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ENZYMES ACTING ON GLUCOSAMINE PHOSPHATES *
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Instituto de Investigaciones Bioquimicas, Fundacién Campomar
Buenos Aires, Argentina

Uridine disphosphate acetylglucosamine was
first isolated from yeast* and has been detec-
ted in mammalian liver2 ® 4 5 and hen ovi-
duct & A specific pyrophosphorylase has been
found 5 to transform it into uridine triphos-
phate and acetylglucosamine-1-phosphate, so
that the latter is likely to be a normal meta-
bolite in mammals. In order to make this
ester available for enzymic studies, a chemical
method for its synthesis has been developed,
following a procedure inspired by that used
by Cori, Corowick AND Cori7 for the pre-
paration of glucose-1-phosphate.

Acetylglucosamine-1-phosphate was first tes-
ted with an enzymé¢ from Neurospora and
found ® to be converted to acetylglucosamine-
6-phosphate. This enzyme which is activated
by the 16-disphosphates of glucose or ace-
tylglucosamine has been studied by Reissic®.
It has now been observed that similar chan-
ges are catalyzed by mammalian enzymes thus
giving rise to acetylglucosamine-6-phosphate.
This substance which has been previousty ob-
tained by the enzymic acetylation of gluco-
samine 6-phasphate ® 10 has been found to be
converted into fructose-6-phosphate by kidney
enzymes. But the most unexpected finding
was that it catalyses the enzymes transforma-
tion of glucosamine-6-phosphate into fructose-
6-phosphate and ammonia. Furthermore the
latter reaction was found to be reversible so
that it affords a possible route to hexosamine
synthesis different from that found in Neuros-
pora® where glutamine is involved. Previous
work on hexosamine metabolism has been re-
viewed by DorFMAN 11 and KENT AND WHITE-
HOUSE 12, '

* This investigation was supported in part by
a rescarch grant (No. G 3442) from the National
Institutes of Health, U. S. Public Health Service.

METHODS

Analytical

The following methods were used. Phosphate. FIskE
AND SuUBRAROW 18, protein, Kunitz AND McDonALD 14;
fructose, RoE 15: glucosamine, BrLix 18; ammonia, CoN-
wAY 17; for .acetlyglucosamine a modification of the .
MorGaN AND ErsonN method 18 was used with a stand-
ard of acetylglucosamine prepared as described by
RoseMAN aND Lupowiec 19, With purified enzymes de-
proteinization was unnecessary. For acetylglucosamine
-1-phosphate which does not give the test directly-
proteins were precipitated with 5 95 trichloracetic acid.
After centrifugation, 0.5 ml. of supernatant was hea-
ted 10 minutes at 100°C in orden to hydrolyze the
phosphate group. After cooling, 0.15 ml of 1.M potas-
sium borate was added and the procedure continued as
described by REissic et al18 A4 larger amount of
borate (0.15 instead of 0.1 ml) was used in order
to neutralize the acid.

When it was necesary to distinguish free hexosami-
nes from their phosphoric esters (Table III) the
latter were precipitated by adding zinc sulfate and
barium hydroxide solutions as described by Somocyi 20.

Estimation of the enzymes

The test system for measuring the disappearance of
acetyglucosamine-G-phosphate contained (.1 pmole of
substance 0.02 ml of 1M tris-hydroxymethylaminome-
thame buffer of pH 7.7 and the enzyme.

For glucosamine -6-phosphate the system contained
C.1 umole of N glucosamine-6-phosphate, 0.02 ml of
1 M tris buffer of pH 84, 0.02 gmole of acetylgluco-
samine-6-phosphate and the enzyme.

For both tests the total volume was 0.05 ml and
the incubation time: 15 minutes at 37°C 4 unit was
defined as the amount of enzyme causing the dis-
appearance of 25 9% of the substrate in 15 minutes.

Preparation of acetyglucosamine-I-phosphate

This substance was prepared by making trisilver phos-
phate react with chlorotetraacetylglucasamine. An
amorphous bromo derivative was used in many cases
until Dr. R. JeanrLoz suggested the use of the chloro
compound which can be obtained crystaline.

a-I-chloropentacetyglucosamine. The procedure des-
cribed by BAKER et al.2l was used with minor modifi-
cations. Pentacetylglucosamine (6.2 g) prepared with
zinc chloride as catalyst as described by LEVENE 22 was
added to a solution obtained by mixing 104 ml of
dry ethyl ether saturated with HCl at ¢°C. 18.7 ml
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of acetic acid anhydride and 6 ml of glacial acetic
acid. After keeping for 2-3 days at 0°C with occasional
shaking, the solid was dissolved. The solution was
concentrated in wvacuo below 15°C. The solid was
then dissolved in chloroform and treated as described
by BAkEr et al.2l.

Phosphorylation. 2.9 g of chloropentaacetylglucosa-
mine were mixed with 1.2 g of trisilver phosphate 23
and 60 ml of dry benzene. This mixture was heated
in a water bath and about 5 ml of the benzene was
distilled in order to remove traces of water. After this
the heating was continued during 15 minutes, under
reflux with shaking. The solid changed from yellow
to white and the liquid became brownish.

The mixture was filtered hot through filter aid
(celite) and washed with hot benzene.

Hydrolysis. The benzene solution was concentrated
to dryness in vacuo and the solid was dissolved in 30
ml of methanol containing 1.2 ml of 5 N sulfuric acid.
After keeping it for 30 minutes at 37° C the pH was
adjusted to about 8.9 (thymol blue) with 10 N sodium
hydroxide. The pH was kept alkaline during a few
hours by occasional addition of sodium hydroxide.
An excess of 50 ¢, barium acetate was added followed
by 30 ml of ethyl ether. After leaving it overnight
at 5°C the mixture was centrifuged. The precipitate
was extracted several times with water. The pooled
‘water extracts contained 730 wmoles of labile phos-
phate.

Purification. A solution containing about 100 zmo-
les of labile phosphate adjusted to pH 8 was poured
onto a column (30 cm X 18 cm2) of Dowex 1 of
10 9, crosslinkage in the chloride form. Gradient elu-
tion was carried out as described by ALM et al. 24:-A
solution of 0.005 M HCI in 0.1 M CaCl, was allowed
to enter into a 250 ml mixing chamber filled wtih
water. The fractions (5 ml) were analysed for ace-
tylglucosamine, after heating for 10 minutes at 100°C
in 0.1 N acid, and for labile phosphate. Several well
separated peaks appeared. The first was free acetyl-
glucosamine. The second had a ratio acetylglucosa-
mine/labile phosphate of 1.7 to 19 and consisted
mainly of a diester. The third peak which was the
largest contained acetylgludosamine-1-phosphate. Fi-
nally a small peak containing unidentified substances
appeared. i

The fractions corresponding to the third peak were
pooled, neutralized with solid Ca(OH)., filtered, con-
centrated in vacuo to 1-2 ml and precipitated with
3 volumes of ethanol. If necessary the precipitition
was completed by the addition of ethyl ether. The
solid was washed several times with ethanol in order
to remove the calcium chloride, washed with ethyl
ether and dried. Usually the solid was dissolved in a
small amount of water, centrifuged and precipitated
with ethanol. The yield was about 50 % of the la-
bile phosphate introduced into the column. The ra-
tio acetylglucosamine/phosphate was about 1 and the
purity with respect to dry weight was 84 95.

The ratatory power was measured on 0.3 ml of
solution containing 39 umoles of he calcium salt and
the concentration was checked by phosphate estima-
tion. [a]D — + 107.

Preparation of glucosamine-6-phosphate

Glucosamime was phosphorylated with ATP by n
procedure similar to that described by Brown 25, The
fellowing mixture was incubated at pH 8: 220 wmo-
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les of glucosamine hydrochloride, 120 gmoles of ATP,
sodium salt, 1 ml of 0.1 M magnesium sulfate and 1
m) of Lebedew juice (prepared by extracting dry yeast
with 3 volumes of 0.1 M sodium bicarbonate during
24 hours at 5° C) and water to complete 10 ml. After
1 hour at 35° C the proteins were coagulated by heat-
ing and centrifuged off .

The filtrate was then poured into a column 1.8
cm2 X 100 cm of Dowex-1 (X 10) in the acetate
form. Elution was carried out by a gradient obtained
by allowing 0.05 N acetic acid to flow into a mixing
chamber containing 250 ml of water. The fractions
were analysed by the method of BLix 16,

The first fractions contained glucosamine while
the phosphate ester appeared later and was well se-
parated from the former. The last fractions of glu-
cosamine phosphate were slightly contaminated with
a substance absorbing at 200 mp and were rejected.

The pooled fractions of glucosamine phosphate
were concentrated in wvacuo to about 3 ml, the pH
was adjusted to 7.2 with barium hydroxide and 3
volumes of ethanol were added. The precipitate was
separated, washed with ethanol and ecther and dried.
The yield was 60-70 9, of the glucosamine used, and
the product was 80 9, pure. i

Preparation of N-acetylglucosamine-6-phosphate

Glucosamine-6-phosphate was treated with acetic
anhydride as described by RosemaN 26, The whole
reaction mixture including the resin used for the lace-
tylation was poured on top of a column of Dowex-1
chloride. Displacement from the column was effected
gradient-wise as described for acetylglucosamine-1-
phosphate, but using 0.15 N HCl. The fractions which
gave a ratio total phosphate/acetylglucosamine of one
were pooled and the calcium salt was obtained as
described for the 1-phosphate. The yield was rather
low owing to losses occurring in the precipitation
with ethanol.

In some experiments acetylation was carried out at
o°C with a slight excess of acetic anhydride in aque-
ous-pyridine solution. The results were essentially the
same s with the other procedure.

N-propionylglucosamine-6-phosphate
The procedure was the same as for the acetyl de-
rivative but propionic acid anhydride was used.

Purification of the enzyme acting on the 6-phosphates

Pig kidneys obtained frozen from the slaughter-
house yielded active extracts even after several weeks
storage in the frozen state. The cortex was homo-
genized with a blendor in 3 volumes of water and
the mixture was centrifuged at 3000 r.p.m. in the
cold for 10 minutes (crude extract).

To 80 ml of the crude extract 40 ml of ammonium
sulfate solution (50 g percent w/v) were added. Af-
ter 10 to 15 minutes at 5°C the precipitate was cen-
trifuged off and discarded. To 100 ml of the super-
natant 20 ml of ammonium sulfate solution were
added. The precipitate was separated, dissolved in
water and dialysed 4-5 hours at 5°C (Fraction A).
Ammonium sulfate solution (0.2 vol) was added to
the supernatant of the previous step. The precipitate
was redissolved and dialysed (Fraction B).

Fraction B was treated with a solution of yeast
nucleic acid adjusted to pH 7 (100 mg per g of pro-
tein). By cautious addition of dilute HCI followed
by contribution, several fractions were obtained (Bi
B,, etc). The precipitates were suspended in water
and neutralized. The results are shown in Table I
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TABLE I

Purification of the enzymes

‘Glucosamine-6-P Acetylglucosamine-6-P i
5 Volume Protein
F .
TG ml mg[ml Units [mg ! Total Units [mg Total Retia A{8
A .units B units |
Crude extract 80 53 10 43000 0.75 3200 13.3
Fraction A i 60 30 9000
Fraction B 35 50 40 7000 38 650 10.5
Fraction B, 0.23 50 30 350
Fraction B, 0.35 70 75 1800
Fraction B, 0.30 © 58 196 3500 30 88 39
Fraction B, 0.30 46 93 1300
RESULTS The results of acid hydrolysis in 1 N acid at

Prosperties of acetylglucosamine-I-phosphate

The molecular rotation of I-phospho sugars
is known to be comparable to that of the
methylglycosides (¢f. LELOR %) . For methyl-
N-acetylglucosaminide the values given by
Neuberger and Pitt Rivers 28 are |- 24,675 for
the a- and 10.105 for the B-anomer. The
acetylglucosamine-1-phosphate  prepared as
described here gave a value of 4 36,000 so
that it is the a~anomer. The product has been
used by Dr. Reissic? in a study of the phos-
phoacetylglucosamin€iutase of Neurospora
and several preparations were found to be
over 90 9, converred into the 6 phosphate.
The substances does not reduce sugar rea-
gents and gives the Morgan and Elson reac-
tion only after acid hydrolysis.

TABLE II

Acid hydrolysis of acetylglucosamine-1-phosphate

Acetylglucosamine-1 -phosphate\ Glucose-1-phosphate
Time

(hours) J o ¢ Percent .
hys::?;sis 103K hysrtczlysis 103K

1 26.6 22 37.8 33

2 410 1.9 60.5 34

3 58.2 157 76.2 34

4 58.2 1.6 790 2.8

5 67.8 17 87.0 29

6 754 1.7 ] 92.3 3.1

18 100.0 — 100.0 —

Mean 1.8 31

Inorganic phosphate was estimated after incubat-
ing the samples at 37°C in 1N sulfuric acid. The
formula used was: K = (t,—t,) 1 log, (100 —x,) / (100
—X,). The time was taken in minuter. No detecta-
ble amounts of glucosamine were formed.

37°C are shown in Table II. It may be obser-
ved that the acetylglucosamine ester is slightly
more stable than that of glucose. However it
is much more labile than glucosamine-1-phos-
phate ® and galactosamine -1-phosphate

The action of enzymes on acetylglucosamine-
1-phosphate '

On incubation of the 1-phospho ester with
crude kidney or liver extracts it was obser-
ved that a part was converted to free acetyl-
glucosamine while another part was transfor-
med into substances which did not give the
Morgan and Elson test even after acid hy-
drolysis. The formation of acetylglucosami-
ne-6-phosphate as an intermediate in this reac-
tion could be detected only by purification
of the crude extracts or as shown in Table III
by the use of an inhibitor. Such a selective
inhibition of acetylglucosamine-6-phosphate-
disappearance could be obtained with ace-
tate without affecting the activity on the I
phosphate. Under these conditions about half
of the decrease in acetylglucosamine-I-phos-
phate could be accounted for by the increase
in the 6-phosphate. These results are shown
in Table III. Other test were carried out
with an enzyme prepared by a method based
on the first steps of the purification of phos-
phoglucomutase as described by Najjar .
The results in Table IV show that the pro-
cess is activited by magnesium ions and sligh-
tly activated by glucose disphosphate. In that
experiment the results of the estimation were
checked with a specific enzyme method for
acetylglucosamine-6-phosphate. In the other
experiments rat muscle or liver extracts were
found to catalyse the conversion of the rto
6-phosphate at similar rates.
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The action of enzvines en the 6-plhosphates

Crude preparations ol pig kidney catalyse
the disappearance of acetylglucosamine-6-
phosphate. Glucosamine-6-phosphate also di-
sappears provided small amounts of acetyl-
glucosamine-6-phosphate are also added. As
shown in Table I both activities may be
detected after some purification but the ratio
of the two varies Irom 13 to 39. The action
on the non-acetylated substance was always
higher than on the acetylated.

TABLE 111

The aclion of kidney extracls on
acetylelucosamine-1-phosphate

A n micromoles

No acetate With acelale

Acctylglucosamine-1-phosphate  (¢c—a)  — 0.053 — 0.06
Free acetylglucosamine (b) 4+ 0012 4 0.017
Accwvlglucosamine-6-phosphate  (a—b) 4-0.002 4 0.033

Incubation of 005 ml of cunde kidmey extracts (1
vol of water used) 0.01 ml of 0.36 A glycerophosphate
buffer pH 7.4, 0.01 ml of 17 sodism acetate (pH
7.0 and 0.08 gmole of acctylglucosamine-1-phosphate
Estimations were as follows: (a) direct estimation of
acetvlhexosamine, (b) same in the supernatant obtain-
cd after precipitation with zine sulfate and barium
hydroxide, (¢) as (a) but aflter removing protein
with 5 ¢ trichloracetic acid and heating 10 minu-

tes at 100°C.,

TABLE 1V

The conversion of acetylglurosconine-1-phosphate
to the 6-phosiivite

. moles of
acelylglucosamine-6-phosphate

Chemical Enzymic
method metliod
Complete svstem 0.688 0.08
No glucose diphosphate 0076 =
No magnesium 0.045 —

The complete system contained .01 ml of 0.36 M
glycerophosphate buffer pH 7.4, 0.005 ml of saturated
solution of ®-hydroxvquinoline, 091 ml. of 0.1 M
magnesium chloride, 0005 gmole of glucose diphos-
phate, 0.17 pmole of acetylglucosamine-1-phosphate
and cnzyme. Incubated 1 hour at 57°C, total volume
(.08 ml. The enzyme was prevared [rom pig Kidney
by adjusting the crude extract o pii 5, precipitating
the supernatant with 0.65 satuizte:l ammonium sul-
fate and dialysing. Estimations by chemical method
ay in Table IIT. For the enzymic method the activat-
ing power on glucosamine-6-nhesphat: disappearance
was compared with a standar'l of acctylglucosamine-
6-phosphate using a  purified enzyme.
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The pH optima are shown in Fig. 1.

Free glucosamine or acetylglucosamine were
not acted upon by the enzyme preparations.
;

Many cxperiments we carrvied out in order
to detect a cofactor. The enzyme was sub-
mitted to prolonged dialysis against ethyle-
nediaminetetracetate solutions, to precipation
with 0.1 N acid from ammonium sulfate solu-
tions and to treatment with anion exchange
resins but no organic or inorganic ion requi-
riment could be detected.
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Iic. 1. — pH optima. Condtions as described for test

system with Tris HCI and Tris-maleate, buffers pre-
paved as described by Goatori35. The pH was chee-
ked in aliquots with a glas, electrode,

The action of acetate

As shown in Table V acetate nearly sup-
presses acetylglucosamine-6-phosphate  disap-
pearance while it «does not alfect appreciably
that of glucosamine-6-phosphate. The results
with propianate or butyrate were similar to

those obtained with acetate while [ormate
showed no action.
TABLE V!
The action of a cluly
) Substrate
Subsirate Addition (' moie)
Acetylglucosamine-6-phosphate none 0.09
Acetylglucosamine-6-phosphate acetate 0.02
Glucosumine-6-phosphate none 0.4
Glucosamine-6-phosphate acetate 0.14

Conditions as described for test system with 0.2 M
acctate.

The action of acetylglucomasine-6-phosphate
on glucomasine phosphate disappearance
As shown in Fig. 2 glucosamine-6-phosphate

is not transformed in the absence ol acetyl-
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glucomasine-6-phosphate. The effect of the
latter is catalytic since 0.009 pmole can pro-

duce the disappearance of 0.05 pmole of glu-.

cosamine-6-phosphate. Many substances have
been tested as possible substitutes for acetyl-
glucosamine-6-phosphate. The results were ne-
gative with: acetylglucosamine, acetamide,
UDP-acetylglucosamine, acetate, acetate plus-
ammonia, hexose-6-phosphates, acetylglycine,
acetyltriptophane, acetylcholine, pyruvate, ci-
trate and o-Ketoglutarate. With acetylgluco-
samine-1-phosphate some activation was obtai-
ned using crude extracts but none with puri-

fied preparations.

Only one substance was found to have the
activity of N-acetylglucosamine-6-phosphate

te the reaction was faster so that the inter-
ference of traces of isomerase was smaller.
Fig. 3 shows the result of such an experiment.
Glucosamine-6-phosphate disappeared rapid-
ly with a concomitant rise in the fructose va-
lues and in the sum fructose-6 plus glucose-
6-phosphate as deteminated whit glucose-6-
phosphate dehydrogenase plus isomerase and
TPN. After some minutes the fructose values
decreased slowly, as was expected, owing to
the presence of isomerase in the enzyme pre-
paration.

In another experiment with a preparation
that was nearly free from isomerase the re-
sults were as follows:

and that was N-propionylglucosamine-6- phos- A
phate. This ester was also found to disappear PlucomuineGohomhate | LhHiE
on incubation with the ensyme. The quanti- " B '
tative results were very similar with the ace- Teructoss Ao
tyl and propionyl derivatives. Ammonia +4- 0.048
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ACETYL GLYCOSAMINE 6 PHOSPHATE
MICROMOLES
Fi16. 2. — The action of acetylglucosimine-6-phosphate on glucosamipe-6-phosphate disappearance.

Conditionsas described for test system,but witl: variable amounts of acetyl glucosamine-G-phosphate.

The reaction products

Analysis by paper chromatography of the
products obtained from acetylglucosamine-6-
phosphate with a crude enzyme preparation,
and after treatment with phosphatase, revealed
the presence of glucose, fructose and in some
cases of a substance reacting like heptulose 32,
Hexose phosphate isomerase was dificult to re-
move from the preparations but in one case
a quantitative accumulation of fructose ester
from acetylglucosamine-6-phosphate was obtai-
ned. With glucosamine-6-phosphate as substra-

It seems clear therefore that the primary
reaction products are fructose-6-phosphate and
ammonia.

Reversible formation of glucosamine-6-phos-
phate

The incubation of fructose-6-phosphate and
ammonia with the enzyme and small amounts
of acetylgiucosamine-6-phosphate led to a de-
finite increase in “glucosamine” as estimated
by the Brix method. No increase ocurred
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Fic. 8. — Chemical changes during the transformation of gldcosamine-6-phosphate. The reaction mix-

ture contanied 0.15 pmole of glucosamine-6 phosphate, 0.04 umole of acetylglucosamine-6-phosphate,
0.04 ml of 1 M tris buffer of pH 8.4 and 0.04 ml of enzyme precipitated twice with nucleic acid. Total volume
0.1 ml. Temperature: 37°C.

if the ammonia, fructose phosphate or acetyl-
glucosamine-6-phosphate were omitted or if
ammonia was substituted by glutamine or as-
paragine. The results were also negative if free
fructose, glucose, xylose or ribose were added
instead of fructose-6-phosphate. A represen-

tative experiment is shown in Table VI, Th&™

se results were taken as an indication that
the reaction can be reversed and measure-
ments of the equilibrium constant were car-
ried out, starting with known reaction mix-
tures and estimating the changes in glucos-
amine phosphate produced by the enzyme.
One suchs experiment is shown in Table VIL
The values obtained for K in moles/liter va-
ried from 0.12 to 0.18. In other experiments

TABLE VI

Synthesis of glucosamine-6-phosphate

“Glucosamine’”’ formed

U moles
Complete system 0.014
No ammonium sulfate 0.002
No acetylglucosamine-6-phosphate 0.002

0.002
0.002

Glutamine instead of ammonium sulfate
Asparagine instead of ammonium sulfate

The complete system contained: 0.5 umole of fruc-
tose-6-phosphate 1.5 umoles of ammonium sulfate,
002 pmole of acetylglucosamine-6-phosphate, 001
ml of 2 M tris buffer and 027 mg of enzyme prepa-
ration (B, Table I). Total volume 0.05 ml, 30 minu-
tes at 37°C. The glucosamine values obtained on
samples at t, were substrated.

the results were more variable (0.04 to 0.19).
Owing to analytical errors and to some un-
certainly regarding the true molarity of the
substrates perhaps the results should only
be taken as indicating the order of magnitude .
of K. Thus the fructose-phosphate concentra-
tion was calculated assuming that isomerase
converted it into the equilibrum mixture
which contains 66 % of glucose-6-phosphate.
However, it was clear in all the experiments
that similar values for K are obtained in the
forward and in the reverse reaction.

TABLE VII
Equilibrium constant

Substances added (1 moles) A -3
; » slucosamine
Pructose-6-P Ammonia Glucosamine-6-P

0.326 10 0 4 0.0128 0.16
0.326 1.0 00085 - 0.0058 0.15
0.326 10 0.0170 -+ 0.0016 0.12
0.163 2.0 0 + 0.011 0.18
0.163 20 0.0085 ‘4 0.0057 0.15
0.163 20 00170 — 0.002 0.16

Incubation of fructose-6-phosphate with ammonium
sulfate and glucosamine-6-phosphate; 0.02 ml-tris buf-
fer 1 M pH 84; 0.02 mg enzyme (B, Table I) final
volume 0.05. ml, 10 min at 37°C, K = [NH,] -
[Tructose-6-phosphate] / [glucosamine-6-phogphate] in
moles/liter. The concentration of fructose-6-phosphate
was taken as 1/3 of theorical amount in order to
correct for the presence of isomerase,
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‘TABLEVIIL

.

The action of extracts from different organs on ‘
glucosamine-6-phosphate

Activity
Organ units /mg protein

Kidney 100
Brain 22
Intestine 1.0
Liver 0.5
Lung 04
Heart 0

Brewars yeast 0

The rat organs were homogenized in 2 vol. of water
at 0°C and centrifuged. Test with glucosamine-6-phos-
phate were carried out as described for the test
system,

Distribution of the glucosamine-6-phosphate
enzyme (s)

As shown in Table VIII, kidney is the ri-
chest source of enzyme, followed by brain,
intestine, liver and lung. No activity was de-
tected in heart or in yeast. The same extracts
were tested for the rate of the reverse reac-
tion starting with fructose phosphate and am-
monia and essentially similar results were obt-
ained.

-1

DISCUSSION
d

The first step in the transformation of ace-
tylglucosamine-I-phosphate catalysed by ani-
mal tissues has been found to be:

acetylglucosamine-1-phosphate —=
acetylglucosamine-6-phosphate

It remains to be decided whether the change
is brought about by phosphogluco-mutase or
by a specific enzyme. Evidence showing that
two enzymes are present in Neurospora extracts
has been obtained by REissic ? who separated
some fractions which were more active on the
acetylglucosamine ester than on glucose phos-
phate, and other fractions which behaved in-
versely. He also detected phosphoacetylgluco-
saminemutase activity in a highly puified
rabbit muscle phosphoglucomutase.

As to the transformations of the 6-esters the
reported facts can be rationalized by the
following reactions:

GLUCOSAMINE PHOSPHATES

143

Other formulations involving a cofactor can
be written but no supporting evidence was
found despite many efforts. Reactions (I) 4
(3) would be responsible for the disappea-
rance of acetylglucosamine-6-phosphate. Ace-
tate would inhibit reaction (3)-Glucosamine
-6-phosphate would be transformed through
reactions (I) + (2) and thus the necessity
of catalytic amounts of acetylglucosamine-6-
phosphate would be explained.

As to the nature of the substance X it is
attractive to suppose that it is N-acetylfructo-
sylamine-phosphate (II). In this case reaction
(1) would be similar to an Amadori rearrang-
ement, i.c. the conversion of an aldose (I)
to a ketose (II) derivative. After transacety-
lation (Reaction (2)) the product would be
fructosylamine phosphate, which is presuma-
bly an unstable substance that descomposes
into fructose phosphate and ammonia. It may
be mentioned that fructosylamine does not
appear to be stable since it has never been
prepared and when fructose reacts with am-
monia it is the isomer, glucosaminé, which has
been obtained (HEYNs AND MEINECKE ®, CAR-
SoN ) : ‘

_OH _-OH

HC HCH | '
t I | /NH-COCH, HOCH
H(I,—N_H-COGH, (I‘/ R= ’EEOH ?
M R () R | CH,0PO~
N-acetylglucosamine N-acetyl fructosyl-
-6-phosphate -amine-6-phosphate
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SUMMARY

The chemical synthesis of g-acetylglucosamine-I-phos-
phate and some of its properties are described. From
kidney or liver, enzymes have been obtained which

acetylglucosamine-6-1’ = X )

glucosamine-6-P 4+ X = acetylglucosamine-6-P fructose-6 P + NH, 2)

X — fructase-6-P 4 NH,

+ acetate 3)
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gatalyse the following reactions:

LELOIR, CARDINI

a-acetylglucoszmine-1-phosphate = acetylglucosamine-6-phosphate (1)
N-acetylglucosarzine-6-phosphate == fructose-6phosphate’ 4+ NH, -+ acetate (2)
glucosamsne-6-phosphate = fructose-6-phosphate + NH; (3)

Reaction (1) was found to be activated by magne-
sium ions. The enzyme(s) responsiblc for reactions
(2) and (3) were purified and it wa; observed that
(3) requires catalytic amounts of N-acetylglucosamine-
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