confirmed this superiority of Zn++; at no concentration did Mg++ elicit
the same high activities as did Zn++. The KM value for Mg++ (1 X 10-5 M) was
approximately ten times that for Zn++ (1 X 10-6 M). From these and other ex-
periments, near optimal conditions of assay for the kinase were established as those
specified in Table 1.
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FIG. 2.-Relation of pyridoxal phosphate formation to concentration of

pyridoxal, ATP and Zn + + Assay conditions as in Table 1 with appropriate
omission, and 0.2 mg. of kinase (sp. act. 300) per 2.5 ml. Precipitation of zinc
phosphate begins at the point of decline in the activity-concentration curve.

Inhibition of the kinase by carbonyl reagents: The effects of several psychoactive
drugs on activity of the kinase are shown in Figure 4. Chlorpromazine and 1-
(1-phenylcyclohexyl)piperidine did not inhibit but rather stimulated the enzyme
mildly, whereas the converse was observed with iproniazid phosphate. a-Methyl-
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FIG. 3.-Relation of pH
< ++ ~~~~~~~~~~~~~andactivating metal ion to

O 0 M activity of the brain kinase.
a Assay conditions as in Table

1, but with Mg++ (1 X 10 4
M) substituted for Zn ++

a- where indicated. 0.4 mg. of
5.0 5.5 6.0 6.5 7.0 7.5 kinase (sp. act. 150 (calcu-

lated with Zn++ at pH 6.5))
pH per 2.5 ml.
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FIG. 4.-Effects of various psychoactive u)
drugs on the activity of the brain kinase. °fz
Assay conditions as in Table 1, but with os 2- /
pyridoxal varied and 2 X 10-i M drug/
added as indicated below. 0.2 mg. of M
kinase (sp. act. 150) per 2.5 ml. assay tube. <
Curve 1, control; 2, chlorpromazine; 3, a 6
1-( 1-phenylcyclohexyl)piperidine; 4, ipro- C] - 0-d T
nliazid phosphate; 5, 4-(o-(propylthio)- z 0 0.5 .0 1.5 2.0
phenyl-1-piperazine pentanol)ethylcar- >
bamate; 6, ax-methylphenethylhydrazine. L PYRIDOXAL (MOLARITY x 103 )

phenethyihydrazine was an extremely potent inhibitor. The activity of the hydra-
zine-inhibited system was not restored by as much as a tenfold excess of pyridoxal,
ATP or M~g++ (Fig. 5). Substrate removal or binding of essential metal ions wras
not, therefore, responsible for the inactivation.
That the actual inhibitor was the hydrazone, formed between pyridoxal and ax-

0~~ ~~

H:LW

o 2~~~~~~

X- PYRIDOXAL ATP Mg++
MOLARITY OF SOLUTION

FIG. 5.-Effeet of variation in reactant
concentrations on the inhibitory action of
ax-methylphenethylhydrazine. Assay con-
ditions as in Table 1, but with Zn+ re-
placed byMgvi (1a102 M) and pyri-
doxal, ATP, orMgm + varied as indicated.
0.2 mg. kinase (sp. act. 150) per 2.5 ml.
assay tube. Curve 1, control; curve 2,
plus 1 X10az M a-methylphenethylhy-
drazine.
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methylphenethylhydrazine, was shown by tests of the synthetic compound, which
proved slightly more potent as an inhibitor than the parent hydrazine. In the
presence of 5 X 10-4 M pyridoxal, 50 per cent inhibition of pyridoxal phosphate
formation occurred with approximately 3 X 10-6 M hydrazone. The affinity of
the kinase for this inhibitor is thus well over one hundred times that for pyridoxal
itself. The severe and partially competitive nature of this inhibition is seen in
Figure 6.

(050,SC
0

a.
-J

g FIG. 6.-Inhibition of pyridoxal phos-
am|phate formation by low concentrations of
lt pyridoxal x-methylphenethylhydrazone.
>_ Assay conditions as in Table 1, but withC- pyridoxal varied. 0.2 mg. of kinase (sp.

0 0.5 1.0 1.5 2.0 act. 150) per 2.5 ml. assay tube. Curve 1,control; curve 2, plus 9 X 10-7 M hydra-
PYRIDOXAL (MOLAR ITY x 103) zone.

Similar inhibition of the purified kinase was exhibited by two other hydrazones
of pyridoxal tested (Table 2) and also by pyridoxal oxime and pyridoxal semicar-
bazone. Suitable controls showed in all cases that the inhibition was of the kinase,
and not of the tryptophanase system used for assay of pyridoxal phosphate forma-
tion. For example, pyridoxal a-methylphenethylhydrazone at concentrations that
inhibited the kinase completely had no effect on the tryptophanase of E. coli.

Discussion.--The information available on most kinases has led to the tacit as-
sumption that Mg++ is the preferred activator for all such enzymes. This assump-

TABLE 2
COMPARATIVE INHIBITORY POTENCIES OF CERTAIN CARBONYL REAGENTS AND THEIR CONDENSA-

TION PRODUCTS WITH PYRIDOXAL FOR THE PYRIDOXAL KINASE OF HUMAN BRAIN
Concentration at 50%

Compound Tested Inhibition,* M
Isonicotinylhydrazide (isoniazid) 4.8 X 10-6
Semicarbazide 1.5 X 10-5
Pyridoxal semicarbazone 4.0 X 10-7
Pyridoxal hydrazone 5.0 X 10-7
Pyridoxal a-methylphenethylhydrazone 3.0 X 10^
Pyridoxal 2,4-dinitrophenylhydrazone 1.5 X 10-5
Pyridoxal oxime 5.0 X 10-7

* Testing conditions as in Table 1. 0.2 mg of kinase (sp. act. 150) per 2.5 ml assay
tube.
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tion appears to be based principally on extrapolation from a few carefully studied
systems and data indicating that intracellular Mg++ is more plentiful than other
divalent ions. Only infrequently have careful comparisons of the activities of dif-
ferent activating ions been reported; in some of these, indeed, Mn++ has proved as
active as Mg++. For the brain kinase Mg++, though active, is definitely inferior as
an activator to Zn++ under conditions optimal for enzymatic activity. Whether
only one, or both of these ions functions with the kinase in situ is not determined by
these data. Reported concentrations of both zinc" and magnesium'8 in brain tis-
sue are above those required for maximum activation of the kinase in the in vitro
system.

PYRIDOXINE GLUTAMATE
PYRIDOXINEPHSATI

|~Z| IMINOBUTYRTE
It PYRIDOXAL TRANSAMINASEPYRIDOXAL PHOSPHATE

SUCCINIC SEMIALDEHYDE

a.
PYRIDOXAMINEPYRIDOXAMINE PHOSPHATE

YROSINE

INACTIVE PRODUCTS w EPINEPHRINE
Z 111

0-

R'NHNH2 + RCHO. a2 RCH=NNHR' _ RCH2NHNHR'

FIG. 7.-Some interrelationships among pyridoxal kinase, pyridoxal phosphate enzymes, and
monoamine oxidase of importance for assessment of analeptic and convulsive actions of hydrazines
and their derivatives.

Carbonyl reagents are known to inhibit most pyridoxal phosphate enzymes
through formation of a coenzymatically inactive derivative with the cofactor.'9
Many of these reagents are now recognized as stimulants of the central nervous
system ("psychic energizers") which, in sufficient excess, produce epileptiform
seizures that may be alleviated by administration of pyridoxine.3'20 The localiza-
tion of glutamic decarboxylase in brain,2' together with an observed reduction in
levels of y-aminobutyrate following isoniazid treatment' have been interpreted to
mean that both the analeptic and convulsive activities of active carbonyl reagents
may result from interference with production of this inhibitor of neuronal trans-
mission by the glutamic decarboxylase.22 The data presented here indicate strongly
that this decrease in concentration of -y-aminobutyrate results from lowered py-
ridoxal phosphate levels as a consequence of inhibition of the pyridoxal kinase,
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rather than from inhibition of the glutamic decarboxylase per se. A comparison
of the sensitivity of kinase and decarboxylase to the hydrazine derivatives is required
to settle this point ;23 however, the sensitivity of the kinase to isoniazid demon-
strated here is far greater than that of the pyridoxal phosphate enzymes so far
studied. Since pyridoxal kinase phosphorylates each of the three forms of vitamin
B6,24 it is clear that pyridoxal phosphate formation from all forms of the vitamin
will be inhibited by these carbonyl reagents, whichever of the possible alternate
routes to the coenzyme may be followed in vivo (cf. Fig. 7). The sole prerequisite
for such inhibition would be sufficient quantities of free pyridoxal in the tissues to
form the actual inhibitor from the carbonyl reagent. That this is present is
obvious from the increased excretion of vitamin B6 that results from feeding iso-
nicotinylhydrazide25 and semicarbazide.26 In the latter instance, pyridoxal semi-
carbazone was detected in the urine.

Several of the hydrazine derivatives are potent inhibitors of monoamine oxidase,
an action thought to contribute to their analeptic action by preventing rapid re-
moval of the sympathomimetic amines.27 If they inhibit by serving as competi-
tive substrates for the amine oxidase, a possible mechanism for formation of mono-
substituted from disubstituted hydrazines, and hence of potent pyridoxal kinase
inhibitors from compounds such as iproniazid, would be present in vivo (cf. Fig. 7).
A few of the many possible sites at which hydrazines may interfere with known
reactions of importance in brain metabolism are illustrated in Figure 7. The com-
plexities of the possible interactions are such that more detailed speculations con-
cerning their nature is unprofitable at this time.
Summary.-Brain tissue was found to be an unusually rich source of pyridoxal

phosphokinase. A procedure for purification of this enzyme approximately 200-
fold from human brain tissue is described. At its optimum pH of 6.5, the purified
kinase was preferentially activated by Zn++ (KM, 10-6 M) and less effectively by
Mg++ (KM, 10-5 M). Values of KM for pyridoxal and adenosine triphosphate
were 10-5M and 5 X 10-5 M, respectively.
Because of its indirect role in formation of -y-aminobutyrate, the effects of various

tranquilizers and psychic energizers on activity of the kinase were determined.
Chlorpromazine and 1-(1-phenylcyclohexyl)piperidine showed a slight stimulatory
action of uncertain significance; iproniazid inhibited moderately. a-Methylphen-
ethylhydrazine and isoniazid were extremely effective inhibitors of the kinase;
the actual inhibitors were found to be the corresponding hydrazones formed be-
tween these agents and pyridoxal. The hydrazone, oxime, and semicarbazone of
pyridoxal are all similarly potent inhibitors, with affinities for the enzyme well over
one hundred times that of the substrate, pyridoxal. Because of the low concen-
trations at which they exert this effect, it is considered that the physiological effects
of these carbonyl reagents in bacteria and mammals result in part from their ca-
pacity to lower or eliminate production of pyridoxal phosphate by a given tissue.

* This investigation was supported in part by a grant (A-1448) from the U. S. Public Health
Service. We are indebted to Parke, Davis & Co. for certain of the compounds tested.
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INHIBITION OF IODIDE OXIDATION BY THYROXINE AND OTHER
ANTIOXIDANTS

BY S. M. SIEGEL AND P. FROST
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Communicated by J. Holtfreter, August 6, 1959

Among the physicochemical properties exhibited by many bioregulators is their
ability to interact with oxidation-reduction systems. A study of this function
in indole-3-acetic acid,1 serotonin, and other indoles showed them to be highly
efficient antioxidants. The oxidation of iodide to iodine with hydrogen peroxide
was inhibited as well by nonindolic organic compounds such as thyroxine, suggesting
a regulatory role for thyroid hormones in a primary step2 in their own formation.

This paper deals with the antioxidant activities of selected organic substances
and some physical and biological implications of this property.
Methods.-The iodide oxidation system has been employed in two modifications.


