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INTRODUCTION

Harpur and Quastel! observed that glu-
cosamine is phosphorylated on incubation
with brain extracts and adenosine triphospha-
te (ATP), and that glucose acts as a compe-
titive inhibitor. From further study by
Brown? and by Grant and Long?® of this
phosphorylation, using purified yeast hexo-
kinase, it has been concluded that glucose
and glucosamine phosphorylation are cataly-
zed by the same enzyme.

In the course of studies on hexosamine me-
tabolism, it was observed that crude extracts
of liver, and also of beain, catalyze a transfe-
rence of phosphate from ATP to galactosa-
mine. After partial purification of the liver
enzyme, the phosphorylation of galactose
could be clearly detected. The latter process
is difficult to study with crude extracts, but
a small activity had been reported by Ba-
cila 4.

An extract containing an enzyme cataly-
zing the phosphorylation of galactose (ga-
lactokinase) can be obtained from yeast 5-6 and
is more active than that of animal tissues.
I‘he_refore, it was tested with galactosamine
as substrate. Phosphorylation was found to
take place, and the extracts of yeast adapted
to galactose were found to be more active
than those from nonadapted yeast.

EXPERIMENTAL -

Liver Enzyme

An adult rat was fasted for 36-48 hr. The liver

1 This investigation was supported in part by a
research grant (G-3442) from the National Institutes
of Health, U. 8. Public Health Service; and by the
Rogkefeller Foundation.

(about € g.) was washed with ice water and homo-
genized in 2 vol. of 1 9, potassium chloride. The ho-
mogenate was then. centrifuged in the cold for 15-
20 min. at 15,000 r.p.m. The supernatant was filtered
through cotton wool to remove the floating fatty ma-
terial. Half a volume of saturated ammonium sulfate
solution was added, and the mixture was centrifuged

.and filtered as in the previous step. Half a volume

of saturated ammonium sulfate was again added tc
the supernatant, and after centrifugation the preci-
pitate was dissolved in 1.5 ml. of distilled water and
dialyzed for about 2 hr. in the cold. The protein
content of these extracts was about 70-80 mg./ml

Extracts from mnonfasted rats could be used for
measuring galactosamine phosphorylation, but not for
that of galactose because a considerable amount of
reducing substances was liberated during incubation.
After fasting, this blank was greatly reduced or sup-
pressed in some cases.

.

Brain Enzyme

Rat brains were homogenized in 10 vol. of cold
acetone. *After washing with acetone and ether, the
extract was allowed to dry at room temperature. The
dry powder (500 mg.) was homogenized in 8 ml. of
006 M disodium phosphate. After 30 min. in the
cold, the mixture was centrifuged and the precipi-
tate rejected.

Yeast Enzyme

Saccharomyces fragilis was grown in yeast extract-
agar containing 2 95, glucose or lactose. The cells were
harvested after 48 hr. at 30°, washed, extended in 2
mm. layers, and allowed to dry in air. After 3-4 days,
the dry material was extracted at 5° as described by
Neuberg and Lusing (7). The protein content was
then adjusted to about 70 mg./ml.

Substrates

Galactosamine was prepared as described by Le-
vene (8) from hogs’ nasal septa. Adenosine triphos-
phate was obtained according to Needham (9).

Analytical Methods

Galactosamine was estimatod by the method of
Elson and Morgan as described by Blix (10). Other
methods were as follows; Roe (11) for fructose; Fis-
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ke and SubbaRow  (12) for phosphate; Kunitz and
McDonald (18) for protcin; Somogyi (14) and Nel-
son  (15) for reducing sugars. The amount ot sugar

phesphorviated was mcasured by precipitating  the
proteins and  phosphoric esters  with 0.3\ bavium
hyvdroxide and 5 ¢4 zinc sulfate (5, 14). Either 0.2
or 0.4 ml of each solution was used for the test sys-
temas desevibed in Table 1. The difference in free

sugar between the incubated and nonincubated sam-
ples was considered to be due to  phosphorylation.
Blanks without added sugar or ATP were run in
SOME Cases.

\n alternative method  was used in the cxperi-
ment shown in Fig. 8. In this case the formation of
galactosamine esterified was measured instead of the
disappearance of free galactosamine. The phospho-
1ic esters were precipitated with zine sulfate and ba-

vium  hvdroxide, the precipitate was washed, and
then the  galactosamine phosphate was  hydrolyzed
with acid and the  galactosamine was estimated as

usual. This procedure is morve Jaborious than the
other and can only  be applied when the reaction
product is the I-ester, but it has the advantage that
licm be used even with high sugar concentrations.

I'he details were as follows: The reaction mix-
fure was as shown in Fig. 8. .\ blank with no subs-
trates and another without incubations were run at
the swne time. The reaction was stopped by adding
(= ml cach ol zinc sullate and barium hydroxide,
\fter centrifugation, the precipitate was fincly sus-
pended in 0.5 ml. of water and centrifuged. \fter
repeating the washing  three times, the precipitate
was resuspended in 0.2 ml of water plus 0.1 ml, of
o \ sulfuvic acid. The mixture was heated for 15
mm.at 1009 cooled and neutralized with sodium
I:\m'u.\nh-. Then 0.1 ml. each of barium hvdroxide
and zine sulfate was added. After mixing and centri-
fuging, an aliquot of the supernatant was taken for
the analyvsis of hexosamine.

ReEstLas

Phosphorylation by Liver Extracts
‘The  phosphorylation  of  galactosamine
could be regularly observed with crude liver
hemegenates prepared in water or saline so-
lution. The activity ol the supernatants ob-
tained by high-speed centrifugation was still
greater than that ol the whole homogenates.
Alter a few hours at room temperature the
acuvity disappeared completely. At 109 the
crude or purified extracts became inactive
alter 3 4 days. Addition of cysteine did not
allect the activity.

As shown in Table I, the purified extracts
catalyze the phosphorylation of galactose and
galactosamine to an cqual extent and also
that ol [ructose. The action on glucose is
small and decreases with longer times of in-
¢ubation, probably owing to the action of
i-hosphatase. A weak action on glucosamine
wos also detected. Tests for other enzymes
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in these extracts revealed a weak phosphoglu-
comutase and glucose-6- phosphatase, and no
action on galactose l-phosphate, even after
the addition of u3‘idinc diphosphate glucose
(UDPG e,

The pH optimum curves for the phospho-
rylation of galactose and galactosamine ap-
sear in Fig. 1. The galactose curve shows a
sharp peak at pH 7.7, while the galactosa-
mine curve shows a broad maximum at pH
7.7 while the galactosamine curve shows a
bread maximum at pH 7.3. The curve for the
optimum concentration of magnesiun ions
appears in Fig. 2. The curves obtained with
or without fluoride are nearly equal. Maxi-
mal activity was obtained at about 0.01 AJ
concentration.

Crossed Inhibition with the

Liver Enzyme

An experiment on the phosphorylation of
galactose and galactosamine mixtures is shown
in Table II. For comparison, the phosphory-
lation of [ructose, which is known to be ca-
talyzed by a specilic enzyme ™19, was also
studied. Estimations of fructose and galacto-
samine were carried out by the resorcinol and
Elson-Morgan methods, respectively, and tho-
se of galactose by copper reduction and by
dilference in the mixed-sugar tests. Therclo-
re, the results were very accurate.

TABLE 1
Phosphorvlation by Purified Liver Extracts
Incubation at 387° of 0.5 pmole sugar, 2 pmoles
ATP, and 0.1 ml. of 0.1 A disodium phosphate.
Magnesium  and  fluoride ions at 0.01 M and 0.05

M final concentration, respectively; 0.05 ml of puri-
fied liver enzyvme. Total volume, 0.8 ml, pH 7.4.

Per cent of sugar phosphorviated

Time of incubation, min.
Substrate 10 20 40 60 120
Galactose 43 (4 78 81 253
Galactosamine 44 68 83 84 124
Fructose — 45 90 —
Glucose — 29 2 —
« With 0.2 ml of brain extract instead of liver

chzyme.
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The pH was determined aliquots with glass electrode;
; 30 min. at 379.

The results in Table II show that the rates
of phosphorylation of fructose and galactosa-
mine were approximately equal when the
sugars were incubated separately or in mixtu-
res. In the galactose-galdttosamine mixtures,
phosphorylation was clearly slower than in the
single-sugar experiments. The inhibition of
galactosamine phosphorylation by galactose,

T T
éo

Ly

2

x

u Q
40

2

w <

= =

e

by

S % 20

= 3

ST]

O

&

L

e | |

004 002
MOLAk CONCENTRATION OF Mp**
Fic. 2. — The effects of Mg+ concentration on

the liver enzyme: 0.5 pmole galactosamine, 2 umoles
ATP, 0.025 ml. of liver enzyme. Final volume, 0.20 ml.;
80 min. at 379. Lower curve with 0.05 M fluoride;
upper curve: no fluoride.

97

TABLE II

Phosphoryation of Sugar Mixtures by the
Liver Enzyme

Incubation at 37° of 1 pmole sugar, 4 pmoles
ATP, 0.1 ml. of purified enzyme, and 0.1 ml. of 0.1 M
phosphate buffer of pH 7.2. Magnesium and fluoride
ions at 0.01 M and 0.05 M final concentration, res-
pectively. Final volume, 0.45 ml. The test with sugar
mixtures contained 0.5 pmole of each sugar.

Per cent phosphorylation
Sugars by themselves Mixed sugars

Time of incubation, min 15 30 15 30
Galactosamine 42 64 30 62
Fructose 42 62 42 55
Galactosamine 43 72 0 0
Galactose 30 43 20 30

which is very marked, can be observed also in
Fig. 3. Galactosamine phosphorylation was
completely inhibited when the ratio of galac
tosamine to galactose was lower than about 4.
On increasing the radio to about 8, some
galactosamine was phosphorylated, but the
inhibition was still about 80 9.

I 1 1

Q 06 ~
=
<
P NO GALACTOSE
g =
3 oaf
3
1 -4
Q
W
t —
s oz
b
%
SR WITH GALACTOSE A
)
3 E
Eh © @ !

= 10 20 30

/.NO[[5 GALACTOSAMINE

Fic. 3. — Galactosamine concentration curve and

the inhibition by galactose 0.25 umole galactose, 0.25-

40 umoles galactosamine, 2 pmoles ATP 005 ml of

liver enzyme Mg€l, und NaF in 0.01 M and 005 M

respectively, final concentration; 30 min. at 379. To-
tal volume, 0.3 ml

Phosphorilation by Extracts
from Other Organs

The action of brain extracts on both ga-
lactosamine and galactose was found to be
weak but reproducible, especially in the case
of galactosamine. The effect on galactose was
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only detected in tests carried out at a pH
7.7. The results shown in Table I were ob-
tained with an extract of brain dried with
acetone. With homogenates the resuls were
irregular. No activity on galactosamine could
be detected with extracts of kidney or intesti-
nal mucosa.

Phosphorylation with Yeast Exsracts

Extracts of brewer’s yeast whick do not ca-
talyze galactose phosphorylation at a detecta-
ble rate, were found to be devoid of action on
galactosamine, whereas extracts of S. fragilis,
which contain galactokinase were found to ca-
talyze also galactosamine phosphorylation. An
experiment was carried out in which extracts
prepared from. S. fragilis grown in glucose or
in lactose were compared in respect to their
kinase activity. These results are shown in
Table III. Galactokinase activity was nearly
20-fold greater in the extract from the lac-
tose-grown cells, as compared with that ob-
tained from cells grown on glucose. The acti-
vity on galactosamine was also greater in ex-
tracts from lactose-grown cells. Accurate values
for the ratio of activity on galactose and ga-
lactosamine in the two types of extracts could
not be obtained owing to the low activity.in
the extract from glucose grown cells.

The Reaction Product

Preliminary information on the type of ester
formed was obtained from an experiment in
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which the reaction mixture was deproteini-
zed whit trichloroacetic acid instead of zinc
sulfate-barium hydroxide. The former rea-
gent does no precipitate phosphoric esters as
does the latter. Therefore, if the reducing
group of the reaction products were blocked,
the same decrease in amino sugar should be
obtained with both procedures. This was
found to be the case. Moreover, as shown in
Table IV, after acid hydrolysis of the trichlo-
roacetic acid filtrate, most of the amino sugar
was set free.

TABLE IV

Acid Hydrolysis of the Final Reaction Mixture
v
Incubation at 37° for 80 min. of 2 umoles galac-
tosamine, 10 pmoles ATP, 0.05 ml. of 0.9 M sodium
fluoride, 0.08 ml. of 0.1 M magnesium chloride, and
0.2 ml. of purified liver enzyme. Final volume, 0,7 ml.
Deproteinization with 20 %, trichloroacetic acid fol-
lowed by estimation of galactosamine before and after
hydrolysis with 1 N hydrochloric acid at 100° for
15 min.

Time of Galactosamine  percentage
incubation No hydrolysis Hydrolized
min, o Yo
0 100 95
30 28 88

Nearly pure preparations of the reaction
product were obtained from larger-scale ex-
periments in which the sugar esters were pu-
rified by precipitation of the barium salts with
ethanol and by removal of adenosine phos-
phates with mercuric nitrate. The procedure
was essentially as described by Brown 2. The

TABLE III

Phosphm*ylation with Extracts of Saccharomyces
fragilis

Incubation at 37° of 0.5 uymole sugar. 2 pmole ATP,
of S. fragilis grown on lactose or on glucose. Final
same concentration of protein.

Mg++ at 001 M final concentration, and gxtracted
volume, 0.15 ml. Both enzyme solutions contained the

Times of incubation,

Sugar in i
growth Enzyme Amount min. e
medium dilution of enzyme Substrate 10 20 30 Activity *
Micromoles of sugar
ml. phosphorylated

Lactose None 0.01 Galactosamine 0.035 0.09 0.22 0.75
Lactose 1/50 0.03 Galactose 0.32 0.39 0.46 53
Lactose 1 /500 0.05 Glucose 0.25 0.31 0.5 250
Glucose None 0.01 Galactosamine 0.045 0.045 0.06 0.2
Glucose 1/50 0.03 Galactose 0.035 0.035 90.05 2.8
Glucose 1/500 0.05 Glucose 0.35 0.5 0.5 350

* Expressed

in micromoles phosphorylated /min./ml.

of undiluted enzyme solution.
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Fig. 4. — Hydrolysis curve of the galactosamine es-
ter. Liberation of phosphate after heating at 100° in
acid. GAMP: galactosamine ester. GAP: galactose 1-
phosphate.

product thus obtained from galactosamine
using the liver enzyme contained no inorga-
nic phosphate and gave no Elson-Morgan reac-
tion. After hydrolysis in 1 N acid at 1009 for
15 min., equal amounts of phosphate and
amino sugar were set free.

The product obtained from galactose using
the liver enzyme was nonreducing and gave
by acid hydrelysis equal _amounts of phospha-
te and reducing sugar. Thus it appears to be
galactose 1-phosphate.

Products with the same properties were ob-
tained using extracts of S. fragilis. Since smal-
ler amounts of enzyme were required, less
extraneous material was introduced, and the
products were purer. The acid hydrolysis curve
of the galactosamine ester is shown in Fig. 4.
The same results were obtained by estimating
phosphate or galactosamine.

The hydrolysis of the galactosamine ester
is much slower than that of the galactose ester
Even in 1 N acid it does not reach the rate
cbtained with galactose phosphate in 0.1 N
acid.

DiscussioN

The problem of whether galactosamine
phosphorylation is brought about by galac-
tokinase or by a specific enzyme cannot be
answered with certainty, although the evi-
dence is in favor of a single enzyme. With the
liver enzyme there is crossed inhibition, the
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relative activities are approximately equal in
different samples of liver, and both activities
disappear on storage at about the same rate.
.Moreover, the phosphate group appears to be
introduced in the 1-position in both cases. The
pH-optimum curves are different, but this does
not prove that two enzymes are involved.
With the liver enzyme both activities are ap-
proximately equal at pH 7.5, whereas with
the S. fragilis enzyme, the activity on galac-
tose is higher than on galactosamine.

In S. fragilis the galactosamine activity in-
creases during growth on a galactose-contain-
ing medium (lactose), but even this is no
proof for a single enzyme, since in other or-
ganisms it has been found that substances dif-
ferent from the substrate may induce the for-
mation of the enzyme 2,

If it is accepted that galactosamine phos-
phorylation is catalyzed by galactokinase, the
results would be of interest because the mea-
surement of galactosamine phosphorylation
would give an estimate of galactokinase acti-
vity. This estimate cannot be obtained with
galactose in crude liver extracts awing to the
interference by other reducing substances.
Since there is no such interference when using
galactosamine, it would be possible to com-
pare the galactokinase activity of liver sam-
ples in cases where galactose metabolim is
impaired, such as in galactosemia.

A point of interest in relation to galacto-
samine l-phosphate is its resistance to acid
hydrolysis. Such a resistance has been observ-
ed in glucosaminides [see Ref. (21) for a
discussion of this].

SUMMARY

The transfer of phosphate from adenosine
triphosphate to galactosamine was found to
be catalyzed by a liver enzyme. On the basis
of the parallel distribution and from crossed
inhibition experiments it is suggested that en-
zyme may be galactokinase.

The optimum conditions for activity and
a method for partial purification are des-
cribed.

Phosphorylation of galactosamine and of
galactose was also found to be catalyzed by
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extracts from brain tissue and from a lactose
yeast (Saccharomyces fragilis) . Extracts from
cells of the latter grown lactose, which cells
contain more galactokinase, were found to
have higher activity on galactosamine.
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