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Inasmuch as pyridoxal phosphate is required as an essential
coeneyme for a large number of enzymes, kinases that participate at some point in the conversion of vitamin Be to this coenzyme should be very widely distributed
(1). Indeed, such
kinases have been detected in brain (2, 3) and liver (4, 5), and
in cells of Streptococcus faecalis (6, 7), Escherichia coli, and yeast
(8). Despite the intrinsic importance of this enzyme, only the
kinase from yeast has been studied in reasonable detail (8).
This lack of study has been due in part to lack of a sufficiently
simple and sensitive assay procedure for pyridoxal phosphate.
Indole production from excess tryptophan by apotryptophanase
as a function of pyridoxal phosphate concentration
was used
for this purpose by Wada et al. (9). This procedure has been
simplified for use in the present study, which describes the
method of assay, distribution,
purification,
and properties of
pyridoxal
kinase from several sources. Application
of this
assay procedure to purification
of the pyridoxal phosphokinase
of human brain has been described briefly (3). An accompanying paper (10) describes the effects of several inhibitory analogues
of vitamin Bg on the kinase.
EXPERIMENTAL

Materials

PROCEDURE

and Methods

Chemicals-Pyridoxal
5-phosphate
(pyridoxal-P)
and pyridoxamine 5-phosphate
(pyridoxamine-P)
were obtained from
Hoffmann-LaRoche,
Inc. and were of the same purity as samples synthesized by standard procedures (11). Pyridoxine
5phosphate (pyridoxine-P),
synthesized by the action of phosphorus oxychloride
on pyridoxine
(12), was a gift of Dr. H.
Wada
Spectrographically
pure metal salts were from Johnson, Matthey and Company, London.
Nucleoside triphosphates
and other chemicals were of the highest purity available from
commercial sources.
Alumina gel CT was prepared according to Willstatter
and
Kraut (13). DEAE-cellulose
(Brown Company) was recycled
through acid and base before use.
Test Organisms and Media-Saccharomyces
carlsbergensis was
obtained as a freshly pressed cake from Pearl Breweries, San
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Antonio, Texas. Lactobacillus casei 7469 (14)) Streptococcus faecalis 8043 (15)) Lactobacillus bulgur&s
7993 (15)) and Lactobacillus delbrueckii D730 (16) were grown in the three slightly different
vitamin Be-free media specified in the references cited, supplemented with minimal amounts of pyridoxal, pyridoxamine,
or
pyridoxamine
phosphate,
respectively.
Cells were harvested
by centrifugation
and washed before use. Neurospora crassa,
wild type, was cultured in modified Fries basal medium (17)
for 3 days at 30”. The mycelia were collected by filtration and
washed.
For preparation of apotryptophanase,
a medium containing 1%
tryptone,
1% yeast extract, 0.5% potassium phosphate, and
0.1% glucose, initial pH 7.0, was inoculated
with 5% of its
volume of a culture of E. coli (Crookes strain) grown in medium
of this same composition.
The culture was shaken at 37” for
20 to 24 hours. The cells were harvested in a refrigerated Sharples centrifuge, washed once with cold water, then resuspended in
a small volume of water, lyophilized,
and stored at -15”.
Preparation
of Apotryptophanase-All
operations
were performed at O-4”. Lyophilized
cells of E. coli, 2 g, were suspended
in 50 ml of 0.02 M potassium phosphate, pH 7.0, and treated for
30 to 60 minutes with a Raytheon 250 watt, 10 kc. magnetostriction apparatus.
Debris was removed by centrifuging
at
18,500 X g for 30 minutes.
The supernatant
liquid was adjusted to pH 4.7 with 1 M acetic acid, and centrifuged at 8,000 X
g for 5 to 10 minutes.
The active precipitate was suspended in
50 ml of water and dialyzed overnight against 5 liters of distilled
This dialyzed preparation
was stored, in convenient
water.
volumes, at -10 to -15”.
Immediately
before use, a tube of
the frozen preparation
was thawed and any precipitated
protein
was resuspended by homogenizing
briefly in a TenBroeck apparatus.
Preparation
of Cell Extracts-For
investigations
of pyridoxal
kinase, cell-free extracts of bacteria were prepared by treatment of 4% cell suspensions in 0.02 M potassium phosphate,
pH 6.0, for 30 to 60 minutes in a Raytheon 10 kc. sonic oscillator. Alternatively,
acetone powders were prepared by standard techniques and then extracted by incubating 3 y. suspensions
in 0.2 M sodium acetate, pH 5.5, for 18 to 24 hours at 37”. Extracts of N. crassa were prepared by grinding the mycelia under
liquid nitrogen in a mortar, and homogenizing
the powder in a
TenBroeck
apparatus with 2 to 3 volumes of 0.1 M potassium
phosphate, pH 7.0.
Extracts from animal tissues were prepared by homogenizing
1
part of tissue with 4 parts of 0.05 to 0.1 M potassium phosphate,
pH 6.5 to 7.0, or for isotonic extracts with 9 parts of 0.25 M
sucrose. Particulate
fractions from cells were obtained by the
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methods of Hogeboom (18) for liver and kidney and of Brody
and Bain (19) for brain.
Protein was determined by the method of Lowry et al. (20)
and by measurement of optical density at 280 rnp.
Modijed Procedure for Determination of Pyridoxal PhosphateThe manometric
procedure of Gunsalus and Razzell (21) as
used by Hurwitz (8) was used in a few of the early experiments.
Subsequently
the method of Wada et al. (9) was simplified as
follows and proved to be much more convenient and equally as
sensitive as the earlier method.
Graded volumes of a standard solution of pyridoxal-P
(to
supply 0 to 1 pg of this cofactor) or of samples to be assayed were
pipetted into separate 50-ml Erlenmeyer flasks and diluted to
1.5 ml. To each flask was then added 5 ml of toluene (22)
followed by 0.4 ml of a solution containing 0.2 ml of 1 M potassium phosphate, pH 8.3, 0.1 ml of 0.1 M GSH, and 0.1 ml of
the dialyzed apotryptophanase
preparation.
The vessels were
stoppered and the contents were incubated for 10 minutes with
moderate shaking in a water bath at 37” to permit association of
apoenzyme and coenzyme.
L-Tryptophan
(0.2 ml of a 0.05 M
solution) was then added to each flask, and the contents were
incubated
for another lo-minute
period with shaking.
The
reaction was stopped by the addition of 0.2 ml of 100% (weight
per volume)
trichloroacetic
acid. The flasks were shaken
vigorously for several seconds to ensure complete extraction of
the indole into the toluene phase. After separation of the phases,
0.5 ml of the upper toluene layer was mixed with 0.5 ml of a
5 % solution of p-dimethylamino-benzaldehyde
in 95 y. ethanol
and 5 ml of HzSOrethanol
reagent (80 ml of concentrated HzSOa
The color was allowed to develop for
per liter of 95% ethanol).
10 minutes at room temperature
before reading the absorbancy
at 540 rnp in a spectrophotometer.
As described here, the
method determines pyridoxal-P in the range 0 to 1 pg; a typical
standard curve is given in Fig. 1. The sensitivity can be substantially
increased or decreased by varying the size of the
aliquot of the toluene extract used for color development.
The
apotryptophanase
preparation
contains no pyridoxal kinase, and
hence can be used directly for assay of pyridoxal-P
formation
in the presence of an excess of pyridoxal and of ATP.
of Pyridoxine-P
and Pyridoxamine-P-These
Determination
compounds were determined as pyridoxal-P
after conversion to
this product by an oxidase from rabbit liver (23). For this
purpose the oxidase was purified through the alumina CT gel
step (23). Samples and standard solutions containing 0 to 10
/*g of pyridoxine-P
or 0 to 5 pg of pyridoxamine-P
were mixed
with 0.4 ml of 0.5 M KHC03 and 0.1 ml (0.5 to 1.0 mg of protein)
of the oxidase solution and diluted to 2.5 ml. After incubation
at 37” for 1 hour, the mixture was heated in a boiling water bath
for 3 minutes to stop enzymatic action, and an aliquot of 1.5
ml was taken for determination
of pyridoxal phosphate.
Conversion to pyridoxal-P
is incomplete
(23), so that a standard
curve was established with each set of samples.
conDetermination of Pyridoxal Phosphokinase Activity-The
ditions of assay required for optimal formation of pyridoxal-P
varied with the origin and to some extent with the degree of
purification
and the amount of the kinase preparation
used.
Near optimal conditions were determined for kinase preparations
from each source and are given with the various figures and tables. However, most assay mixtures contained 0.1 to 0.5 InM
pyridoxal, 0.1 to 0.5 mM ATP, 0.1 mM Mg++ or 0.01 mM Zn++,
50 to 75 mM potassium acetate (pH 4.5 to 5.5) or phosphate
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Cpg)

of pyridoxal
phosphate
concentration
to indole
density
at 540 rnp) in the apotryptophanase
are described in the text.

(pH 5.5 to 7.5) buffer, and kinase preparation
(providing 0.2 to
2.0 mg of protein/2.5
ml of assay mixture).
These reagents
were incubated at 37” in a volume of 2.5 ml for 1 hour. The
reaction was stopped by heating the mixture in a boiling water
bath for 3 minutes.
Pyridoxal-P
was then measured in a suitable aliquot.
The increase in pyridoxal-P
formation
with
amount of enzyme preparation
or with time is not strictly
linear (Fig. 2); for purposes of assay, the protein concentrations
were kept low and the departures from linearity were ignored.
Specific activities of the kinase are expressed as units per mg of
protein where 1 unit is the amount of protein that forms 1 mpmole of pyridoxal-P in 1 hour at 37”.
Fig. 3 gives an example of the variation in pyridoxal-P
production by the kinase of rat liver with variation in concentration of pyridoxal (K, = 3 X 10-S M). Similar data were obtained for each of the substrates and activators at several pH
values to determine optimal conditions for assay of each kinase.
With several kinases, the optimal range of concentrations
of
pyridoxal, ATP, and metal ion were rather narrow.
Concen-
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PROTEIN
phosphate formation
kinase
(A) and of time

tration
of pyridoxal
5 mM nvridoxal.
mixtures
in A contained
potassium
phosphate
buffer,
pd7.5,
and
(specific
activity,
100 with 0.01 mM Zn++
Incubation
was at 37” for 1 hour.
In B,
tained
0.2 rnM pyridoxal,
0.5 mM ATP,
tassium
phosphate,
pH 6.0, and 0.56 mg
aration
used in Part A.

(B).
Incubation
ATP and Ma++:
60 mM
partially
puri&d
knsyme
at pH 6) from rat liver.
incubation
mixtures
con0.2 mM Mg”,
70 mM poof the same kinase prep-
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ecll inclusions, pyridoxal kinase is found in the soluble, supernatant fraction (Table II).
The low apparent value found for
the whole homogenates
contrasts strikingly
with the much
higher value found for the particle-free
soluble portion.
The
particulate
fractions contained materials that effectively mask
the activity of the supernatant
fraction (Table II); such materials were present in each of the particulate
fractions, the
TABLE
Distribution

SUBSTRATE,

M x IO4

PYRIDOXAMINE, ~g/llml

FIG. 3. The relation
of pyridoxal
phosphate
formation
to concentration
of pyridoxal
or ATP.
Incubation
mixtures
contained
0.01 mM Zn++, 615 mM potassium
phosphate,
pH 6.0, 1.58 mg of
crude enzyme
from rat liver
and either
0.5 mM pyridoxal
where
ATP
was varied
or 0.5 mrvr ATP
where
pyridoxal
was varied.
Curve A, pyridoxal;
Curve B, ATP.
FIG. 4. Comparative
effects of concentration
of pyridoxamine
on growth
and pyridoxal
kinase activity
of S. faecalis.
Cultures
were incubated
at 37” for 24 hours and the cell yields determined
turbimetrically.
Cells were
then harvested
by centrifugation,
washed
with
water,
and dried
with
acetone.
Assay
mixtures
contained
0.5 mg of acetone-dried
cells, 0.2 mM pyridoxal,
0.5
mivr ATP,
0.1 mM Mg++,
and 75 mM potassium
acetate
buffer,
pH
5.25.
Specific
activities
in this instance
are in terms of weight
of
acetone-dried
cells rather
than of protein.

trations greatly above the optimum
(considered to be 0.5 to
1.0 x 1O-3 M for the substrates of Fig. 3 and the kinase of rat
liver) were therefore avoided.
Whenever the effects of metal salts, inhibitors, and substrate
analogues

on the

pyridoxal

kinase

were

determined,

appropriate

controls were included to show that the observed effect was not
due to inhibition
of tryptophanase
used for assay of pyridosal-P.
Zn++

salts

mammalian

at concentrations

used

herein

for

activation

of the

kinases had no effect on the assay of pyridoxal-P.
RESULTS

AND

or stability

of individual

kinases,

or differences

in

by

data

of Table

I, are unreal

inasmuch

as yields

of

over 1000% of initial activity may be obtained by partial purification of yeast autolysates.
However, the unusually low value
found
for acetone
powders
of L. delbrueckii is of interest,
because
this organism
requires
pyridoxamine-P
for rapid growth
(16), a
requirement
that
is eliminated
only
by supplying
very
high
Similarly prepared powders of Mycolevels of the free vitamin.
bacterium
tuberculosis show even lower activity.
The kinase
activity
of S. faecalis
varies substantially
with the level of vitamin Bg supplied,
first increasing,
then decreasing
as the amount
of pyridoxamine
added to a vitamin
BG-free
medium
is increased

(Fig. 4). This same partially inducible nature was also found
for the kinase of L. casei.
When mammalian
cells are fractionated
to yield particulate

among

microorganisms

Incubation
mixtures
contained
50 mM acetate
or 75 mM phosphate
buffer,
0.1 mM Mg++,
enzyme,
and ATP and pyridoxal
as
indicated
in the Table.
Conditions of assay
Organism
ATP

PH

Partial1
purifie B
auto1ysate*

/

Pyridoxal

-

1111v

Bacteria
L. bulgaricus
. . . 4.50
L. casei.
5.25
L. delbrueckii..
5.75
M. tuberculosist.
6.50
S. faecalis..
5.25
Fungi
N. crassa..
6.50
S. carlsbergensis.
_.
6.85

-

0.5
1.0
0.5
0.5
0.5

0.2
0.1
0.2
0.2
0.2

0.06
21.2

0.5

0.2

0.03

4.0

4.0

0.02

6
0.10
<0.05
5

1.1

7.3

3.4

7.0

* Three
per cent suspensions
of acetone
powders
in 0.2 M
sodium
acetate,
pH 5.5, were allowed
to autolyze
for 17 to 24
hours at 37’.
Debris
was removed
by centrifugation
and protein
collected
at 40% saturation
of ammonium
sulfate
and dialyzed.
t Kindly
supplied
by Professor
S. S. Elberg
of the Department
of Bacteriology
as a freshly
prepared
acetone
powder
of strain
H37 grown
in Dubos medium
(24) with Taeen
80.
TABLE

the extent to which kinase activity is masked by interfering substances, is not known.
The low values found for crude cell extracts of yeast (8. carlsbergensis), as noted by Hurwitz
(8) and
confirmed

I
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DISCUSSION

Distribution
of Pyridoxal
Phosphokinases-Pyridoxal
kinase
activity was detected in all of the microorganisms
tested, but the
activity of similarly prepared extracts varied enormously from
one organism to another (Table I). Whether such variation
reflects true differences in intracellular
kinase, differences in the
extractability

of pyridoxal

II

Intracellular
localization
phosphokinases
from

of pyridoxal
rat tissues

Incubation
mixtures
contained
0.5 mM pyridoxal
and ATP,
0.01 mM Zn++, 0.07 M potassium
phosphate
buffer,
pH 6.25, and
Homogenates
were pre0.25 ml of the specified
tissue fraction.
pared with 1 .O g of tissue in 9 volumes
of 0.25 M sucrose
(see text).
Particulate
fractions
were resuspended
in 5 ml of the isotonic
sucrose.

I
Cell fraction

Kidney

Liver
Specific
activity

Original
tissue

Specific
activity

* Arbitrary
in homogenate)

0.62
0.68
0.91
0.01
18.6
0.94

~

Specific
activity

zpparent
units/g

apparelzt
units/g
Homogenate.
Nuclei
Mitochondria.
Microsomes.
Supernatant
solution.
Recombined*.

Original
tissue

I

Brain

I

1.00
3.28
2.11
0.02

154
37
20
1
1,360

-

combination
of equal
of each cell fraction.

68.6
2.88
volumes

185
108
36
1
4,380

(not

apparen1
units/g

0.70
1.06
0.64
2.20

84
34
24
18

22.0
3.34

636

ratios

present

July
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TABLE

Distribution
Incubation

III

of pyridoxal phosphokinase
tissue and in bovine brain

conditions

as in Table

ml, or 0.25 ml of an isotonic extract

II.

in rat

Hypotonic
Hypotonic
extract

SOWCe

units/g

Rat tissue
Brain,
whole

Diaphragm ............................
Intestine, large ........................
......................
Intestine,
small.
Kidney
................................
Liver ..................................
Lung ..................................
Muscle,
heart.
.........................
Muscle,leg
............................

Spleen .................................
Bovine

extract,

0.1

served as the enzyme source.

595
73
103
124
982
930
224
117
22
341

Isonic
extract
of tissue

584
67
116
189
900
235
233
74
73
1320

2079

2. From L casei and S. jaecalis.
All operations were carried
out at O-4”. Cells were extracted by sonic rupture as described
earlier (Fraction a, Table V). The suspension was then centrifuged at 25,000 x g for 30 minutes.
To the supernatant solution (Fraction b), 6 volume of a 2% protamine
sulfate solution,
pH 5.5, was added. After stirring for several minutes, the inactive precipitate
was removed by centrifugation
at 18,500 x g
for 15 minutes.
The supernatant
solution (Fraction c) was
brought to 40% saturation by addition of solid ammonium sulfate

over

a l-hour

period.

The

mixture

was

centrifuged

at

18,500 x g for 15 minutes and the precipitate
was discarded.
The supernatant solution was brought to 60% saturation with
ammonium sulfate over a similar period of time.
The active
precipitate
was collected by centrifugation,
dissolved in a few
milliliters of 5 mM potassium phosphate containing 0.1 mM GSH,
and dialyzed against several liters of this solution for several
hours. The solution
was clarified
by centrifugation
before
use
(Fraction d). The procedure achieves a go-fold purification
of

brain

Cerebrum
Hemisphere ........................
Diencephalon. .....................
Mesencephalon....................
Cerebellum
Cortex ............................
Medulla ...........................
Brain stem
Pons ..............................
Medulla oblongata .................

TABLE
1620
1184
1008
1368
235
436
364

mitochondrial
fractions being most effective on the basis of
added protein (data not shown).
Nonetheless, general agreement in kinase values was found for both hypotonic and isotonic extracts of rat tissues; this indicates that interfering substances are largely eliminated
by centrifuging
both types of
extracts (Table III).
Brain, kidney, spleen, and liver are
highest in the kinase; muscular tissues are poor sources. Whole
blood has only a trace of activity, which resides within the leukocytes. In a few comparative
assays on single samples, the
kinase activities of liver from different species fell in the order:
mouse > guinea pig > rat > turkey 2 rabbit 2 man. In
passing from the external gray matter to the internal white
matter of beef brain, the kinase activity of the soluble extract
decreases (Table III).
Similar variations occur in human brain
tissue.’
Vitamin Bg deficiency has little effect on the level of pyridoxal
kinase in rat tissues (Table IV).
The apparent increase in
average level of kinase in brains from deficient animals agrees
with a previous report (26), but the large variations between
animals makes the difference of dubious significance.
Purijication
of Pyridoxal Kinase-1.
From yeast. Application of the procedure of Hurwitz
(8) to autolysates of S. carlsbergensis (specific activity, 0.04) increased their activity as much
as lOOO-fold (specific activity, 40). Much of the apparent enrichment
results from removal of substances that suppress
kinase activity (cf. Table I) ; the final preparations are much less
active than those prepared from other source materials by procedures described below.
1 McCormick,
1 ,
aata.

D. B., Snell,

E. E., and Moon,

H. D., unpublished

Activities

of pyridoxal
normal

IV

phosphokinase
and vitamin

in

livers

and

Bs-deficient

in

brains

of

II;

0.1 ml of

rats

Incubation
hypotonic

conditions
were the
extract
was the enzyme

same as in Table
source.

Nutritional

status and number of animals*

Livert

Braint

/I
units/organ

Normal
controls,
9.
Vitamin
Bc-deficient
Moderate,5...................
Severe,5......................

2220

f

983

548 f

167

2320
1500

f
f

380
636

749 i
706 f

331
286

* We are indebted
to Dr. Marjorie
M. Nelson
of the Department
of Anatomy
and Physiology
for these animals
and for the evaluation of their nutritional
status.
Female
adult
Long-Evans
rats
previously
maintained
on a commercial
stock diet were placed on
a vitamin
Be-free
ration
(25) for 46 (moderate
deficiency)
or 9
weeks
(severe
deficiency);
the control
animals
received
the same
ration
with
supplemental
pyridoxine
for 9 weeks.
Average
weights
were 214,190,
and 175 g for rats of the control,
moderately
deficient,
and severely
deficient
groups,
respectively.
t Mean
values f the standard
deviation
are given.
TABLE

Purification

of pyridoxal
L. casei and

V
phosphokinases

from

S. faecalis

Incubation
mixtures
contained
0.2 mM pyridoxal,
0.5 rnM ATP,
Mg++ (0.1 mM for L. casei; 0.5 mM for S. Jaecalis),
75 mM potassium
acetate,
nH 5.25, and enzyme.
L. casei
Fraction

a. Crude
extract.
b. Centrifuged
extract.
c. Protamine
supernatant
solution.
d. Ammonium
sulfate
precipitate
(4&60’%)

Sp:cific
act1wty

156

S. faecalis

l-otal units*

39,800

81.2t

6,500t

SP+@
actnmy

Total
units’

59.0

2,800

1 216
I

* From
t Step

2 g of lyophilixed
cells.
used only for resolution
of metal,

not

for purification.

3,020

Pyridoxal

2080
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with 5 volumes (buffer to gel) of 0.2 M potassium phosphate,
pH 8.0. The most active eluates were combined (Fraction e)
rat brain,
and contained approximately
one-half of the protein subjected
to the fractionation.
Incubation conditions were those specified in Table II. Liver
preparations
were assayed at pH 6.0; brain preparations
at pH
Fraction e was brought to 40% saturation by the slow addi6.5.
tion, with stirring, of solid ammonium sulfate. The precipitate
was removed by centrifugation
and discarded.
The supernatant
Beef brain
Rat brain
Rat liver
solution was then brought to 55% saturation with ammonium
Fraction*
sulfate.
The active precipitate was collected by centrifugation,
‘ Specific
:Jpecific Ckiginal
higinal
Specific (Iriginal
tissue
a.ctivity
tissue
tissue
Lctibity
arctivity
dissolved in water, and dialyzed for 6 to 15 hours against several
.liters of 0.005 M potassium phosphate, pH 7.5. Precipitated
tote1
tote1 material was discarded, and the remaining solution (Fraction f)
units/g
1Lnits/g
was poured over a column containing a 20-fold excess (cellulose
a. Centrifuged
to protein) of DEAE-cellulose.
The protein was eluted frac17.4
437
18.7
356
extract.
500
5.6
tionally
in a linear gradient established between 0.005 M and
b. Heated extract.
1260
42.6
t
t
0.1 M potassium phosphate buffers, pH 6.8, each 0.02 M with
c. (NH,)2301
40-SOY,
80.1
113
27.1
390
658
respect to glycine.2 Much inactive protein was eluted before and
53.7
d. pH 5.0 treatafter the kinase itself, which was present in the 180- to 270.ml
ment
695
74.3
t
t
fraction of the effluent (total volume 500 ml). Fractions cone. Alumina
gel
taining kinase activity were pooled, and ammonium sulfate was
126
42
71.6
247
407
fractionation..
123
The active protein was collected by
added to 60% saturation.
f. (NHdzSOc
centrifugation,
dissolved
in
a small volume of 5 mM potassium
40-5570
240
32
255
102
272
178
phosphate buffer, pH 7.0, containing 0.1 mrvr GSH, and dialyzed
g. DEAE-celluagainst this buffer to give Fraction g.
750
84
lose...........
750
These procedures readily effected an apparent purification of
* These protocols are from the fractionation
of 36 g (wet weight)
several loo-fold over the activity shown by crude homogenates,
of rat liver, 4.9 g of rat brain, and 250 g of beef cerebral tissue,
and loo-fold or greater over the protein of clarified extracts
respectively.
(Table VI).
By reapplication
of the most active fractions to
t These fractionation
steps were unsuccessful with kinase from
DEAE-cellulose,
kinase preparations
with specific activities of
brain tissue and were omitted.
1000 and greater have occasionally been obtained.
Such preparations still are much less active than most crystalline enzymes
the kinase from X. jaecalis (Table V) ; further purification
was
in terms of product formation per mg of protein and are polynot attempted.
The kinase from L. casei behaves very differdisperse in the analytical ultracentrifuge.
ently from that of S. jaecalis, and was partially destroyed by the
No loss in activity of crude pyridoxal kinase preparations oclast step of this procedure.
curs on several months storage in the frozen state. A homogemammalian
tissues. Of those tried, the general
3. From
nate of rat brain was held at 37” for 24 hours without loss in acprocedure described below effected the most purification
(Table
tivity.
As protective proteins are removed, however, the enzyme
VI).
All operations except those specified were conducted at
becomes more labile.
For example, a preparation
of Fraction c
0 to 4”.
from rat brain showed a 22% decrease in specific activity after
Hypotonic extracts were prepared by homogenizing
1 part of
standing for 1 hour at 37”.
tissue with 4 parts of 0.05 to 0.1 M potassium phosphate buffer,
Propertiesof Pyridoxal
Kinases
pH 6.5 to 7.0 (Table VI), and centrifuging at 25,000 X g for
30 minutes (Fraction a). After addition of pyridoxal (1 MM),
Comparative
Activation
by Zn++ and Mg++-During
assay of
the extract was warmed to 55” with stirring and held at this
purified kinase preparations from yeast, a substantial difference
temperature for 15 minutes.
The mixture was chilled and cenin activity of the same enzyme preparation
was observed with
trifuged at 18,500 X g for 15 minutes; the supernatant constitwo different samples of ATP; the purer sample gave the lower
tuted Fraction b. A substantially
smaller enrichment of the
formation of pyridoxal
phosphate.
Its effectiveness was enenzyme resulted when pyridoxal
was omitted.
The protein
hanced by addition of an inorganic salt mixture.
Appropriate
fraction insoluble between 40 and 60% saturation with ammotests showed Zn++ was the most effective cation (Table VII)
nium sulfate (Fraction c) was obtained and dialyzed as described
CO++,
and was effective even in the presence of excess Mg++,
for the bacterial kinases. The dialyzed solution was adjusted
Mn++, and Ni++ partially replaced Zn++; Fe++ showed no effect,
to pH 5.0 by addition of 1 M acetic acid. The precipitate was
and Cu++ was inhibitory.
For the kinase from a different
discarded; the supernatant is Fraction d.
strain of yeast, Hurwitz
(8) reported the order of activation by
Either Fraction c or d (Table VI) was treated stepwise with
various metal ions to be Co++, Fe++ > Mg++ > Zn++, Ni++.
alumina Cy gel (7.5 mg per ml) in amounts sufficient to adsorb
We have no explanation of the apparently marked differences.
most of the protein within six to eight equal additions.
ApApproximately
this same order of activation
by different
proximately
10 mg of protein were adsorbed by each 7.5 mg of
2 Similar results were obtained in separate experiments with
the gel preparation
used. After each gel addition, the mixture
gradients established between 0.005 M phosphate buffer at pH
was stirred for 15 minutes, centrifuged at 10,000 X g for 5 min7.5 and 0.1 M phosphate buffer at pH 6.5.
utes, and the supernatant fluid subjected to the next gel treat3 We are indebted to Dr. Howard Schachman for the centrifugal
runs.
ment. Protein was eluted from the gel by stirring for 15 minutes
TABLE

Puri$cation

of pyridoxal

VI

phosphokinases
and beef brain

-I

from

rat

liver,

July 1961
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TABLE

Effects

of metal

B.

McCormick,

VII

ions on pyridoxal
from
yeast and liver

phosphokinases

Incubation mixtures contained: for yeast, 2 mM pyridoxal and
ATP, 30 mM potassium phosphate, pH 6.85, 0.8 mM Mg++, 0.5
mg of enzyme, and 0.2 mM added cation; for liver, 0.2 mM
pyridoxal, 0.5 mM ATP, 75 mM potassium phosphate, pH 6.0
(rat) or 6.5 (turkey), 0.39 mg (rat) or 2.5 mg (turkey) of enzyme
protein, and 0.01 mM added cation.
Pyridoxal

phosphate formed by kinase from

Metal ion added
Yeast

Rat liver

Turkey

liver

mpmoles

None*
co++.
cu++
Fe++.
Mg++......................
Mn++.
Ni++
Zn++.......................
Zn++t..

2.0
4.6
0.0
1.9
2.0
3.8
2.8
7.0
5.8

7.7
6.9
6.5
4.4
11.7
11.7
6.9
30.0
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0.6
0.8
1.4
1.0
0.6
6.5

brain (3), and may thus be a general characteristic of the kinase
from mammalian tissues.
In marked contrast to these enzymes, Mg++ is much superior
to Zn++ as an activator for the purified kinases of L. casei and
S. jaecalis (Fig. 7). The kinase from L. casei, in contrast to
all of the other kinases studied, is resolved with respect to activating metal ion only with difficulty.
A requirement for Mg++
could not be demonstrated for this kinase in Fraction c (Table V),
whereas with each of the other kinases metal ion requirement is
demonstrable even in crude extracts.
After ammonium sulfate
treatment,
partial resolution
with respect to metal ion was
apparent (Fig. 7A), but this resolution was accompanied by
major losses in activity.
E$ect
of K+-In
the presence of optimal amounts of Zn++,
an activating effect of K+ (K Me = 1O-3 M) is observed with the
kinase from beef brain (Fig. 8A). The effect is enhanced by
low concentrations
of Naf.
Higher concentrations
of Kf, Na+,
or Li+ inhibit (Fig. 8B). The relation of these ions to action
of pyridoxal kinases from other sources was not determined.
Effect
of pH on Kinase Activity
and Binding
of Substrates
W

* Note that the assay mixture for the yeast enzyme contained
maximally effective concentrations
of Mg++ except where indicated. In the absence of Mg++ no pyridoxal
phosphate was
formed. No Mg++ was added to the assay mixtures for the liver
kinases.
t Mg++ omitted.

0123450246810
CATION
(MOLARITY x IO41
FIG. 7. Comparative effects of Mg++ and Zn++ on the pyridoxa
kinases from L. casei (A) and from S. faecalis (B). Incubation
mixtures contained 0.5 mM pyridoxal and ATP, metal ions as
indicated, 75 mM potassium acetate, pH 5.25, and 0.46 mg of
enzyme.

P

CATION
(M x IO51
PH
FIG. 5. Comparative activation
of pyridoxal kinase from rat
liver by Zn++ and by Mg++. Incubation mixtures contained 0.2
mM pyridoxal, 0.5 mM ATP, metal ion as indicated, 50 mM potassium phosphate, pH 6.0, and 0.98 mg of enzyme.
FIG. 6. The relation of pH to activation of pyridoxal kinase of
rat liver by Zn++ or Mg++. Incubation
mixtures contained 0.2
mM pyridoxal, 0.5 mM ATP, 0.01 mM Zn++, or 0.1 mM Mg++, 75 mM
potassium acetate (pH 5.0 to 5.5) or phosphate (pH 5.5 to 7.5),
and 0.5 mg of enzyme.
cations was found for crude kinase preparations from turkey and
rat livers (Table VII).
Zn++ is markedly superior to Mg++ for
the purified kinase of rat liver over a large range of concentrations of added cation (Fig. 5) and over the entire pH range (Fig.
6). At the pH optimum of 5.75, half-maximum
activity was
reached with concentrations
(Khle) of approximately
10-e and
1O-5 M for Zn++ and Mg++, respectively.
Similar superiority of
Zn+f to Mg++ was found for the kinases of rat and bovine brain,
and has been demonstrated previously for the kinase of human

a-

KCI tO.yM

NaCl

AQ L

Q

KCI

0.4F

lP4C\

\

I

wiCl(0)
I II II
I
0
0.01 0.02 0.03”O.l 0
0.3
0.9
POTASSIUM
ION
ADDED CATION
( MOLARITY)
FIG. 8. Effects of monovalent cations on pyridoxal kinase from
beef brain. In A, the indicated amounts of KC1 or KC1 plus 0.05
M NaCl were present in mixtures which also contained 0.5 mM
pyridoxal, 0.1 mM ATP, 0.01 mM Zn++, 1 mM sodium phosphate at
pH 6.0, and 1.0 mg of enzyme. In B the indicated amounts of
KCl, NaCI, or LiCl were present, together with 0.5 mM pyridoxal
and ATP, 0.01 mM Zn++, 75 mM potassium phosphate, pH 6.5, and
1.12 mg of enzyme.
I

I
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The pH optimum of pyridoxal kinase varies remarkably
with
the source. For the kinase from rat liver the optimum is about
5.7 and is approximately
the same with either Mg++ or Zn++ as
activating cation (Fig. 6). Kinases from L. bulgaricus, L. casei,
X. faecalis, N. crassa, and S. carlsbergensis show optima at pH
4.5, 5.0, 5.2, 6.5, and 6.8, respectively (Fig. 9). It is possible
that the individual
kinases are more closely related than these
values would suggest, for the pH optima vary somewhat with the
means and extent of purification
of the enzyme. For example,
the kinase from L. casei showed a pH optimum at 5.5 when determined with a crude autolysate, of 5.0 after protamine treatment, and of 4.5 after further precipitation
with ammonium
I

I

I

I

I

I

I

I

I

I

65

7.0

7.5

I

5.0

5.5

6.0

6.5

7.0 5.5

6.0

PH
FIG. 9. pH optima of pyridoxal
kinases from L. bulgaricus
(0),
L. casei (a), S. faecalis (a), N. crassa (O), and S. carlsbergensis
(A). These preparations
had specific activities of 0.13, 29.1,
20.0;0.20, and 20.8, respectively, at their pH optima in incubation
mixtures containing
near optimal concentrations
of pyridoxal,
ATP. ME++. and notassium acetate (4.5 to 5.5)I or nhosnhate
L z
(5.5 to 7.0) buffers.FIG.
10. Variation in the apparent pH optimum of the pyridoxal
kinase from beef brain with variation of Zn++ concentration.
Incubation mixtures contained 0.5 mM pyridoxal and ATP, 75 mM
potassium acetate, pH 5.5, or phosphate (pH 6.0 to 7.5), 0.19 mg
of enzvme. and Zn++ at 0.05 mM (C?~-ve 1), 0.01 mM (Curve 2), or
0.002 rim (Curve 3).

2L
5

Rat
I

6

7 5

I

liver
I

6

n

Beef
I

7

I

I

I!

6

brain
I

7

I

I

8

PH
FIG. 11. Effect of pH on the affinities
of various pyridoxal
kinases for substrates-and activators.
Kinases from L. &xi (A),
rat liver fB).
~ ,, and beef brain (C) had snecific activities of 267. 59.
and 100, respectively.
Pyridoxal (C&se 1), Mg++ (0) or Z&
(w) (Curve 2) and ATP (Curve 3) were varied in the presence of
constant concentrations
of other components (5 X 1O-4 M pyridoxal, 5 X 10e4 M ATP, 10-* M Mg++ or 1W6 M Zn++ and enzyme)
to obtain pK, (= -log K,) at each pH value (see text). 5-Deoxypyridoxal (C, Curve 4) was used at a concentration
of 2 X lO+ M
with varying concentrations
of pyridoxal to determine values of
pKr, which are plotted in this instance.
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sulfate.
The optimum of the liver kinase, too, shifted toward
lower values with purification.
An interesting shift in the pH optimum toward more acidic
values is exhibited by both the kinase from beef brain and that
from rat liver as the concentration
of Zn++ is increased to the
optimum (Fig. 10). This finding is analogous to that with Mn++
and Mg++ in the glutamine synthetase and glutamoyl transferase activities of brain (27) and is similar to the effects which
certain inhibitors
exert on the pH curves of enzymes (28).
No such shift was seen when Mg++ replaced Zn++ as the activating ion.
The aflinities of the kinase for ATP, pyridoxal, and activating
metal ion vary independently
with pH. K, values for each of
these were determined at several different pH values from plots
similar to that of Fig. 3; the negative logarithms of these values
(pK,) are plotted against pH in Fig. 11. Affinity for pyridoxal
increases with pH in each case; this is perhaps a reflection of the
increased proportion of free aldehyde (as opposed to hemiacetal)
that appears as the pH is raised (29). Only when pyridoxal is
present in the free aldehyde form is its 5-hydroxymethyl
group
free for phosphorylation,
and hence this form must be the substrate for the kinase reaction.
This interpretation
also is favored
by the constancy in values for pK1 found for 5-deoxypyridoxal,
which cannot form a hemiacetal but in which changes in ionic
state with pH closely resemble those for pyridoxal (29). Affinity
for ATP decreases with increasing pH; the intersection
of the
curves describing pK, values for ATP and for pyridoxal, where
each substrate is bound maximally in the presence of the other,
was found also to be the pH optimum of each of the kinase preparations used. The inflection in the curve for ATP found with
the rat liver kinase may be ascribed to adenylate kinase, which
was shown to be present in the preparation
by the method of
Kornberg
(30) and which functions increasingly at the higher
pH values (31, 32). The increased affinity for metal ion activator observed with increasing pH reflects the well known competition between metal ion and hydrogen ion for binding to
enzyme or substrate.
The aflinity for Zn++ is substantially
higher than that for ATP at the optimal pH; this together with
the unusual acidic pH optima of these phosphokinases lends no
support to the concept that the activating metal functions by
forming a 1: 1 chelate with ATP (33).
Examination
of the individual
reaction rate-concentration
curves obtained in the course of these determinations
revealed
that inhibition by excess reactants was very common, especially
at pH values above the optimum.
Temperature Optima-With
the l-hour assay time used herein,
apparent
temperature
optima for kinase preparations
from
S. faecalis, L. casei, rat liver, and human brain, each assayed
under otherwise optimal conditions, were 63, 55, 55, and 40”,
respectively.
The same preparation
from human brain which
showed an optimum of 40” with Zn+f as activating ion showed
an optimum of 50” when Mg++ was substituted for Zn++. Temperature coefficients of reaction for a 10” increase in temperature
helow the optima were in the expected range of 1.5 to 2.0 for all
preparations.
Substrate SpeciJicities-1. For nucleoside triphosphates.
Hurwitz
(8) reported that neither ADP nor ITP replaced ATP for the
purified kinase of yeast, but did not examine other nucleoside
triphosphates.
For the purified kinase from rat liver, ATP is
the only effective phosphorylating
agent (Table VIII).
ADP
fully replaced ATP for crude preparations but was less effective
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than ATP for purified preparations.
A preparation
fractionated
through the second ammonium sulfate step (Table VI) still contained 6.1 units (30) of adenylate kinase per mg of protein, an
amount sufficient to account for the limited ability of ADP to
replace ATP.
AMP
inhibits
phosphorylation
of pyridoxal
with ATP.
For the
(Kr = 6.0 x 1O-5 M) and is competitive
yeast kinase studied here, GTP was about one-half whereas UTP
and CTP were approximately
one-fourth as effective as ATP.
For the kinase from S. fuecalis these three nucleotides were about
one-tenth as effective as ATP.
Further purification
of these
kinases would be required to establish whether the requirement
for ATP is absolutely specific. It is clear, however, that it is
the preferred phosphorylating
agent in all cases.
2. For vitamin Bg. Hurwitz (8) showed by use of P32-labeled
ATP and separation of the minute amounts of phosphorylated
products formed that the pyridoxal phosphokinase of yeast also
phosphorylated
pyridoxine
and pyridoxamine
but made no
estimates of comparative affinities or rates. By direct estimation
of pyridoxine-P
and of pyridoxamine-P
each of the kinases
studied here was found to phosphorylate
each of the three forms
of vitamin Bs, and under optimal conditions the three products
were formed at approximately
equal rates. The concentrations
of substrates required to permit such phosphorylation,
however,
varied greatly (Table IX).
Pyridoxine
and pyridoxamine
are
effectively phosphorylated
by the yeast kinase at substantially
lower concentrations
than is pyridoxal.
Pyridoxal, however,
is the preferred substrate for all of the kinases except that from
yeast. This preference for pyridoxal as substrate is especially
marked for the kinases from S. fuecalis and L. casei, and may be
related to the fact that neither organism can utilize pyridoxine
as a source of vitamin Bs in growth experiments (34). That
other factors also are involved is shown, however, by the fact
as readily
that X. faecalis (but not L. casei) utilizes pyridoxamine
as pyridoxal (34).
SUMMARY

Sensitive and convenient methods are described for the enzymatic determination
of the phosphorylated
forms of vitamin
Be. Pyridoxal
phosphate
determination
depends upon the
production of indole in the presence of an excess of tryptophan
and apotryptophanase.
Pyridoxine
and pyridoxamine
phosphates are determined as pyridoxal phosphate after enzymatic
oxidation to this compound.
These methods have been used
to determine the distribution
and properties of pyridoxal phosphokinases.
Such kinases were detected in all tissues examined.
Brain, liver, and kidney are highest in this enzyme; muscle
casei)
tissue is low. Among bacteria, very rich (e.g. Lactobacillus
and very poor (e.g. Mycobacterium
tuberculosis) sources of the
kinase are found, and the amount present varies with cultural
conditions.
Such distribution
studies must be interpreted
with
caution because of the variable presence, especially in the particulate fraction of cells, of substances that mask activity of the
kinase.
A generally applicable purification
procedure was developed
that yields kinase preparations
substantially
more active than
previously
described.
Each of the purified phosphokinases
requires a divalent cation for activity.
For the kinases of yeast
and animal tissues Zn++ is a more effective activator than Mg++
and Mn++; for the bacterial kinases examined, Mg++ is superior
to Zn++. K+ also activates at low concentrations.
ATP is the
preferred phosphorylating
agent for all the kinase preparations

TABLE
Nucleoside

triphosphate

VIII

requirement
from
rat

of pyridoxal

phosphokinase

liver

and Mg++,
Incubation
mixtures
contained
0.2 mM pyridoxal
70 mM potassium
phosphate,
pH 6.0, 0.55 mg of purified
kinase,
and nucleotide
triphosphates
as indicated.
Pyridoxal phosphate formed when concen.
tration of added compound is

Compound added

0.2 rnht

ATP..
ITP.
GTP
CTP..
UTP..
None

/

0.5 maf

55.5
0.40
1.21
0.20
1.01
0.00

TABLE
Comparative
different

Conditions

Source of kinase
ATP

0.00

I

Cation

1 .O (Mg++)
1 .O (Mg++)
10.0 (Mg++)
0.10 (Zn++)
0.10 (Zn++)

* Values
are given to the nearest
half unit.
t KI values,
determined
by adding
variable
doxal in the presence
of 2 X lo+ M pyridoxine
All other
values
are direct
K, measurements.
the two procedures
was made with the kinase

Apparent R, values*
Pyridoxal

by the direct

Pyridoxine

Pyridoxamine

M x 104
0.30
0.15
4.0
0.15
0.50

40
15
0.25t
0.25
2.0

50
25
0.15t
1.5
5.0

amounts
of pyrior pyridoxamine.
A comparison
of
of S. faecalis.
Kr
were 1.4 X 10-3 M

values found for pyridoxine and pyridoxamine
and 2.5 X 1OP M, respectively, in good agreement
found

from
Be

in the text under
near
table,
and with
kinase
from 15 to 300 units per

x 104

L. casei..
5.0 5.0
S. faecalis..
5.2 5.0
S. carlsbergensis
6.8 40
Rat liver..
. . 6.0 5.0
Beef brain..
.
6.2 5.0

57.9
0.20
2.83
1.21
5.26
0.00

IX

Assays
were carried
out as described
optimal
conditions
as indicated
in the
preparations
varying
in specific
activity
mg of protein.

pH

1.0 mu

61.1
0.00
0.61
0.20

afinities
of pyridoxal
phosphokinases
sources for the three forms
of vitamin

I

1

with

values

method.

and is required specifically by the most highly purified of these,
that from rat liver. All of the kinases phosphorylate pyridoxal,
pyridoxamine,
and pyridoxine,
but individual
kinases differ
greatly in their affinities for these three compounds.
The yeast
kinase phosphorylates
pyridoxine
and pyridoxamine
more actively than pyridoxal, whereas pyridoxal is the preferred substrate for the other kinases.
The pyridoxal phosphokinases
are unusual in having acidic
pH optima varying from pH 4.5 or lower for the La&bacillus
enzyme to 6.8 for the yeast enzyme. Affinities of the
bulgaricus
kinase for cation, for pyridoxal, and for ATP vary independently
with pH, but are equal for the two substrates at the pH optimum.
With the kinases from liver and from L. casei, pH optima were
observed to shift toward more acidic values as purification
progressed.
The individual
kinases also differ in heat stability
as measured by their “optimal”
temperatures.
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Addendum-McCormick
(35) has described a riboflavin kinase
which appears to be activated by Zn++. This activation proved
to be due primarily to inhibition
by Znt-c of a contaminating
flavin mononucleotide
phosphatase.
No such phosphatase was
found in the purified mammalian
kinase preparations
studied
here.
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