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Abstract. Studies with extracts obtained from mung beans (Phaseolus aureus) showed
that UDP-N-acetyl i-glucosamine is formed from D-fructose 6-phosphate by a series of the
following enzymic reactions:

or glutamine
aspara-gint

D-Fructose 6-phosphate -4 D-glucosamine 6-phosphate
Ij. acetyl-CoA

-* N-acetyl-D-glucosamine 6-phosphate

first reaction in the multistep pathway leading

showin that an enzyme whiclh catalyzes the formation
of UDP-N-acetyl-D-glucosamine from UTP and
N-acetyl a-D-glucosamine 1-phosphate is present in
mung bean seedlings (19).

Lowther and Rogers (27) found that the nitrogen
atom of D-glucosamine in streptococcal suspensions
is derived from L-glutamine. Leloir and Cardini
(24) demonstrated that cell-free extracts of Neuro-
spora crassa catalyzed the conversion of hexose
phosphate and L-glutamine to a hexosamine phos-
phate which was identified as D-glucosamine 6-phos-
phate, and that the hexosamine nitrogen is derived
from L-glutamine. Alternatively, crude pig kidney
preparations were shown by Leloir and Cardini (25)
to contain glucosamine 6-phosphate deaminase, later
purified by Comb and Roseman (10), which cata-
lyzes the reversible conversion of D-glucosamine
6-phosphate into fructose 6-phosphate and ammonia,
thus affording a pathway for the biosynthesis of
glucosamine in which the amino group is derived
from ammonia. Fructose 6-phosphate was shown to
be the amino group acceptor in microbial and mam-
malian systems (14), rather than D-glucose 6-phos-
phate (32,33).

It has been demonstrated that acetylation of
D-glucosamine by pigeon liver extracts occurs by
acetyl coenzyme A (9), and that Neurospora crassa
extracts acetylate D-glucosamine 6-phosphate (11).
A specific phosphoacetylglucosamine mutase was

found by Reissig (36) in extracts of Neurospora
crassa, catalyzing the reversible conversion of N-
acetyl-D-glucosamine 6-phosphate to N-acetvl-D-glu-
cosamine 1-phosphate. The latter compound serves
in the presence of UTP as a substrate for the pyro-

N-acetyl-D-glucosamine 1-phosphate
14 UTP

Uridine diphosphate N.acetyl-D.glucosamine
UDP-N-acetyl-D-glucosamine inhibits the

to its biosynthesis.

N-Acetyl D-glucosamine is known to exist in
polymeric form in chitin, a compound that constitutes
the exoskeletons of crustaceans and the cell walls
of fungi, in heteropolysaccharides such as hyaluronic
acid, and in the peptidoglycan of bacterial cell walls.
In the past, higher plants were considered to be
devoid of D-glucosamine or N-acetyl D-glucosamine
either in free or combined form. However, it has
been reported within the last decade that certain
plants and especially pollen grains contain a sub-
stance which on hydrolysis produces D-glucosamine
(19, 26). This compound was also shown to be
present in hydrolyzates of soybean glycoprotein
(15, 23, 48) and in glycoproteins of a number of
other plants (35). It was isolated in crystalline
form from the hydrolysis products of glycolipids of
higher plants (8). Extracts of pineapple plant
tissue have been shown to give an Elson-Morgan
test, indicating the presence of free amino sugar (41).

Nucleotide-bound sugars have been shown to
occur in higher plants. Thus, UDP-N-acetyl-D-
glucosamine was isolated from mung-bean seedlings
(Phaseolus aureus) (43) and the same sugar nucleo-
tide was identified in extracts of barley plants (3).
UDP-N-Acetyl-D-galactosamine was also later iso-
lated from Dahlia tubers (17). Furthermore, it was
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search grant G-23763 from the National Science Foun-
dation and by a research grant A-1418 from the National
Institutes of Healtlh, United States Public Health Service.
Support of this work by the Agricultural Experiment
Station is also acknowledged.
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plhospllorylase reactioin. UTDP-N-acetylglucosamine
plyrol)hosl)horylase activity was detected in liver
(28, 42) anld in yeast (16). Subsequently, pyro-
phosphorv-lase froimi calf liver and Staphylococcus
alfrclts w-as purified and studied by Strominger and
Smith ( 46).

The present investigation is concerned withl the
pathlwNNay leading to the formation of U,DP-N-acetvl
D-glucosamiinle in mliung beans (Phaseolus aureus).

Materials and Methods

. [atcria(ls. L-A.rabinose and D-glucosaninle hy-
(lrochlori(le were purchased froml the Pfanstiehl
Chelmlical Company, inorganic pyrophosphatase fromii
the \Vorthington Biochemiical Corporation. Bovine
serumli albumni, wvlheat germ acid phosphatase and
uridinie diphosl)hate N-acetvl-D-glucosamine were
pltrchase(l fromii the Sigma Chemiccal Company. Lyo-
philized ('rotalifs a(la niaiitctns venom, purclhased froml
Ross Allen's Reptile Instittute, was used as the source
of phosplhodliesterase. N-.-cetvlglucosamine 1-P was
prepared fromii uridilne diphosphate N-acetylgluco-
samine by- the action of venomii phosphodiesterase at
pH 8.5, and was isolated by electrophoresis in Buffer
1). D-Lyxose was p)urchase(d froImi Eastman Or-

ganic Chemicals, acetvl-' 4C coenzvnie A (specific
radioactivity 54.4 /ic/Jlnole) fromii the Newx England
Nuclear Corporation. The followiing coiipounds
were obtained froml the Nutritionial Biochemiiical Cor-
poration L-glutamlline anid L,-asparagine, the A-
acetvl derivatives of D-glucosallline, D-galactosamline
and D-maninosamiinie, D-fructose 6-P) (barium salt)
and D-glucosamine 6-P (bariuml salt). The barium
was removed froml 1)-fructose 6-P by Dowex 50
(H ) and the solution adjusted to pH 6.5 wvitlh 1 N
NaOH. D-Glucosaminie 6-P was freed from the
barium wN-ith 0.5 N H..SO. and the acidic solutioIn
kept frozen (6). The folloNwing wN-ere purchased
from Calbiochem: D-glucose-1.6-diP. 3-P glvcerate,
3-P-glycerate kinase and glvceraldehvde-3-P-dehv-
drogeniase. Other nucleotides were commllercial prep-
arations.

A nalytical .lletliods. Reducing sugars w\ere de-
tected on paper with the aniline phosphate spray
reagenlt ( 1). Aminio sugars and their derivatives
were mla(le visible by a ninlhvdri n spray ( 4). or by
a mlodified chloriniatioin reaction ( 34) of Rvdon alnd
Smiiithl ('38). The V-acetvl-hexosmllines, after chro-
matographv on borate-treated paper (7), were de-
tected wvith 0.5 N NaOH in ethanol (44), or with
0.5 NaOH in ethanol-1-propanol (6:4. v v) (40).
Sugar phosphate derivatives were located w\ith the
Bandurski and Axelrod spray reagent (2) . nucleo-
tides and derivatives wvith an ultraviolet lanmp. Pro-
tein was determined by the biuret method of Gornall
et al. (18), using bovine serum albumin as standard.

Ellectrophloresis and Chroniiatography. Paper
electrophoresis was carried out oi Schleicher an(d
Scheull No. 589 Orange Ribbon paper at about 45
\ Ccm with the followving buffer systems Buffer (1)

0.2 m anmmonium formiiate, pH 3.6; Buffer (Iltl )
0.01Mli citrate-0.02 M phosphate (pH 6.0) a satul-
rated solution of picrate-caffeine serving as a marker.

Paper chromatography was carried out on Wlhat-
mlani No. 1 filter paper at room temperature with the
followinig solvent systenms: (A) ni-butanol-pyridine-
water (6 :4 :3, v/v) (B ) ethanol- 1 M ammonium
acetate, p1l 3.8 (7.5:3. v/v) ; (C) ethanol-l ..t
animonium acetate, p)H 7.5 (7.5:3, V/V) ( D) iSo-
butvric acid-1 m amimioniumhlyxdroxide (5 :3, vv
(E) ni-butanol-pyridine-0.1 N HCl (5:3 :2) F)
i-btutaniol-pyridine-water-acetic acid ( 60 :40 :30 :3).

Preparation, of Enzynie Extracts. L-Gluta mitne
D-Frllctosc 6-I/liospliate Am idotlrainsferase (EC
2.6.I.j6). Mung bean seedls were soaked overnight
in distilled water; they wvere rinsedl several timiies
with distilled water, blotted witlh paper towels and
decoatecd. The decoated beans, 16 g. were cllilled
at ;5 for 2 lhours, ground in a miiortar wN-itl aci(l-
washed sandl in 20 ml of 0.05 .i phosphate buffer
mlade 0.00)2 M in EDTA, p11 6.6, and filtered throuiglh
2 layers of clheesecloth. The extract was tllen cen-
trifuged at 12,000 X y for 12 mlinutes, anid the
supernatant solutionl brought to 30 % saturatiomi ini
ammioinoiitlm Sulfate made I minM ini EDTA. After
stirrinig for 1 lhotur in aln ice bath before centrifuging
as above, tlle 30) % saturatedl ammoliumi sulfate
precipitate was takenl u inM2 ml of the grindinig
btiffer and \ -as imnmediately used as the source for
amidotraiisferase activity.

i)-Glucosa iiiinc 6-Pliosphlate Tranisacetylase (1E
2.C.1.). Mung bean seeds were soaked overnight
in distilled water, rinsed several times, decoated and
treated as before. In this case, however, 0.05 M
cacodylate buffer containing 2 mi EDTA, pH 7.2.
wvas used for grinding and suspension of the 30 %
saturated ammnoniunm sulfate precipitate. This frac-
tion w\vas used a s an enzymie source in subsequent
experiml)ents.

A cctylglicosaniinie Pliosphomn iftase (EC 2.7.5.2).
Three-dav old whole mlung bean seedlings, germi-
niated witlh aeration, were slhaken several times in
cold distilled water to free tllenm from the seed coat
remiinants. All subsequent operations were performed
at 0 to 50. The method for extraction closely re-
semiibled those used in this laboratory by l)revious
workers. Lots of 100 g seedlings were ground in a
chilled mlortar wvith 100 mil of ice-cold 0.01 M phos-
phate, pH 7.3-0.5 M stucrose-0.01 M mercaptoethaniol.
After filtrationi throughl 2 layers of cheesecloth, the
homogenate was centrifuged at 30,000 X g for 20
minutes. the sediment discarded, and the sulernatant
liquid made 50 % saturated by the addition of solid
aimmonium sulfate. The precipitate wvas separated
by centrifugation, dissolved in 3 ml of 0.05 M tris,
pH 7.3-0.0Q5 M mercaptoethaniol buffer, and dialy zed
overnight against 1 liter of the sanme btuffer. After
a small amount of insoluble precipitate was removed
by centrifugation. this fraction was used immediatelv
as the enzvme source.

DDP-N-\-Acetligiif cosa linince Pvroplhosphiorylasc
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(EC 2.7.7.23). The extract containing mutase ac-
tivity (see above) was further fractionated with
()NH4)2SO4, and the fraction precipitating between
40 and 50 % saturation was dissolved in a minimum
volume of 0.05 At tris, pH 7.3-0.05 M mercaptoethanol
buffer, dialyzed overnight in the same buffer, and
used as enzyme source.

Enzyme Assays. Enzymic formation of hexo-
samine-6-P and of N-acetyl-D-glucosamine-6-P was
followed using a modified Elson-Morgan test (14.
37) with D-glucosamine and N-acetyl-D-glucosamine
as standards, respectively. For hexosamine-6-P de-
termination, the indole-hydrochloric acid reaction
method (13) was also used.

L-Glutamine D-Fructose 6-Phosphate Amnidotrans-
fcr(se. The standard reaction mixture contained
0.1 ml of 0.15 M L-glutamine, 0.1 ml of 0.1 M D-fruc-
tose-6-P, 0.1 ml of 0.3 M phosphate buffer made
0.01 M in EDTA, p1H 6.6, and 0.2 nml of enzvme
extract in a total volume of 0.5 ml. The mixture
was incubated at 300 for 3 hours, then placed in
boiling water for 2 minutes, cooled and frozen. After
thawing, the miixture was centrifuged at 10,000 X g
for 10 minutes. Aliquots of the clear supernataint
solutioni were analyzed for hexosamine phosphate
(14). A control which was runi simiiultanieously withl
a mixture of the samze compositioni, but wlhichi was
kept in boiling water for 2 minutes prior to incuba-
tion under the same conditions was subtracted. With
crude extracts the incubation mixtures were some-
times doubled proportionately in order to have larger
aliquots for hexosamine phosphate determinations.
One unit of enzyme activity is defined as that
quantity catalyzing the formation of 1 ,mole of
hexosamine phosphate per hour under the conditions
of assay. Specific activity is expressed as activity
per mg of protein.

D-Glucosamine 6-Phosphate Transacetylase. The
standard reaction mixture contained 25 pd (1.6
,umoles) of D-glucosamine-6-P, 25 ul of 0.3 M caco-
dylate buffer made 0.01 M in EDTA, pH 7.2, 100 ,u
of enzyme extract, and 5 l.l of acetyl- 1-14C coenzvme
A, in a total volume of 155 ul. Two controls were
simultaneously run: one lacking the glucosamine-
6-P substrate, and another containing the complete
reaction mixture, but which was placed in boiling
water for 2 minutes prior to incubation (the mixture
was heated, cooled, and acetyl-1-14C coenzvme A
was added). The mixtures were incubated for 3
lhours at 28 to 300. They were then frozen and,
after thawing, subiected to electrophoresis in Buffer
(I). The procedure used to measure the extent of
acetyl- 1 -14C incorporation into D-glucosamine-6P
and for characterization of the labeled product was
as follows: the papers were scanned after electro-
phoresis with a monitor and the radioactivitv located
near the picrate spot indicators was marked. Hori-
zontal strips, 0.5 cm wide, with a mean Rpierate of
0.70 were cut out and dried in vacuo over NaOH-
H2SO4 for 12 to 16 hours. The strips were then
eluted with water and the eluates evaporated in vacuo

over NaOH-H,S104. The residues were dissolved in
0.1 ml of 0.05 M citrate buffer, pH 5.5, small amounts
of wheat germ acid phosphatase were added, and the
mixtures were incubated at 30° for 6 hours, then
evaporated to dryness in vacuo. After suspending
the residues in 1 ml of water, 0.5 to 1.0 ml of
mixed-bed resin, 20 to 50 mesh Bio-Rad AG 501-X8
(D) was added. The mixtures were filtered through
paper with vacuum after stirring intermittently for
30 minutes and the resin washed several times with
water. The filtrates and washings were combined
and evaporated in vaci,o over P205 to dryness. The
residues were dissolved in 15 to 40 ml of water and
aliquots of these solutions were spotted on paper
together with unlabeled N-acetyl-D-glucosamine serv-
ing as an internal marker. The borate-treated papers
were subjected to chromatography in Solvent (A).
Horizontal strips, 0.5 cm wide, corresponding to the
standard N-acetvlglucosamine wvere cut from the
paper, placed in vials with 10 ml of liquifluor solution
prepared by adding 145 ml of liquifluor (a mixture
of 50 g POP and 0.625 g POPOP, New England
Nuclear Corporation) to 3 kg toluene, and counted
in a Packard Tri-Carb liquid scintillationi counter
Miodel 3003 (efficiency abotut 50 %).

Acetylglucosantine Phospizoinmitase. The standard
reaction mixture for following mutase .clivity in the
direction of N-acetylglucosamine-6-,P formiiation was
similar to that used for measuring L-glutamine
D-fructose 6-phosphate amidotransferase activity.
The modification of Reissig et al. (37) of the
Elson-Morgan test was used. A control containing
the complete reaction mixture but lacking the enzyme
extract was subtracted.

UDPA G2 Pyrophosphorylase. Pyrophosphory-
lase activity was followed in the direction of pyro-
phosphorolysis by using the PPi-dependent formation
of UTP according to the method described by
Verachtert et al. (47). The standard assay mixture,
in a cuvette with a 1 cm light path, contained 1.0
,umole of Mg2+, 1.0 p.mole of PP1, 0.5 umole of
hydrazine sulfate, 0.6 /Amole of 3-P-glycerate, 0.12
,umole of NADH, 0.2 ,mole of UDPAG, excess
3-P-glycerate kinase and glyceraldehyde-3-P dehy-
drogenase, and enzyme extract in a total volume of
0.5 ml with 0.05 M triethanolamine buffer (pH 7.8)
at 25°. Oxidation of NADH was followed at 340 mu
using a Zeiss model PMQ II spectrophotometer. A
control containing the complete reaction mixture but
with a heat-denatured enzyme was subtracted.
Verachtert et al. (47) consider the possibility that
phosphatases present in crude extracts may compete
with 3-P-glycerate kinase for the nucleoside triphos-
phates formed and consequently would result in a
low estimate of the sugar 1-phosphate nucleotidyl-
transferase level. In our experiments, electrophoresis

2 The abbreviations used are: UDPAG, uridine di-
phosphate N-acetyl-D-glucosamine; UDPG, uridin,e di-
phosphate D-glucose.
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in Buffer (I) and chromatography in several solvent
systems of an incubated reaction mixture containing
0.5 ,umole of UDPAG, 1.0 jumole of PP1, 0.5 Mmole
of Mg2 , 10 ptmoles of NaF and 20 pmoles of enzyme
extract in 0.1 M tris buffer, pH 7.8, showed a
UN.-absorbing compound that cochromatographed
with authentic UTP, and a barely detectable U.V.-
absorbing compound which cochromatographed with
authentic UDP. Evidently NaF does not completely
inhibit phosphatase activity, but no attempt was made
to estimate the extent of this activity.

In the direction of UDPAG biosvnthesis, the
assay was not made quantitative, although excellent
recoveries of the amino sugar nucleotide were ob-
tained. The standard reaction mixture contained
2 ,umoles of N-acetylglucosamine-1-P, 2 ,tmoles of
UTP, 1.25 nmoles of MgCl. excess inorganic pyro-
l)hosphatase and 100 jul of enzyme extract in a total
volume of 0.2 ml with 0.1 Ii' tris buffer, pH 7.8.
After incubation for 2 hours at 300 the reaction was

stopped by addition of 3 volumes of warm ethanol
(30). The resultant precipitate was removed by
centrifugation, and the supernatant solution concen-
ttratedl in zvciio over P.,O,. The residue was thlel
taken ul) in wateir and subjected to electrophoresis
in Buffer (I). compound with electroplhoretic
mnobilitv of authenitic UDPA,G was eltited froml the
paper, concentrated in vacuto over P.0,. and purified
by paper chromatography in solvents (B) (C) and
(D). Controls wNere run, lacking UITP or containiing
a heat-denatured enzy-me.

Results

Determinationi of IH-exosambine Conitenit of Munig
Beans. Before attempting to study the path of
amino sugar nucleotide biosynthesis in mung beans.
it was desirable to determine the amino sugar content
of these beans.

Beans were germinated up to 5 days in a cabinet
of 100 % humidity. The whole seedlings were col-
lected and, after removing the seed coats, were

blotted with paper towels. Tlhev were homliogenized
in a Waring Blendor with 10 volumes of acetone,
filtered with vacuum, anld the residuie air-dr-ied. The

hexosamine ainalyses of noni-germiiinated beans were
carried out on acetone powders prepared from beans
soaked overnight in distilled water. Removal of the
seed coats from the soaked beans did not alter their
hexosamine content.

The acetone residues were ground in a mortar,
the powdered material suspended in 10 to 15 volumes
of 0.5 N HCl and allowed to reflux in a boiling water
bath for 10 hours. After cooling in ice water, the
mixture was centrifuged at 8000 X g for 20 minutes
and the clear supernatant solution used for analysis.

Hexosamine was isolated from 2 ml aliquots of
the supernatant liquid by passing it through a 200
to 400 mesh Dowex-50 (H+) resin as described by
Boas (5). The column was washed with water to
remove neutral material, and the amino sugar was

eluted with 2 N H,CI. The Dowex eluate was dilutted
to 10 ml with water, and portions of this eluate were

evaporated to dryness int vuaco over P-205-NaOTH.
The residue was then dissolved in water and analvzed
by the modified Elson-Alorgan procedure (14). The
results are given in table I. Recoveries of authentic
samples of D-glucosaminie lhydrochloride fronm the
resin were 90 to 92 %.

To test the ilmetlhod for hexosamine deterniiiination.
ani egg wvlite sample fromii a fresh egg, the composi-
tioni of wlhich is kniown, was hyidrolyNzed and analyzed
by the above procedure. Tlle yield was 3.6 unioles
of hexosamiiine per ml of egg white hydrolvsate;
the calculated yield of lexosaminle from the average
comilpositioni of egg white (49) is 3.4 tamloles per ml
of lhvdrolvsate. the agreemenit being withlini 6 %.

Properties of L-GlutauntiulC D-F'rllctose 6-P/hosphatc
Amidotransferase. The specific activity of the 30 %
saturated ammonium sulfate fraction was 0.011 yxiole
of hexosamine phosphate per hour per mig of protein.
This fraction lost activity upon freezing and thaw ing.

T!he hexosamline content of mung bean seeds as re-
corded in table I agrees wiith published values for other
seeds (32). An increase in hexosamine contenit of ap-
proximately 30 %o over the dormant bbeans was noticed
upon continued germination up to 5 days. For the 2 day
germinated seedlings it may be noted that less tlhani 3 %/o
of the total hexosamine could have been in free form.

Table I. Anal/ves for JlIxosaniinc Ctintcnt of Germtintetcd and Non-Germ in4lacd Iun.y Betan Samph's

/imoles of hexosamine

per 100 g of materialMaterial'
g hexosamine per
100 g of material

Ground whole beans 320 0.057
Non-germinated beans (soaked overnight in water) 290 0.052
2 Day germinated seedlings 360 0.064
2 Day germinated seedlings, control2 <11 <0.002
3 Day germinated seedlings 350 0.063
4 Day germinated seedlings 430 0.077
5 Dav gerniinated seedlinigs 440 0.079

Air-dried acetone powders.
2 Material was suspend(led in 1) volumes of 0.5 N HCl and maintained at roonm temperature with intermittent stir-

ring for 16 hours.

1100



MAYER ET AL.-BIOSYNTHESIS OF UDP-N-ACETYL-D-GLUCOSAMINE IN P. AUREUS

A preparation with 0.31 unit per ml gave 0.13 and
0.020 units per ml after a first and second thawing,
respectively. If nucleic acids were removed from
the initial extract with MnCl., no detectable amido-
transferase activity remained. The activity was also
destroyed by dialysis. It appears that dialysis or
complexing with Mn2+ might have removed a co-
factor required for activity; no cofactor requirements,
however, could be demonstrated for activities of
enzyme extracts isolated from various sources by
other workers, nor could several seemingly possiible
cofactors such as pyridoxal phosphate exert any
stimulatory effects (14, 24).

Using a freshly prepared 30 % saturated ammo-
nium sulfate fraction as enzyme source, the formation
of hexosamine phosphate was linear at least up to
5 hours, whereas with a preparation which had been
stored frozen overnight the amide transfer reaction
was linear up to 3 hours, and then the rate decreased.
From these experiments it may be inferred that the
enzyme of the fresh preparation was not only more

0.
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FIG. 2. Effect of D-fructose-6-P concentrationi oii

lhexosamine phosphate formation. Enzyme source: 30 %
saturated ammonium sulfate precipitate.

active but also more stable to denaturation upon taining the L-glutamine concentration at 0.03 M, the
prolonged incubation than one which had been frozen D-fructose-6-P concentration was varied from 0.02
and thawed. The results of these experiments are to 0.001 M in order to observe its effects on product
shown in figure 1. formation. The results are given in figure 2. Froml

Since the rate of hexosaniine l)hosphate formationi a double reciprocal plot the Km for n)-frtictose-6-P
was linear, substrate was not limiting. Previous was calculated to be 9 X 10-2 M.
results of incubation experiments had shown that Crude mung bean extracts showe(d amidotrans-
maximum transamination was achieved with 0.02 M ferase activity with both L-glutamine and, as far as
D-fructose-6-P and 0.015 M L-glutamine (final conc). is known for the first time, with L-asparagine. With
Increasing the L-glutamine concentration to 0.03 M 'l-glutamine as an amino group donor 2 separate
had little effect oIn the extent of the reactioni. Main- preparations gave 0.044 and 0.042 units per ml of

extract, respectively, and with L-asparagine 0.033 and
i 0.030 units per ml of extract, respectively. With

0.4 either fresh or frozen samples of the 30 % saturated
ammonium sulfate fraction no amidotransferase ac-

tivity could be observed using L-asparagine as an

-r /amide donor. Whether there are 2 aminating sys-
.N tems in mung beans, one using L-glutamine and
O 0.3 another L-asparagine, remains to be determined.

C: /Characterization of Product froM D-Fructose
6-Phosphate and L-Glutamine Incubation. In order

to isolate sufficient material for characterization it
E 0.2 __ / _[1 large scale reaction mixture was prepared, consistirW
o) / ____--of 0.8 ml of 0.1 M D-fructose-6-P, 0.8 ml of 0.15 M0

x 5 .-r~~~ ° L-glutamine, 0.8 ml of 0.3 M phosphate made 0.01 M
in EDTA, pH 6.6, and 1.6 ml of the enzyme extract
in a total volume of 4 ml. The mixture was incu-

> 0.1 bated for 3 to 3 and one-half hours at 3Q0 and, after
heating in boiling water for 2 minutes, was frozen.
It was then allowed to melt and centrifuged at
10,000 X g for 10 minutes. The pH of the clear
supernatant solution which was initially 6.6 was0

0 1 2 3 4 5 lowered to 1.8 with 1 N HCl. A silky white pre-
cipitate formed as the pH was lowered. This mix-

lime (Hours) ture was frozen and then centrifuged as before. A

FIG. 1. Time course of hexosamiine phosphate syn- clear supernatant solution was obtained with a
thesis. - 0 - 0 -, enzyme source is fresh 30 % satu- pH 1.9.
rated ammonium sulfate p)recipitate; - El - O -, enzyme Analysis of an aliquot of the incubation mixture
source is frozen and thawed 30% saturated ammonium by a modified Elson-Morgan reaction (14) showed
sulfate precipitate. that 1.5 to 2.0 % of the D-fructose 6-phosphate had

3 l

2 "

,, I~~~~

1 101

0.2
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been transformed into hexosamine phosphate. Quan-
titative recovery of the hexosamine phosphate in the
pH 6.6 supernatant solution was obtained in the
pH 2 supernatant solution. This supernatant solu-
tion was passed through a 200 to 400 mesh Dowex-50
(H+) column, 1.4 X 12 cm. The resin was washed
with water until the total volume of liquid reached
15 ml. The hexosamine phosphate was eluted fronm
the resin with 20 to 30 ml of water (33), the yield
being 15 to 30 % as calculated from the hexosamine
phosphate content of the pH 2 supernatant solution.
Aliquots from 2 separate Dowex eluates were assavs
by the modified Elson-Morgan reaction and bv tihe
indole-lhydrochloric acid method. The amounts of
hexosamine phosphate per aliquot determinied by the
2 methods were, in ,moles, 0.10 and 0.13, 0.066 and
0.064, respectively.

In order to ascertaini the l)uritv of the D)owex
eluiate, it was subjected to electroplhoresis in tlle
systems, Buffer (I) and Buffer (IT). In both cases
al)proximately 0.03 ,mmole of hexosaminie plhosphate
froml a Dowex eluate anld 0.03 Kliiole of standardl
i)-glucosamine-6-P were used. The results are sum-
mlarized in table II. Althouglh tlle presence of neu-
tral stugar wvas not excluded by these tests, conitamlli-
nationi of the Dowex eluate does not seemii likelv
siince it wouldinot lhave been retainied b1 the resin.
The 2 systemiis do separate the otlher l)ossible conl-
taminants, C.g. L-glutamline, L-glutanmate, D-fructose-
6-P fronm hexosamiiine phosphate. It can therefore
be concluded that the product of the Dowex eluate
was free froml impurities.

Ninzhydrin Oxidation. To check the migration
of the pentose phosphate produced by oxidative
deamination of hexosamine phosphate the following
experiment was performed: To 20 ptl of standard
D-glucosamine 6-P (approx 0.05 1smole) and 20 ,ul
of a Dowex eluate (0.05 mniole of hexosamine phos-
phate) in separate tubes 25 ttl of ninlhvdrin reagent
were added (45). The tubes were fitted with air
condensers and placed in boiling water for 30 min-
utes. After cooling, the entire contents were spotted
oIn paper and subjected to electrophoresis in Buffer
(I). The results are shown in table III.

It appears that a pentose phosphate was produced
by ninhydrin oxidation of the Dowex eluate, as
indicated bv the characteristic reddish color. To
verify this observation the following experiment was
performed: To 0.11 ml of Dowex eluate conitaining
0.3 jlmlole of hexosamine phosphate. 0.15 iml of
niinhvdrin reagenlt wN-as addled and tlle oxidation
carrie(l outt as previously described. The entire
mixture was stripped oln paper and treated as before.
A 5 cmll wide strip with a miiean R i rate = 0.94 was
cut from the paper, dried overniglht in zvaci() over
NaOH-H.,SO,, tlleni eltuted withi water. The eluate
was evalporated to dryness ini vaciio over NaOH-
H.,S,O4, and the residuie dissolved inl 0.1 lill of 0.05 M
citrate buffer, p1l 5.5. A smiiall amiiount ( <0.5 nig)
of wlheat germ acid phosphatase was added, the mix-
tture incubated at 30° overnight and evaporated to
dryness in vacito. The residue was taken up in
1 to 1.5 mil of Nwater and mlixed-bed resin, 0.5 to
1.0 ml of 20 to 50 mleslh Bio-Rad AG 01-x8 (D),

Table II. Electrophoresis of the Product Contained in tlt Dozeex Elutatc
Electrophoresis in Buffer (II). Sprayed w-ith ninhydrin.

Migration
Material in cm Rpicrate Ninhvdrin coloration

Picrate 14.0 1.0 ...

D-Glucosamine 6-phosphate 4.8 0.34 Purple
Dowex eluate 4.9 0.35 Purple (only visible spot)

Electrophoresis in Buffer (I). Sprayed with aniline phosphate.

Material

Picrate
D-Glucosamine 6-ph(osplhate
Dowex eluate

Migration
in cm

13.2
0
0

Anil inie phosphate color

1.0
0
0

Brownish
Brownish (only visible spot)

Table III. Elcctroplorcsis of Standard D-Glucosamine 6-Phospliatc and t1lc Dowex Product.Iftcr Ninhydrin Oxidation

Material

Picrate
D-Glucosamine 6-plhosphate
Dowex eluate

Migration
in cm

7.1
6.5
0
6.6
0

Aniline phosphate color

0.92
0

0.93
0

Reddish
Purple before spraying

Reddish
Purple before spraying
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was added. After stirring intermittently for 30
minutes, the mixture was filtered through paper with
vacuum, the resin washed several times with water
and the filtrate and washings combined and evapo-
rated in vacuo over P205. A control consisting of
buffer and wheat germ acid phosphatase was treated
in the same manner as the ninhydrin oxidation
product. The residues were taken up in 40 ,ul of
water and aliquots containing approximately 0.05
,umole of the product were chromatographed in the
systems described in table IV.

The Dowex eluate was reducing as indicated by
the aniline phosphate color test; it possessed an
a-amino group as shown by the ninhydrin-positive
reaction. Upon ninhydrin oxidation a compound
which was reducing and which moved toward the
anode was produced. After dephosphorylation with
acid phosphatase, the compound yielded a substance
which had a chromatographic mobility as that of
authentic L-arabinose. Since galactosamine-6-P
would produce lvxose after ninhydrin oxidation and
dephosphorylation, it can be concluded that the
Dowex eluate contained either glucosamine phos-
phate or mannosamine phosphate.

Acetylation. The results of the oxidative de-
amination indicated that the hexosamine phosphate
was either glucosamine phosphate or mannosamine
phosphate but excluded galactosamine phosphate. In
order to ascertain the identity of this phosphorylated
amino sugar in the Dowex eluate, the product was
acetylated in a reaction mixture containing 0.05 ml
of Dowex eluate (approx 0.5 ,umole of hexosamine
phosphate), 0.50 ml of water, 0.10 ml of saturated
NaHCO., and 0.10 ml of 5 % aqueous acetic anhy-
dride in a total volume of 0.75 ml. The mixture
was incubated for 3 minutes at room temperature,
then placed in boiling water for 3 minutes (14).
After cooling, Dowex-50 (H+) was added to cessa-

tion of bubbling, the mixture filtered through paper

and the filtrate evaporated in vacuo. To the residue
dissolved in 30 ,ul of water 0.2 ml of citrate buffer,
pH 5.5, and approximately 1 mg of wheat germ acid
phosphatase were added. The mixture was incubated
overnight at 300 and evaporated in vacuo, the residue
suspended in 1 ml of water and 1.5 to 2.0 ml of
mixed bed resin was added. After stirring inter-
mittently for 30 minutes, the mixture was filtered

Table V. Results of Chromatography of the Dowex
Eluate Product After Acetylation and

Phosphatase Treatment
Developed in Solvent (A). The paper was sprayed

with sodium hydroxide.

Material Migration in cm RG

N-acetyl-D-mannosamine 6.0 0.19
Dowex eluate 9.3 0.30
N-acetyl-D-glucosamine 9.4 0.30
N-acetyl-D-galactosamine 6.4 0.21

with vacuum and the resin washed several times
with small amounts of water. The combined filtrate
and washings were evaporated in vacuo over P20.,
the residue taken up in a small amount of water and
an aliquot containing 0.05 to 0.10 ,umole of the
product was spotted on borate-treated paper and
chromatographed. The results are presented in
table V.

The fluorescent material from the acid phospha-
tase reaction migrated, after sodium hydroxide treat-
ment, with the same mobility as authentic N-acetyl-
D-glucosamine. Standard glucosamine 6-P, when
subjected to the same series of reactions, produced
similar results. It may be concluded that the Dowex
eluate yielded a compound which behaved as standard
N-acetyl-D-glucosamine.

The data obtained from oxidative deaminatlon
and acetylation of the hexosamine phosphate support
the conclusion that the compound produced upon
incubation of D-fructose 6-P and L-glutamine with the
mung bean fraction is D-glucosamine-6-P.

Properties of D-Glucosamine 6-Phosphate Trans-
acetylase. A plot of cpm versus strip number for a

reaction mixture and a control with heat-denatured
enzyme is shown in figure 3. As can be seen.
negligible counts were detected in the area corre-
sponding to the standard N-acetyl-D-glucosamine in
the control. An experiment was carried out in which
the D-glucosamine-6-P substrate was omitted but
active enzyme was used. In the area corresponding
to the standard N-acetyl-D-Iglucosamine, 80{0 cpm
were detected for the reaction and 673 cpm for the
control. Incorporation of radioactivity in this con-
trol was small in comparison to that of the complete
reaction mixture.

Table IV. Chromatographly of the Ninhydrin Oxidation Product After Phosphatase Treatment

Migration
Material in cm RF Aniline phosphate color

Developed in Solvent (E)
Lyxose 13.9 0.45 Reddish
Dowex eluate 10.4 0.34 Reddish
Arabinose 11.0 0.36 Reddish
Phosphatase control ... ... No colormtion
Developed in Solvent (F)
Lyxose 14.3 0.45 Reddish
Dowex eluate 11.0 0.35 Reddish
Arabinose 11.9 0.38 Reddish
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FIG. 3. Chromatography of biosynthetic N-acetyl-
hexosamine phosphate after phosphatase treatment.

reaction; ------- control. See text for details.

It can be calculated from figure 3 that the extent
of incorporation of acetyl group from acetyl CoA
was approximately 4 % (348,000 cpm of acetyl CoA
added to the incubation mixture and 14,000 cpm
recovered under the N-acetyl-D-glucosamine peak.)
This figure should be considered as a lower limit
of transfer, because of some loss of radioactive
material during the transfer of the incubation mix-
ture to the paper for electrophoresis, loss of radio-
activity from the resin treatment, and subsequent
filtration. Undoubtedly, the amount of acetyl trans-
fer was greater than the calculated 4 %. Experi-
mental data slhowed tllat acetyl group was also
transferred from acetyl coenzyme A to D-glucosamine
6-P at pH 6.6. At the lower pH, however, the
amount of activity detected under the standard
N-Vacetyl-D-glucosamine peak was abouit one-half that
at the higher pH.

Properties of Acetylglucosamnine Phosphomnutase.
The substanice formed upon incubation, at pH 8, of
.V-acetyl-D-glucosamine-1-P with the enzyme extract
gave the modified Elson-Morgan test in the presence
of Mg2+ and of catalytic amounts of glucose 1,6-di-
phosphate. In order to demonstrate the reaction in
the reverse direction, advantage was taken of the
pyrophosphorylase reaction which proved to be re-
sponsible for the formation of UDP-N-acetyl-D-glu-
cosamine in the mung bean seedlings. N-Acetyl-
D-glucosamine 6-P, prepared from D-glucosamine 6-P
and acetyl-1-'AC coenzyme A with the mung bean
extract as previously described, was reacted at pH 7.8
with UTP in the presence of Mg2+, catalytic amounts
of D-glucose 1,6-diphosphate, excess inorganic pyro-
phosphatase and the enzyme extract. The reaction
was stopped by the addition of 3 volumes of warm
ethanol, and the precipitated protein removed by
centrifugation. The supernatant solution was then
concentrated in vacuto over RO,., the residue taken

uip ill water and chromatographed in solvent (D)
together with an unlabeled UDPAG serving as an
internal marker. This procedure gives a good sepa-
ration of the unreacted acetvl coenzyme A (RF 0.63)
from UDPAG (RF 0.15). Horizontal strips, 1 cm
wide, were cut from the paper, placed in vials with
10nml of liquifluor solution, and counted. Incor-
poration of radioactivity was observed in an area of
the paper with an RF identical with that of the
standard UDPAG. The strips corresponding to the
UDPAG spot were removed from the vials, washed
with toluene, air-dried and eluted with water. The
eluate was then lyophilized, the residue taken up in
water and chromatographed in solvent (B). The
spot corresponding to standard UDPAG was eluted
again, subjected to electrophoresis in Buffer (1) and
chromatography in solvent (C). In each case, un-
labeled UDPAG was used as a standard reference,
and in both chromatography and electrophoresis
incorporation of radioactivity into a spot associated

60
11 Butter (1)

405

0

>o

>

<D~

UDPAG

20

UDPAG
III Solvent (C), 17 hours em,

Distance From Origin (cm)
FIG. 4. Identification of the enzymatically synthesized

radioactive UDPAG by paper electrophoresis and paper
chromatography. Unlabelled standard UDPAG was de-
tected by U.V.
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with that of the reference UDPAG compound was
observed (fig 4). No incorporation of radioactivity
was observed at the UDPAG reference area when
a previously-boiled enzyme extract was used, nor
when UDP was substituted for UTP. By analogy
with other mutase and pyrophosphorylase reactions
(see also next section), these results show that the
mung bean extract contains an active acetylgluco-
samine phosphomutase catalyzing the interconversion
of N-acetyl-D-glucosamine-1-P and N-acetyl-D-gluco-
samine-6-P. Thus the path N-acetyl-D-glucosamine
6-P -- N-acetyl-D-glucosamine-l-P -- UDP-N-acetyl-
D-glucosamine was made irreversible by hydrolvzing
the pyrophosphate liberated with inorganic pyro-
phosphatase.

Properties of UDPAG Pyrophosphorylase. A
U.V.-absorbing spot was detected in an area of the
paper corresponding to authentic UDPAG (Rpicrate
= 1.0) after electrophoresis in Buffer (I) of a
reaction mixture incubated at 300 for 2 hours and
containing 2 umoles of N-acetyl-D-glucosamine-1-P,
2 pmioles of UTP, 1.25 ,umoles of MgCl,, 100 ,ul of
the enzyme extract and excess ino,rganic pyrophos-
phatase in a total volume of 0.2 ml with 0.1 M tris
buffer, pH 7.8. In either the absence of UTP or in
the presence of a heat-denatured enzyme, no U.V.-
absorbing spot with ionophoretic mobility of UDPAG
was detected. The area corresponding to UDPAG
on the paper was then cut out, eluted with water, the
eluate concentrated in vlacuo over P210,or lyophilized,
and the residue taken up in water and chroma-
tographed in solvents (B), ('C), and (D). In all
3 cases, only 1 U.V.-absorbing spot was detected,
which cochromatograplhed with autlhentic UDPAG
and therefore substantiated the electrophoretic identi-
fication of this compound. The electrophoretogram
from Buffer (I) contained, besides the U.V.-absorb-
ing spot corresponding to UDPAG (Rpicrate 1.0)
and UTP (unreacted excess; Rpierate 1.53), also
small U.V.-absorbing spots that migrated with
authentic UDP, UMP, and uridine. The formation
of all of these compounds is indicative of the presence
of active phosphatase(s) in the extract.

Pyrophosphate is the second product of the re-
action catalyzed by pyrophosphorylase in the direc-
tion of UDPAG synthesis. It was hydrolyzed by
inorganic pyrophosphatase to orthophosphate, thus
ensuring irreversibility of the reaction.

The products of the reaction catalyzed by pyro-
phosphorylase in the direction of pyrophosphorolysis
were also identified. Thus, a reaction mixture con-
taining 0.5 ,umole of UDPA'G, 1.0 umole of PP ,
0.5 ,umole MgCl2, 10 umoles of NaF and 20 1.l of
enzyme extract in a total volume of 55 /Al with
0.1 M tris buffer (pH 7.8) was incubated for 2 hours
at 300, then subjected to electrophoresis in Buffer
(I) after protein removal as described above. A
U.V.-absorbing spot with mobility exactly as that of
authentic UTP (Rpicrate 1.53) appeared. A second
compound, which did not absorb U.V. light, gave a
positive response to both the phosphate spray and

chlorinating reagent. It had the same mobility upon
co-electrophoresis with an isolated N-acetylgluco-
samine-1-P (Rpicrate 0.8), which, in turn, was pre-
pared from UDPAG by hydrolysis with Crotalus
admanteuts venom phosphodiesterase, and which was
used in the presence of UTP as a substrate in the
reverse reaction, namely the biosynthesis of UDPAG.

The areas of electrophoretogram corresponding
to UTP and N-acetylglucosamine-1-P were separately
cut out, eluted with water and subjected to chroma-
tography in solvents (B) and (C) for further
identification. In both solvents only 1 spot corre-
sponding to UTP and 1 corresponding to N-acetyl-
glucosamine-1-P were detected. A control contain-
ing the complete reaction mixture but with no
enzyme was treated as above. In both electro-
phoresis and chromatography the UDPAG spot re-
mained intact. The electrophoretogram of the com-
plete reaction mixture also contained spots of free
N-acetylglucosamine and of inorganic phosphate,
indicating the presence of a phosphomonoesterase in
the extract.

Inhibition of L-Glutamine and D-Fructose 6-Phos-
phate Amidotransferase. Since amidotransferase
from mammalian tissue is inhibited by U'DPAG and
this inhibition is absent in bacteria (20), it was of
interest to learn whether a mechanism of regulation
of the pathway leading to UDPAG biosynthesis is
operative in a higher plant. Figure 5 shows that
amidotransferase of P. aureus is inhibited by
UDPAG, although to a lesser extent than the enzyme
isolated from mammalian tissues. Specifically, the
amidotransferase of P. aureus is inhibited by
UDPAiG to an extent of about 60 %, independent
of further increment in UDPAiG concentration,
whereas the enzyme from mammalian sources is
inhibited to about 80 % (20, 22). UDPG does not
appreciably inhibit the enzyme. Under the condi-
tions of assay, the partially puirified nimtng bean

60
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° 40

' 30
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0
0 2 4 6 8 10 12 14 16 18 20

M x 105
FIG. 5. Inhibitioll of L-Elutaniine D-fructose 6-phos-

phate amidotransferase by UDPAG. Enzyme source is
fresh 30 % saturated ammonium sulfate precipitate, as-
sayed under the standard conditions, but with UDPAG
(- 0 - 0 -) or UDPG (-A-A-) added to the con-
centrations indicated.
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L-glutamine D-fructose 6-phosphate amidotransferase
did not catalyze the breakdown of UDPAG, even
when the mixture was incubated at 30' up to 5 hours,
as determined by chromatography and electrophoresis
of the incubation mixture against authentic UDPAG.
The kinetics of this inhibition remain to be studied.

Discussion

The results of the present investigation show that
the biosynthesis in P. aureus of UDP-N-acetyl-D-
gluicosamine from D-fructose 6-phosplhate occurs by
a similar pathway to that dleduced from various
reactions with enzymic preparations of Nelrospora
crassa ( 11, 24, 36), mammalian tissues and micro-
organisnms (14, 46); the only major difference is
that with mung bean extracts, in addition to glu-
tamiiine, asparagine call serve as an amino group
donor for the formation of D-gltucosamine 6-phos-
phate.

UDP-N-Acetyl-D-glucosamine was shown to in-
hibit rat liver L-glutamine D-fructose 6-phosphate
amidotransferase, which catalyzes the first reaction
leading to the biosynthesis of this amino sugar
nucleotide (22). However, it was reported in fur-
ther sttudies of this feedback inhibition (2(0) that in
contrast to the enzyme fronm mammalian tissues.
amidotransferase from 3 species of bacteria is in-
sensitive even to higlh UDP-N-acetvl-D-glutcosamiinie
concentrations.

The present investigation demonstrates that UDP-
N-acetyl-D-glucosamine inhibits P. aulrcuis amido-
transferase, thus establishing the presence of such
inlhibition in a higher plant.

Since a hexokinase is known to occur in mung
bean mitochondria (29) and is also distributed in
several other higher plants (39), it can be assumed
that this enzyme is responsible for the formation
from D-fructose of D-fructose-6-phosphate which is
required for the subsequent reactions.

Inasmuch as UDP-N-acetyl-D-glucosamine is
present in mung beans and D-glucosamine was found
to be a constituent of glycolipids and glycoproteins
in certain plants, it is most likely that the amino
sugar moiety of these compounids is donated by this
amino sugar nucleotide. However, since ADP-N-
aicetyl-D-glucosamine was isolated from corn grain
('12), aind ADP-N-acetylglucosamine pyrophosphor-
lase activity was showNn to be present in this grain
(31), there is a possibility that a nucleoside diphos-
phate D-glucosamine containing a base other thaln
utracil is a potential N-acetylglucosamiine (lonor to
polymers containing this amino sugar.

Other pathways for the biosynthesis of UDP-N-
acetyl-D-glucosamine are also possible. For example.
Kornfeld and Glaser (21) showed that extracts of
Pseudornonas aeruginosa catalyze acetylation on the
amino sugar nucleotide level, not on the amino sugar
level, by the following reaction: TDP-D-glucosa-
mine + acetvl-CoA--TDP-N-acetvlglucosamine +
CoA.
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