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After the isolation of uridine-diphosphate- lyze the transformation of this substance into
glucose (UDPG)?, a very similar compound acetylglucosamine-6-phosphate, but no such
(UDPG) containing acetylglucosamine. in- -activity could be detected in rabbit muscle
stead of glucose was found in yeast2 Consi- extracts. The interconversion of the acetylglu-
dering the structural similarity of the two cosamine phosphates is acelerated by gluco-
compounds and the coenzymic function of se-1,6-diphosphate, a fact which bears a resem-
UDPG in the transformation of galactose-I- blance to its action on the mannose ? fmd on
phosphate into glucose-1-phosphate, it has the ribose-ph(?sphates 4, Further studies de-
been considered that UDPG might be invol- signed to decide whether the phos_phogluco-
ved in the metabolism of hexosamine pho- mutase and phosphoacetylglucosammemutase'
sphates. Part of the plan of investigation con- actions are due to one or two €nzymes, and
sisted in a search for enzymes in some orga- to clarify the mechanism of the stimulation
nism with a high hexosamine metabolism. by glucosediphosphate are being carried out.
Since molds should synthesize large amounts
of glucosamine in order to build their cell
walls, which contain chitin, experiments have
been carried out with Neurospora crassa.
While no information on a coenzymic func-
tion of UDPG has been obtained several en-
zymes have been found. Besides a chitinase,
the Neurospora extracts were found to con-
tain the enzymes required for the following
sequence of reactions:

The synthesis of glucosamine-6-phosphate
can also be brought about by a mechanism
different from reaction a. Thus HARPUR AND
QuasTELS discovered that glucosamine is pho-
sphorylated by ATP in the presence of brain
extracts, and from further studies by BRown &
and GRANT AND Lonc 7, it has been conclu-
ded that the phosphorylation is catalysed by
hexokinase and that the reaction product is

glutamine

¥
Hexose-6-phosphate ——— glucosamine-6-phosphate

a
ace'ty] glucose-1,6-
diphosphate
&

——— acetylglucosamine-6-phosphate ——=> acetylglucosamine-1-phosphate
b (2

Reaction a and some preliminary studies glucosamine-6-phosphate. It is difficult to
on reaction b will be dealt with in this pa- decide whether this synthesis is a Ypi}y‘si,ol'ogi-
per. As to reaction c, it has been detected by  cal process or simply an unspecific effect:
using synthetic acetylglucosamine-1-phospha-
te. Neurospora extracts were found to cata- Similar events have been found to occur

with galactosamine. Liver and yeast extracts

* This investigation was supported in part by a  containing galactokinase were found to pho-
rescarch grant (G-3442) from the National Institu- horvl lactosamine to a product which
tes of Health, Public Health Service and by the Roc- SP yraE gl AL P

kefeller Foundation. appears to be galactosamine-1-phospate®. In
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" this case, as with glucosamine, the correspon-

ding hexose inhibits the phosphorylation of
the hexosamine.

The formation of glucosamine by a pro-
cess such as reaction a would expl':iin the re-
sults of TopPER AND LiPTON ?, who found that
in Streptococcus the glucosamine formed from
glucose-1-“C  contained nearly all - the label
in the 1-position.

METHODS

Analytical. The following methods were used:
BLix10 for glucosamine. KuNITZ AND MCDONALD 311
for protein. Glutamate was estimated with ninhydrin
after paper chromatography with phenol 2. Amide
nitrogen by estimation of the ammonia liberated after
heating eleven minutes at 100° in 1N acid 1. Am-
monia by distillation in Conway units 14 and nessle-
rization,

For the estimation of acetylglucosamine the me-
thod of Morcan anp Eison 156 was slightly modified
in order to make it less sensitive to buffers and to
reduce the time needed for colour development. The
p-dimethylamino benzaldehyde (DAB) reagent was
prepared by adding 0.5 g of DAB to 10 ml of con-
centrated HCI and completing to 100 ml with glacial
acetic acid. The analytical procedure was as follows:
the neutralyzed unknowns and standards containing
0.1-0.5 pmoles of acetyl glucosamine were taken to 0.5
ml with water. After adding 0.1 ml of 1M sodium
carbonate the tubes were heated 5 minutes in a boil-
ing water bath. After cooling 2.5 ml of the.DAB
reagent were added and mixed immediately with a
suitably glass rod. The optical density at 544 mp
was measured after 3 to 5 minutes with a Beckman
spectrophotometer. The colour increases during 2
minutes and begins to decrease slowly after 3 minu-
tes. If the time elapsing between the addition of the
DAB reagent and the colorimetric reading is equal in
all the samples a good proportionality between con-
centration of acetylglucosamine and optical density
is obtained.

Preparation of the enzyme. A wild type Neurospora
crassa E-5297a was grown for three days on “mini-
mal medium” 16 at 30° under forced aeration. The
mycelium was separated by filtration, washed with
water, lyophylized and stored over calcium chloride
in an evacuated dessiccator at 5°. Extraction of the
dried mycelium was effected by homogenizing 0.8 g in
16 ml of water at 09, followed by centrifugation. The
supernatant containing about 40 mg of protein per
ml is referred to as crude extract.

Partial purification was carried out as follows: 6.5
ml of acetone were added to 13 ml of the crude ex-
tract at 0°. The inactive precipitate was centrifuged
off at 0°. To the supernatant 3.9 ml of acetone were
added. The precipitate was separated by centrifuga-
tion, washed three times with acetone and dried in
an evacuated desiccator. The yield was about 60 mg
of a white powder.

The formation of “glucosamine” was found to be
greater in the presence of 8-hydroxyquinoline, and
this fact was attributed to protection of the enzyme
from metal inactivation. Therefore, 8-hydroxyquino-

line was added to the acetone used in the purifica-
tion (about 10 mg 9,) and the buffer (pH 6.5) used
for dissolving the enzyme was saturated with 8-hy-
droxyquinoline.

The enzyme in ‘solution was found to lose activity
in a few hours at 59 and in a few days at —10°.

The ratio: pmoles of glucosamine formed/mg pro-
tein per hour, was about 0.04 for the crude enzyme
and usually about 0.8 for the acetone fractionated
enzyme.

Acetylation experiments. The enzyme preparation
used was a crude extract which had been dialyzed
about two hours against running water. The enzyme
system was similar to that used by KAPLAN AND Lip-
MANN 17, The CoA solution was an aqueous extmact
of rat liver. In every case controls in which the reac-
tion was stopped at time = o were run simultaneous-
ly. The reaction was stopped by immersing the tubes
in boiling water followed by centrifugation.

Acetylglucosamine was estimated in the superna-
tant as described above. In some cases the phospho-
ric esters were precipitated by adding 0.3 ml of 5 ¢,
zinc sulphate and 0.3 N barium hydroxide until the
suspension gave a rose colour with phenolphthalein.

The formation of “glucosamine”. Incuba-
tion of hexose-6-phosphate with glutamine
and the enzyme gave rise to an increase in
the glutamine content. As shown in Fig. 1,
hardly any increase took place when gluta-
mine or hexose-6-phosphate were omitted.
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Fic. 1. — The formation of glucosamine. Incubation

at 30° of 1 mg of purified enzyme and 0.05 ml of

trishydroxymethylaminoethane acetate buffer of pH
6.4 with substrates. Total volume, 0.2 ml.

‘Curve 1, o ymoles of hexose-6-phosphate

+ 2 pmoles of glutamine

Curve 2, 2 pmoles of hexose-6-phosphate
-+ o pmoles of glutamine

Curve 3, 1 umoles of hexose-6-phosphate
+ 5 umoles of glutamine

Curve 4, 4 umoles of hexose-G-phosphate
2 umoles of glutamine

Curve 5, 4 umoles of hexose-6-phosphate
+ 5 wmoles of glutamine
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The results of an analysis of the chemical
changes occurring during the reaction appear
in Table 1. The increase in “glucosamine”
was approximately equal to the decrease in
amide nitrogen of glutamine and to the in-
crease in glutamate, There occurred also a
small increase in ammonia in the complete
system as well as in the controls without glu-
tamine.

An experiment carried out at different tem-
peratures appears in Table II. At 37° gluco-
samine formation was faster than at 309 in
the beginning, but slower afterwards.

In many experiments it was observed that
the enzyme solutions became rapidly inacti-
vated at room temperature. On the other
hand, in the experiments of Fig. I the enzy-
me in the presence of the substrates was still
active after 3 hours at 30°. An experiment
was therefore carried out in order to ascer-
tain which of the substrates exerted a stabili-
zing action. Samples of the enzyme were pre-
incubated 30 minutes at 30 with or without
substrate, and then the enzyme system was
completed.

The glucosamine formed in one hour was
as follows (the amount formed during prein-

cubation ‘was subtracted) :

Preincubated without substrate 0.50
Preincubated with glutamine 0.76
Preincubated with hexose-6-phosphate 0.70
No preincubation 0.80

Thus both substrates, and specially gluta-
mine, exerted a considerable stabilizing action.

Specificity. Glucose-6-phosphate could be
replaced by fructose-6-phosphate, but not by
any of the following substances: maltose, glu-
cose, mannose, fructose, fructose-1,6-dipho-
sphate, glucose-1,6-diphosphate, o-galactose-1-
phosphate, fructose-1-phosphate,  glucose-2-
phosphate, xylose-5-phosphate, dihydroxya-
cetone or glyceraldehyde.

The enzyme preparation was found to con-
tain considerable amounts of the enzyme
which catalyzes the interconversion of fruc-
tose-6-phosphate into  glucose-6-phosphate.
The activity of this isomerase was estimated
by measuring the disappearance of fructose
phosphate with RoE’s ¥ method. It was found
that under the conditions used for measuring
glucosamine formation the equilibrium va-
lues for the glucose-fructose esters was atta-
ined in about 5 minutes. Therefore, it has not
been possible to decide whether the reactant:

TABLE I

Balance experiment

The aliquots of the complete system taken for analysis contained:

mine,

1,3 pmoles of gluta-

1.3 pmoles of glucose-6-phosphate and 0.6 mg of purified enzyme and citrate buffer.

pH 6.4. Total volume, 0.1 ml. Incubated 3 hours =t 309.

A “'if:::::m' A amide A NH, A glutamate
Complete system 0.42 —0.39 0.17 0.36
No glutamine 0.03 —0.07 0.14 0.08
No hexose-6-phosphate 0.03 —0.04 022 0.10
TABLE 11

Formation of “glucosamine” at different temperatures
Complete system as in Table I. Results in gmoles.

Time of incubation (minwdes)
Temperature 30 60 120 180
249 0.08 0.20 — 0.46
300 0.13 024 0.40 0.52
370 0.16 0.20 0.34 0.40
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is glucose-6-phosphate or fructose-6-phos-
phate.

- “Glucosamine” was formed when glucose-1-
phosphate was used instead of hexose-6 phos-
phate with the crude enzyme, but not with
the purified preparations. Under the condi-
tions of the test and with the purified enzy-
me the phosphoglucomutase activity was very
weak.

The substances which were tested with ne-
gative results as possible substitutes for gluta-
mine were the following: asparagine, gluta-
mic and aspartic acids, arginine, putrescine,
urea, ammonium acetate, alanine, glycine,
butyramide, serine, cysteine, lysine, ornithi-
ne, valine, leucine and citrulline, Pairs such
as ammonium salts with ATP, asparagine
and glutamate, etc., also gave negative results.

pH optimum. As shown in Fig. 2, the re-
action has a sharp pH optimum at pH 6.4-6.8.

Study of the “glucosamine” ester. 100 pmo-
les each of glutamine and hexosemonopho-
sphate plus 50 mg of enzyme in 10 ml of 0.025
M tris-acetate buffler (pH 6.4) were incu-
bated 8 hours at 309. The proteins were re-
moved by heat coagulation. Barium acegate
was added to the clear liquid and the pH
was adjusted to 8. The mixture was centri-
fuged and the precipitate was washed twice
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Fic. 2. — pH optimum curve. System composed of

© pmoles each of hexose-6-phosphate plus 1 mg of

enzyme and 0.1 ml of 0.1 M phosphate or trishydro-

xymethylaminoethane acetate buffers. Incubated 2

hours at 30°. The pH was determined on aliquots
with a glass electrode.
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with 1 ml of water. Tkree volumes of etha-
nol were added to the pooled supernatants.
The precipitate was redissolved in 10 ml of
water, a small pregipitate centrifuged off and
three volumes of ethanol were again added.
The precipitate was then dried with ethanol
and ether. Yield, 20 mg. These were dissol-
ved in 2 ml of water, The solution contained
41 pmoles of total phosphate, 36 wmoles of
reducing substance calculated as glucose, and
5.5 umoles of “glucosamine”. Direct papecr
chromatography of this ester mixture in dif-
ferent solvents gave irregular results, so that
it was decided to remove the phosphate group.

0.5 ml of the above solution was made
0.01 M in respect to Mg+2, and 10 mg of a
kidney phosphatase preparation and a drop
of toluene were added. After 16 hours at 379,
about 70 9, of the phosphate was hydrolysed.
The mixture was then deproteinized with
trichloroacetic acid, washed with ether and
used for paper chromatography. A sample of
glucosamine-6-phosphate was run simulta-
neously. One of the solvents used was a mix-
ture of ethyl acetate-pyridine-ammonia ? with
which it is possible to separate glucosamine
from galactosamine. The other solvent was
phenol-water 1 with ammonia. Phenol with-
out ammonia was used with paper which
had been immersed in 0.1 M zinc sulphate
and dried in air. This procedure was based
on a previous observation which disclosed
that zinc ions greatly retard the migration
of hexosamines but only have a small influen-
ce on others sugars. It was also observed that
with an alkaline solvent there was no retar-
dation by zinc ions.

The results of the chromatography are
shown in Table III. The ex-ester sugar mix-
ture gave spots which migrated like glucose
and glucosamine. The' position of the sub-
stances was revealed with the aniline phtha-
late reagent ?°, and that of hexosamines was
checked with the modified Erson AND MOR-
GAN reagent 12, Besides glucose and glucosa-
mine, the ex-ester mixture contained smiall .
amounts of another hexose which migrated
like mannose. In some cases a very faint spot
with the R-glucose value of fructose was ob-
served. The presence of these sugars is not
surprising since the sample of hexose-6-pho-
sphate used was obtained by the action of
yeast enzymes.
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TABLE II1

Paper chromatography of the ‘“glucosamine” ester after treatment with phosphatase

4 Ethyl acetate- Rglucose Phenol-SO Z

pyridine-NH, Phenol-NH, treated paper
Ex-“glucosamine” ester 0.99, 062, 1.39 1.0, 1.73, 1.54 1.01, 0.13, 1.19
Ex-glucosamine-6-phosphate * 0.61 1.69 0.14
Glucosamine 061 1.69 0.14
Galactosamine 0.36 1.87 0.15
Fructose 1.42 1.47 1.45
Mannose 1.35 1.47 1.15

* Prepared from glucosamine with ATP and hexokinase 6.

Acetylation. As shown in Table IV, Neuro-
spora extracts, when suitably supplemented
are able to bring about the acetylation of
glucosamine. These extracts are also able to
catalyze the phosphorylation of glucosamine
(Table V) and contain phosphatase. The
result of the action of this-sét of enzymes is
that starting with free glucosamine or with
glucosamine-6-phosphate, the reaction pro-

ducts are similar. Most of the acetylglucosa-
mine appears free and a part precipitates with
zinc suplphate-barium hydroxide as would
acetylglucosamine phosphate (Table VIy. If
acetylglucosamine phosphate was formed, it
could not have arisen by phosphorylation
of acetylglucosamine, since this process is not
catalyzed by the extracts (Table V). There-
fore, it seems logical to conclude that gluco-

TABLE 1V

-yt

Complete system: 2 umoles of glucosamine,

The acetylation of glucosamine

4 pmoles of ATP, 0.065 ml of 1 M sodium

acetate, 0.05 ml of 0.1 M cysteine, 0.05 ml of 0.2 M sodium citrate of pH 7, 0.1 ml of CoA
solution, 0.05 ml of 0.1 M magnesium chloride and 0.2 ml of crude dialyzed enzyme. Final
volume, 0.7 ml. Incubation 2 hours at 37°.

11 moles of acetylglucosamine formed

Complete system
No glucosamine
No CoA

No ATP

No Mg+ +

0.38

0.025
0.075
0.025
0.070

TABLE V
The phosphorylation of glucosamine

Complete system as in Table III, but without CoA. The difference in glucosamine or
acetylglucosamine content between samples incubated with and without ATP was considered
to be due to phosphorylation. The cstimations were carried out after precipitation of pro-

teins and phosphoric esters with zinc sulphate and barium hydroxide.

u moles f substrate phosphorylated

Substraie
No Mg + 4 With Mg + +
Glucosamine 0.8 1.80
Acetylglucosamine 0 0
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TABLE, VI

The acctylation of glucosamnine phosphate

Complete system as in ‘Table JIT. The acetylglucosamine content ol the supernatants
after zinc sulphate-barium hydroxide precipitation was considered as free acetvlglucosamine.,

Glusosamine 30 (.26 0.18
60 0.40 0.28
120 0.38 0.25
Glucosamine-G-phosphate 120 0.60 0.49

TABLE VII

The acelylation of the “glucosamine” esier

The “glucosamine” cster was obtained by incubation during 3 hours at 300 of 2 gmoles
cach ol glutamine and hexose-6-phosphate with the purified enzyme. The controls contained

the same substances plus glucosamine (0.5 pmoles) or
and the reaction was stopped at 1 = o. The acetylating system described in
added.

then

glucosamine-6-phosphate (1 gmol) |
‘Table T was

w moles  of acetylelucosamine  formed

“Glucosaminge’? ester

Control with  glucosamine

Control

with glucosamine-6-phosphate

022l
0.20
031

samine-6-phosphate can be acetylated direcL‘ly
to acetylglucosamine phosphate.

Table VII shows the results of the action
ol the acetylating system on the “glucosami-
ne” ester formed from hexose phosphate and
glutamine. This substance gave rise to acetyl-
glucosamine, as did glucosamine or glucosa-
mine-6-phosphate.

DiscussioN

The substance formed from hexose-6-pho-
sphate and glutamine gives the FrLsoN AND
MoRGAN and DiscHE 21 reactions for hexosa-
mines. It can be prepared as the barium salt
admixed with hexosemonophosphates. It be-
haves like glucosamine-6-phosphate when in-
cubated with the acetylating svstem ol New-
rospora, and after dephosphorylation  with
phosphatase glucosamine can be identificd by
paper chrematograpby with sclected solvents.

All this is considered as evidence proving
that the product is glucosamine phosphate.
The ester gives positive reactions for hexosa-
mines, so that a l-ester can be cexcluded, and

since a migration of the phosphate during the
reaction appears unlkely, the product should
be glucosamine-6-phosphate.

No cevidence for the nccessity ol a colactor
for the lormation ol glucosamine phosphate
was cobtained. Thus, no stimulation was ob-
tained by the addition of ditferent ions, ATP,
pyridoxal phosphate, UDPAG, etc. The me-
chanism of the reaction cannot be discussed
until it is decided whether the reactant 1s
Iructose-6- or gluc()se-ﬁ-phosphale, In order
to settle this point it will be necessary to ob-
tain enzyme preparations free from isome-
rase,

Further investigation will also be necessary
in order to decide whether the acetylation
step takes place on [ree glucosamine. on glu-
cosamine-G-phosphate or on both. In connec-
tion with this point, it may be mentioned that
CHOU AND SOODAK 22 extrated an enzvime [rom
pigeon liver which catalyzed the acetylation
ol free glucosamine and galactosamine, but
that the corresponding phosphates were not

tested.
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SUMMARY

A partially purified enzyme has been prepared from
Neurospora crassa which catalyzes the formation of
glucosamine phosphate from hexose-6-phosphate and
glutamine. The glucosamine phosphate was identi-
fied by colour reactions, by dephosphorylation and
paper chromatography and by its behaviour towards
an acetylating system.

Quantitative analysis of amide nitrogen, glutama-
te, and hexosamine agreed with the following equa-
tion:

Hexose-6-phosphate 4 glutamine —  glucosami-
ne-6-phosphate + glutamate.

Crude Neurospora extracts were found to phos-
phorylate . glucosamine in the presence of ATP and,
‘when suitably supplemented, to acetylate glucosamine
-or glucosamine phosphate.

RESUME

Les auteurs out préparé et partiellement purifié,
‘4 partir de Neurospora crassa, un enzyme qui cata-
lyse la formation de glucosamine phosphate & partir
d’hexose-6-phosphate et de glutamine. Le glucosami-
‘nephosphate a été identifié par ses réaction colorées,
par la déphosphorylation, par la chromatographie sur
papier et par son comportement en présence d’up
systéme acétylant.
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