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We previously reported that incubation of the appropriate sugar nucleotides with extracts
obtained from Type XIV Diplococcus preumoniae resulted in the formation of glycolipids
and serologically active polysaccharides (1, 2). During the course of these studies, we ob-
served the formation of an unusual sugar nucleotide when the extracts were incubated with
UDP-N-acetylglucosamine. As shown below, the new nucleotide is UDP-2-acetamido-4-
amino-2,4,6-trideoxyhexose. The extracts also transferred the diamino sugar to endogenous
lipid acceptors.

While diamino sugars are found in a few antibiotics (3), the only report of the occurrence
of a 2,4-diamino-2,4,6-trideoxyhexose is that by Sharon and Jeanloz (4); the unusual
amino sugar was a component of a polysaccharide produced by a strain of Bacillus subtilis.
The amino sugar, called bacillosamine, was obtained as the 4-N-acetyl derivative after acid
hydrolysis of the polysaccharide. Recently, Zehavi and Sharon (5) have identified bacil-
losamine as 2,4-diamino-2,4,6-trideoxy-L-altrose. Whether bacillosamine is identical to,
or a diastereoisomer of the amino sugar reported below has not yet been established.

Two enzyme fractions were required for the synthesis of the UDP derivative of the
diamino sugar. They catalyzed the following reactions:

Fraction I
UDP-N-Acetylglucosamine — UDP-2-acetamido-4-keto-2,6-dideoxyhexose (UDP-X;)

Fraction 11
pyridoxal phosphate

UDP-X,; 4+ glutamate
a-ketoglutarate + UDP-2-acetamido-4-amino-2,4, 6-trideoxyhexose (UDP-X;;)

These reactions are similar to those proposed for the enzymic synthesis of TDP-4-amino-
4 ,6-dideoxyhexose from TDP-glucose (6), and perhaps for the biosynthesis of TDP-3-
amino-3 ,6-dideoxyhexose (7).
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Diplococcus pneumoniae Type XIV ATCC 6314
was grown in Todd Hewitt Broth (Difco) as
previously described (1, 8). When the culture had
reached the late exponential phase of growth, it
was chilled and the cells were harvested by
centrifuging and washed with a solution contain-
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ing 0.15 m KCI,
buffer, pH 7.2.

Labeled and nonlabeled sugar nucleotides were
chemically synthesized by a general method (9);
UDP-N-acetylhexosamines-*C were labeled in the
N-acetyl moieties.

Paper electrophoresis was performed at 60-70
V per centimeter for 15-20 minutes in the following
buffers: 0.05 m sodium eitrate, pH 4.5; 0.05 m
pyridinium acetate, pH 6.5; and 0.03 M sodium
phosphate, pH 7.5. Paper electrophoresis of
labeled compounds, or of incubation mixtures con-
{aining labeled substrates, was followed by secan-
ning the strips for radioactivity; the #C was deter-
mined by eutting the strips into half-inch seg-
ments, which were then assayed in a Packard Tri-
Carb liquid secintillation spectrometer. The
toluene scintillation system recommended by the
manufacturer was used in this assay.

The following solvent systems were employed
for descending chromatography on Whatman No. 1
paper at room temperature: [, isobutyric acid-
ammonia-water (57:4:39); II, 19 ammonium
sulfate-isopropanol (1:2); III, 0.5 M ammonium
acetate (pH 3.8)-ethanol (2:5); IV, 1.0 M am-
monium acetate (pH 7.5)-ethanol (2:5); V, n-
butanol-ethanol-water (4:1:1); and VI, ethyl
acetate-pyridine-water (8:2:1). The mobilities of
the enzymic products, their derivatives, and
reference compounds are given in Table 1. Kodak
blue brand X-ray film was used for the detection
of 1C compounds by radioautography. After
chromatography, ultraviolet light-absorbing com-
pounds were detected by examination under an
ultraviolet light, carbohydrates with a periodate-
benzidine dip reagent (10), and phosphate esters
with the Hanes and Isherwood spray reagent (11),
followed by ultraviolet light irradiation (12).

The following colorimetric methods were used:
protein by the procedure of Lowry et al. (13),
hexosamires by a modified Elson-Morgan method
(14), reducing sugars by the method of Park and
Johnson (15), and phosphate by the method of

0.01 M potassium phosphate
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Fiske and SubbaRow (16). Uridine was deter-
mined by its absorbance at 262 mu in 0.075 M
phosphate buffer, pH 7; an En.x of 10,000 was
used.

Periodate oxidation studies were conducted in
the dark at 0°, and periodate consumption was
measured titrimetrically with a mieromethod
(17). Acetaldehyde was removed from the perio-
date reaction mixtures by bubbling a stream of
moist air through the solutions; the acetaldehyde
was collected in 267 sodium bisulfite and measured
by the procedure of Stotz (18). A chromotropic
acid method was used to determine formaldehvde
in the reaction mixtures (19).

Assay of enzymes. The incubation conditions
used for agsaying the enzymes are given in detail
in the experiments presented below, and only the
principles of the assay methods are discussed
here. The general procedure involved the con-
version of a labeled substrate to a labeled produet,
separation of these by paper electrophoresis, and
determination of the produet by liquid scintilla-
tion techniques.

The assay of Fraction I utilized a two-step
method. In the first step, Fraction I was incubated
with UDP-N-acetylglucosamine-1C, giving UDP-
X;-1C; the mixture was heated for 1 minute at
100° to stop the reaction. The second step in-
volved the conversion of UDP-X;-*C to UDP-
X11-1C by incubating the first reaction mixture
with excess Fraction 11, glutamate, and pyridoxal
phosphate. Finally, the concentration of radio-
active UDP-X 1 was determined after paper
electrophoresis in pyridinium acetate buffer,
Under the conditions described in Fig. 1, at least
969 of UDP-X1-C added to boiled Fraction I in
the first step was converted to UDP-Xr-%#C.
Control incubation mixtures, with heat-inacti-
vated Fraction I, gave no detectable UDP-X;-
1#C. The guantity of UDP-X; formed in the re-
action was proportional to the time of incubation
and to the quantity of Fraction I emploved.

A unit of Fraction I was defined as the quantity

TABLE I
Rp VALUES AND RELATIVE ELkcTROPHORETIC MoBILITIES OF UDP-X| AND UDP-X|1

R Vaiues in solvents

Relative electrophoretic mobilities

Compound

I I mr EyIdivim | Citrate, pH 1.5 Phosphate.
UDP-N-Acetylglucosamine .37 .33 .08 1.00 1.00 1.00
Uridine-5’-diphosphate 37 .19 .04 1.29 1.47
Uridine-5'-monophosphate .46 .33 .21 .86 77 1.27
UDP-X: .37 1.00 1.00
UDP-X11 .46 .14 .07 .49 .44 .74
N-Acetylglucosamine 1-phosphate .53 .33 .26 .81
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of enzyme(s) that converted 1 umole of UDP-N-
acetylglucosamine to product in 30 minutes at 37°
under the conditions deseribed in Fig. 1.

Fraction II was assaved by measuring the
reaction in the reverse direction since the quantity
of UDP-X; available for substrate was limited.
Here the enzyme fraction was incubated with
UDP-X11-#C, o-ketoglutarate, and pyridoxal
phosphate; after stopping the reaction, the prod-
uet, UDP-X1-14C, was separated from the sub-
strate by electrophoresis and measured by liquid
scintillation techniques. Under the conditions
described below, the formation of UDP-X;-14C
was proportional to time of incubation and to the
quantity of Fraction II.

A unit of Fraction IT was defined as the quan-
tity that converted 1 pmole of UDP-X11 nto UDP
X1 in 30 minutes.

Preparation of Fractions I and II. The following
operations were conducted between 0° and 5°. The
cells obtained from 6 liters of culture medium
were suspended in 24 ml of the buffer-salts solution
used for washing the cells, and ruptured with a
French pressure cell. After stirring for several
minutes with 2 mg cerystalline DNase to reduce the
viscosity, the suspension was diluted to 40 ml and
centrifuged at 32,000 g for 1 hour. The transluscent
supernatant fluid contained the major portion of
Fraction II, and was carefully separated from the
particulate layer which contained both Fractions
I and II. After decanting the upper layer, the tube
was shaken to suspend the partially sedimented
particulate fraction, and the latter was decanted.
The tube was rinsed with 0.5-ml portions of the
buffer-salts mixture, followed by careful decanta-
tion; a small quantity of packed residue remaining
in the tube was discarded. The crude particulate
fraction contained both Fractions I and II, and
was used to prepare UDP-X/ as described helow.

Fraction IT could be removed from the particu-
late, leaving Fraction I, by storing the sediment
at 0° for 2-5 days, followed by centrifuging at
32,000 ¢ and washing the particles twice with fresh
buffer-salts solution. The quantity of wash fluid
used was equal to the volume of the original sus-
pension of particles. The washed preparation was
finally suspended in 4 ml of the buffer-salts solu-
tion; it contained 5 units of Fraction I per milli-
liter and 8.5 mg protein per milliliter. Fraction I
was stable to storage at —15°, and at 0° for 1 week.

Fraction II was purified as follows. The crude
supernatant fraction (35 ml) was titrated with 19
protamine sulfate solution (about 9 ml) until no
further precipitate was formed. After 10 minutes
with occasional stirring, the mixture was centri-
fuged at 15,000 ¢ for 10 minutes, and the precipitate
was discarded. The supernatant fluid (40 ml) was
treated with 36 ml of a saturated solution of
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ammonium sulfate. (The ammonium sulfate was
prepared by saturating a solution at 5° and adjust-
ing with concentrated ammonium hydroxide until
a pH of 7 was obtained when the solution was
diluted 1:10 with water). After the addition of
ammonium sulfate, the mixture was stirred oc-
casionally for 20 minutes at 0° and centrifuged
for 10 minutes at 15,000 ¢, and the residue was dis-
carded. This residue contained all of the Fraction
I activity that remained in the crude supernatant
fluid, and represented about 109, of the total
Fraction I activity of the erude extract; it was not
soluble when resuspended in fresh buffer-salts
solution, i.e., it sedimented when centrifuged at
100,000 g. The supernatant fluid (73 ml) obtained
after the first ammonium sulfate treatment con-
tained all of the Fraction IT activity, which was in
turn precipitated by adding an additional 36 ml of
the saturated ammonium sulfate solution. After
occasional stirring for 15 minutes at 0°, followed
by centrifugation for 10 minutes at 15,000 g, the
precipitate was dissolved in 4 ml of buffer-salts
solution and dialyzed for 12 hours against the
same solution to remove ammonium sulfate.
Finally, the dialyzed solution was centrifuged at
100,000 ¢ to remove any possible contamination of
Fraction II by Fraction I. A typical preparation
contained 67 units of Fraction IT activity, and 86
mg protein in a volume of 6.7 ml. The preparation
was stable to storage at —15° for at least 3 weeks.
Fraction II was purified approximately 10-fold
over the crude extract.

RESULTS

Properties of Fraction I. Fractions I and IT,
obtained as described above, were crude
preparations, and the results of kinetic ex-
periments presented below are therefore con-
sidered preliminary.

The conversion of UDP-N-acetylglucosa-
mine to UDP-X; was proportional to time of
incubation for at least 30 minutes, and to the
quantity of Fraction I in the range 0.01-0.05
unit per incubation mixture.

The effect of pH on the rate of Reaction 1
is shown in Fig. 1. The optimum in Tris-HCI
buffer was approximately pH 7.4. An ap-
parent inhibition was observed in either
phosphate or Tris-phosphate buffers.

The effect of substrate concentration on
Reaction I is shown in Fig. 2, and according
to these results, the K, for UDP-N-acetyl-
glucosamine was approximately 1 X 107% m;
it should be noted, however, that the par-
ticulate fraction contained UDP-N-acetyl-
glucosamine 4’-epimerase (1), which would
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Fia. 1. The effect of pH on Fraction I activity.
Incubation mixtures (50 pl) contained 0.20 pmole
UDP-N -acetylglucosamine (1.8 X 10° epm/umole),
0.05 unit Fraction I, and 3.3 pmoles Tris-HCl
(@) or potassium phosphate buffer (O). The
mixture was incubated for 30 minutes at 37° and
heated to 100° for 1 minute to stop the reaction.
After cooling, the following additions were made:
25 ul 0.1 M sodium glutamate; 25 wl 0.33 m Tris-
HC) buffer, pH 8; 5 ul 0.005 m pyridoxal phos-
phate; and 25 gl purified Fraction II (0.25 unit).
The mixtures were incubated for 2 hours at 37°
and assayed by the electrophoretic method.

reduce the concentration of the substrate,
and the K, is therefore only an estimate.

Figure 3 shows the effect of time of incuba-
tion on the reaction. The rate decreased after
about 30 minutes, and the reaction essen-
tially ceased after approximately 60 minutes.
The explanation for the decrease in rate is
apparently not enzyme inactivation, since
the addition of fresh enzyme at 2 hours gave
only a slight increase of UDP-X,. Another
possibility was that the reaction had reached
its equilibrium value; this explanation was
not valid since only negative results were ob-
tained in attempts to show that the reaction
catalyzed by Traction I was reversible
(Table 11).

One of the reasons that the rate of Reac-
tion I abruptly decreases may be inhibition
of the reaction by the product. The inhibi-
tion experiments are given in Table II;
UDP-X was a powerful inhibitor of Fraction
I, and UDP-X,; also inhibited, but to a
lesser extent.

Fraction I was neither stimulated nor in-
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Fig. 2. The effect of substrate concentration
on Reaction I. Incubation mixtures (50 pl) con-
tained: 3.3 pmoles Tris-HCl buffer, pH 7.4; 0.05
unit Fraction I, and UDP-N-acetylglucosamine
(1.8 X 10° cpm/umole). The reaction mixtures
were treated as described in Fig. 1.
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F1a. 3. Effect of time of incubation on Reaction
I. Incubation conditions and assay were per-
formed as indicated in Fig. 2. The upper curve
represents the concentration of UDP-N-acetyl-
glucosamine-*#C in the reaction mixtures at the
indicated times; the lower curve gives the con-
centration of UDP-X-1C.

hibited by concentrations of MgCl. ranging
from 0.002 to 0.01 m. However, in the pres-
ence of 0.01 m EDTA, the enzymic activity
was inhibited to the extent of 32 %.
Substrate specificity studies indicated
that the system was specific for UDP-N-
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TABLE II

ErrecT oF REACTION PRODUCTS ON FRACTION 1

Incubation mixtures (50 gl) contained: 3.3
wmoles Tris-HCI buffer, pH 7.4; 0.05 unit Fraction
I; and where indicated: UDP-N-acetylglucos-
amine (1.0 X 10¢ ¢pm/umole), and UDP-X; or
UDP-Xyr (4.4 X 10* epm/umole). The incubation
mixtures were treated as described in Fig. 1 to

convert UDP-X; to UDP-Xy .

Additions (umole) Incubation UDP-Xir

~—— time with  formed by

UDP-X UDP-Xyp VDo Acety - R Fm(ccﬁfnrﬁ 1
0.15 0 6,120
0.15 30 6,040
0.15 120 6,310
0.10 0.20 30 28,700
0.10 0.10 30 22,700
0.10 0.20 30 49,500
0.10 0.10 30 38,600
0.20 30 55,100
0.10 30 42,400

acetylglucosamine. A nucleotide analogous
to UDP-X;; was not formed when the com-
plete system was incubated with UDP-
glucose, and a sugar phosphate analogous to
the phosphate ester of X;; was not formed
when N-acetylglucosamine-1-P was substi-
tuted for UDP-N-acetylglucosamine. On the
other hand, UDP-N-acetylgalactosamine
could apparently replace UDP-N-acetyl-
glucosamine, Further investigation showed,
however, that this apparent activity resulted
from the contaminating 4’-epimerase. I'or
example, the quantity of UDP-Xy; formed
from UDP-N-acetylgalactosamine was 9%
of that obtained from UDP-N-acetylglu-
cosamine when the incubation was con-
ducted for 15 minutes, and 34 % after 30
minutes.

Properties of Fraction II. Under the con-
ditions described in Fig. 4, the quantity of
UDP-X; formed from UDP-X;; was propor-
tional to the time of incubation for at least
30 minutes, and to the quantity of Fraction
II present in the incubation mixture. As
shown in the figure, the pH optimum in Tris-
HCI buffer was about 7.9.

The enzymic activity was not affected
by the addition of either 0.01 m MgCl, or
EDTA. On the other hand, when pyridoxal
phosphate was omitted, no activity could be
detected.

DISTLER, KAUFMAN, AND ROSEMAN

R T T T L
2400 | 4
2000 | ]
[
2
=1
<
€ 1600 | J
(o]
m
~
11200 - ﬁ
]
o
[=]
>
< 800 T -
£
a
o
400 ﬁ
1 —1 . 1 1
70 75 80 85 90
pH

Fic.4. The effect of pH on Reaction I1. Ineuba-
tion mixtures (75 pl) contained: 0.1 umole UDP-
X1 (44 X 10* epm/pmole); 2 ymoles sodium a-
ketoglutarate; 8 umoles Tris-HCl buffer; 0.01
upmole pyridoxal phosphate; and 0.05 unit Frac-
tion II. The mixture was incubated at 37° for 30
minutes, the reaction was stopped by heating at
100° for 1 minute, and the “C-products were
determined by the electrophoretic method.

The presence of a-ketoglutarate was also
essential for enzymic activity with purified
Fraection II, and this compound could not be
replaced by equimolar concentrations of
sodium oxalacetate, pyruvate, or glyoxalate.
When the complete system was used, i.e., the
crude particulate preparation, glutamate was
active and could not be replaced by aspar-
tate or asparagine, and was only partially
replaced by glutamine. In contrast to the
reaction(s) catalyzed by Fraction I, under
the proper conditions, the transaminase reac-
tion catalyzed by Fraction IT resulted in the
quantitative conversion of the substrate,
UDP-X4, to UDP-X; (Fig. 5).

Preparation of UDP-X ;1. The crude par-
ticulate preparation described above, con-
taining Fractions I and II, was used as a
convenient enzyme system for the prepara-
tion of UDP-Xy;. Attempts to conduct these
experiments on a large scale gave low yields
of the product. The incubations were there-
fore conducted on a small scale, and several
such mixtures were combined. A typical
reaction mixture contained the following
components in a final volume of 10 ml: 4 ml
of the crude particulate preparation; 20
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Fig. 5. The effect of time of incubation on
Reaction IL. Incubation mixtures were prepared
as described in Fig. 4, at pH 7.9. The curves
represent the quantities of UDP-Xy and UDP-X ¢
(both () present in the incubation mixtures at
the indicated times.

umoles of UDP-N-acetylglucosamine (la-
beled in the carboxyl group of the N-acetyl
moiety, specific activity 5.5 X 10* cpm per
micromole); 100 pmoles sodium glutamate;
and 0.5 umole pyridoxal phosphate. The pH
of the mixture was 7.4, and it was incubated
at 37° for 4 hours. Assay of aliquots showed
that 57 wmoles of labeled UDP-X,; were
formed during the incubation; the mixture
was cenftrifuged at 32,000¢ for 1 hour, and
the supernatant fluid was stored at —15°.
When approximately 100 umoles of UDP-
Xy; had been accumulated, the solutions
were combined and filtered through a 2 X
15 em column of SGL charcoal.* After wash-
ing the charcoal with water, the nucleotides
were eluted with 100 ml of a solution contain-
ing 50 % ethanol and 0.6 % NHj;. The eluate
was concentrated to dryness in a vacuum,
the residue was dissolved in 2 ml of water,
and the solution was subjected to paper
electrophoresis on 30 sheets of Whatman 3
MM paper (15 inches wide each) in the

4The SGL charcoal, coarse mesh, was obtained
from the Pittsburgh Chemical Co. It was prepared
for use by repeated treatment with approxi-
mately 1 N HCl, washed with water, and then
washed extensively with 5097 ethanol containing
0.69, NH,, and finally with water. The ethanol-
ammonium hydroxide wash was important since
it removed ultraviolet-absorbing and lipid-like
materials from the charcoal.
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pyridinium acetate buffer described above.
The segments of the paper containing “C
were eluted with water. The primary reason
for the electrophoresis step was the fact that
it removed inorganic phosphate, a con-
taminant that was difficult to remove in the
subsequent steps.

The eluate from the paper was concen-
trated in a vacuum and applied to a 2 X 25
c¢m column of Dowex-1, bicarbonate-form
resin (200-400 mesh). After being washed in
water, the column was eluted with a linear
gradient of NHHCO;; the 4-liter gradient
ranged from 0.0 to 0.5 M NHHCO;. Two
radioactive peaks were detected when ali-
quots of the 20-ml fractions were assayed;
Peak T was observed in fractions 68-100, and
Peak IT was detected in fractions 106-138.
Paper electrophoresis indicated that Peak I
was UDP-N-acetylglucosamine-**C, and
Peak IT was UDP-X1-*C; these results were
surprising in view of the mobilities of these
substances on paper electrophoresis. Peak 11
was treated in a vacuum with an excess of
Dowex-50, hydrogen-form resin, to remove
the NH,HCO;. After filtration, the solution
was neutralized with NH,OH, concentrated
in a vacuum, and applied to a 2 X 25 em
column of Dowex-1, chloride-formx resin
(200-400 mesh). The column was first
washed with 0.003 m HCI to remove small
amounts of ultraviolet light-absorbing mate-
rials, and then eluted with 1500 ml of 0.005
M LiCl in 0.003 N~ HCl. The fractions con-
taining UDP-X;; were combined, adjusted
to pH 7 with LiOH, and concentrated to
dryness in a vacuum. Finally, the solid was
dissolved in 3 ml of methanol, the UDP-X;
was precipitated by the addition of 37 ml of
acetone, and the precipitate was collected
by centrifugation, dissolved in methanol,
again precipitated with acetone, and col-
lected by centrifugation. The resulting white
powder was dried over calcium chloride, in a
vacuum, for 24 hours; it weighed 49 mg and
was obtained in 75 % yield.

Properties of UDP-X;;-*C. The product
obtained as described above was homogene-
ous when examined by paper chromatog-
raphy (solvent systems I, II, II1, and IV),
and paper electrophoresis (3 pH’s). The
ultraviolet light absorption spectrum of
UDP-X,; corresponded exactly to that of
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UMP at pH 2, 7, and 9.5. Different prepara-
tions showed only traces of inorganic phos-
phate, while the organic P to uridine molar
ratio was 1.87. On a weight basis, the uridine
content indicated that the molecular weight
of the product was 754. The specific radio-
activity, 4.4 X 10* cpm per micromole of
uridine, was lower than that of the substrate,
5.5 X 104

The presence of a free amino group in
UDP-Xy;, in addition to the N-acetyl-*C
group, was shown by the following: (a) The
product reacted with ninhydrin on the paper
chromatograms. (b) Under the standard con-
ditions used for N-acetylation of hexosa-
mines (20), the product was converted to a
substance that migrated on paper electro-
phoresis in the same manner as UDP-N-
acetylglucosamine. The labeled acetyl group
was retained during this procedure. (e)
When UDP-X,; was treated with 2,4-dini-
trofluorocbenzene (21), a compound was
formed that migrated on paper electrophore-
sis more rapidly than UDP-Xy;; the yellow
dinitrophenyl spot corresponded to the
radioactive spot (Fig. 6).

Quantitative estimation of the reaction
with 2, 4-dinitrofluorobenzene showed that
approximately one mole of the reagent re-
acted per mole of uridine, thus indicating
that the UDP-X;; contained one free amino
group. It was possible that this group was
derived from the amino group of the N-
acetylglucosamine residue by an acyl migra-
tion, thereby retaining the “C in the produet,
but as an acetyl ester. However, this ap-
peared unlikely when we observed that the
acetyl group was completely stable to
alkali under conditions that would quantita-
tively hydrolyze O-acetyl esters.

An important property of UDP-X,; was
its lability to acid. For example, when
treated with 0.1 v HCI for 10 minutes at
100°, the colorless solution of UDP-X;
quickly turned red and then darkened with
the formation of considerable humin.
Examination of the mixture by paper elec-
trophoresis showed UDP as the major
identifiable substance, with small amounts
of UMP, and a little of the original nucleo-
tide. The hydrolysis of UDP-X;; gave one
mole of NH; (Fig. 7). This decomposition,
and the formation of the humin, could
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F1s. 6. Electrophoresis of DNP-derivatives of
the diamino-sugars in citrate butfer, pH 4.5, A;
UDP-X;1-DNP, prepared as follows: A mixture
containing 50 gl 0.01 m UDP-X11, 50 gl 5¢; (v/v)
triethylamine, and 200 ul 5% 2,+-dinitrofluoro-
benzene in ethyl alcohol was placed in the dark for
3 hours. The solvent was removed in a vacuum,
0.25 ml 5% triethylamine was added. and the
solution was extracted with ether 4-5 times. The
aqueous phase was subjected to electrophoresis.
B; the product in A was hydrolyzed in 0.1 N~ HCI
at 100° for 15 minutes, and the HCI was removed
in a vacuum over CaCl, and soda lime. Water was
added and the mixture was subjected to electro-
phoresis. C'; the same as B except that hydrolysis
was performed in 2 N HCI for 2 hours. D; the DNP
derivative of “C”’ polysaccharide was prepared as
described in A and hydrolyzed at 100° in 2 x TICl1
for 2 hours. The hydrolysate was dried and electro-
phoresis was performed as above. E; reference
compounds. Cross-hatehing indicates yellow color
on the paper.

largely be prevented when the acid treat-
ment was conducted with the derivatives
formed by N-acetylation or by dinitrophen-
ylation. Even here, however, vigorous acid
hydrolysis resulted in decomposition.

The decomposition of UDP-X;; under acid
conditions suggested the possibility that
pyrroles were being formed, and this possi-
bility was tested with the Ehrlich reagent
(24). A positive test was obtained; when the
reaction was conducted at 80° for 5 minutes
(Table III), the absorption maximum was at
550 my, and the molar extinction coefficient
(based on uridine) was 7.6 X 102 The opti-
mum conditions for performing the direct
Ehrlich reaction on this substance have not
been established; the color was not stable to
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F16. 7. The liberation of NH; during hydroly-
sis of UDP-X11. Hydrolysis mixtures (1.3 ml) con-
tained 2.14 umoles of UDP-X; or 2.0 gmoles UDP-
N-acetylglucosamine in 2 N HCl. The mixtures
were heated at 100° and aliquots were removed at
various times. Ammonia was determined in the
aliquots by the Conway diffusion technique (22)
followed by nesslerization (23). A standard so-
lution of (NH,)-80, treated in the same man-
ner gave quantitative yields of NH; by this proce-
dure.

longer periods of heating. The application of
the Ehrlich reaction to the analysis of X g
is discussed below. UDP-Xy also gave a
positive reaction with the resorcinol reagent
(25); the absorption maximum was at 590
my, and the molar extinction coefficient was
2.3 X 10%. As with the Ehrlich reagent (dis-
cussed below), the resorcinol reagent gave no
color with Xy after reduction with sodium
borohydride, and considerably less color
with the acetyl derivative of X;; (obtained
by N-acetylation with acetic anhydride).
Isolation and properties of the phosphate
ester of X;1. Preliminary experiments showed
that UDP-X;; was hydrolyzed by venom
phosphodiesterase to UMP (identified by
chromatography in solvent systems I, II,
III, and IV), and to a radioactive compound
that migrated very slowly on paper electro-
phoresis in citrate or pyridinium acetate
buffers. The “C product was isolated from
large-scale incubation mixtures containing
the following components in final volumes of
5 ml: 75 umoles UDP-X;;-4C; 50 pmoles
MgCl; 175 pmoles Tris-HCI buffer, pH 7.8;
and 600 units of venom phosphodiesterase
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(California Biochemical Corp.). After 1 hour
at 37°, electrophoresis of an aliquot showed
that 80% of the substrate had been con-
verted to a product that remained close to
the origin. The product was isolated by a
procedure used for the purification of other
hexosamine phosphates (26); the reaction
mixture was applied to a column containing
500 ml of Dowex-50, hydrogen-form resin
(200-400 mesh), and eluted with water. A
small fraction of the total radioactivity was
eluted with the salts in the first 400 ml, and
the bulk of the radioactivity was eluted in a
peak emerging between 4350 and 4850 ml of
eluant. The latter was evaporated to dryness
in a vacuum, dissolved in 0.5 ml of water,
and treated with 1.5 m! of ethanol and 1.5
ml of acetone. After storage at 5° the
product crystallized as fine needles which
were collected by centrifugation, washed
with an ethanol-acetone mixture (1:1), and
dried over calcium chloride in a vacuum. The
product weighed 10 mg and was recrystal-
lized from a water-ethanol-acetone mixture.
After drying over P:0; in a vacuum for 24
hours, it exhibited [a]® = +126° (¢, 0.3 in
water), and gave the following elemental
analyses (Spang Microanalytical Labora-
tory, Ann Arbor, Michigan).

CeHi;O:N:P, H.Q0  (302.2)
Calculated: C31.79 H634 N927 P1026
Found: C31.77 H628 N930 P10.36

The crystalline product did not give a reduc-
ing sugar test but reacted with ninhydrin on
paper chromatograms.

Preparation and Reduction of X and of
N-acetyl-X;;. Xy, its N-acetyl derivative,
and the corresponding sugar alcohols were
prepared from X;;-1-P. Since the latter com-
pound could not be hydrolyzed with acid
without concomitant destruction, the phos-
phate group was removed by enzymic
hydrolysis. Treatment of X;;-1-P (6 pmoles
adjusted to pH 8 with NaOH) with 0.1
mg Escherichia cole alkaline phosphatase
{(Worthington Biochemical Corp.) for 1-3
hours at 37° gave a product that showed a
positive charge on paper electrophoresis in
citrate buffer. The reaction was conducted
until the phosphate ester was completely
hydrolyzed. At this point, aliquots were
directly N-acetylated with acetic anhydride
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TABLE III

COLORIMETRIC ANALYSIS OF THE DIAMINO SUGARS

Direct Ehrlich’s® Dinitrophenylation”

Compound Amount analyzed (umoles) (absorbance) (absorbance)

UDP-Xi;1 0.022 0.149 0.069
0.044 0.275 0.149
0.11 0.625 0.361
0.22 1.380 0.705

UDP-X1: 0.10 0.66

X1 (free sugar) 0.10 1.81

N-Acetyl-Xi1 (free sugar) 0.10 1.24 0.00

UDP-N-Acetyl-Xi; 0.10 0.361 0.00

NaBH; reduced X1 0.10 0.00

NaBH, reduced N-acetyl-Xi1 0.10 0.00

“C’” polysaccharide® 0.50 mg 0.205
0.25 mg 0.102 0.133
0.125 mg 0.062

SXIV polysaccharide? 0.50 mg 0.00 0.00

@ An aqueous solution (0.1 ml) containing the substance to be analyzed, 0.9 ml ethyl aleohol, and
0.2 ml Ehrlich’s reagent (0.5% p-dimethylaminobenzaldehyde in 1:1 concentrated HCl-ethyl aleohol)
was heated at 80° for 5 minutes and cooled in tap water. The absorbance of the solution was determined
at 550 myu after 30 minutes.

® The DNP derivative of the substance to be analyzed was prepared as described in Fig. 6C. After
preparation of the derivative, the samples were hydrolyzed in 2 x HCI at 100° for 2 hours. The solution
was evaporated over CaCl; and soda lime, 0.1 ml water was added, and 0.05 ml was subjected to electro-
phoresis (citrate buffer). After drying the paper, the yellow spots corresponding to DNP-diamino sugar
were suspended in 2 ml 0.01 ¥ HCI for 4 hours, and the absorbancies of the solution were determined

at 360 mp.

¢ Generously supplied by Dr. Emil Gotschlich (Rockefeller Institute).
4 Kindly provided by Dr. Michael Heidelberger (New York University).

(20), or were reduced with sodium boro-
hydride, or were first N-acetylated and then
reduced. These procedures gave reduced Xy;
and reduced N-acetyl-X;;. The borohydride
reductions were performed by adding a 100-
fold excess of NaHB, to the reaction mix-
tures over a period of 30 minutes. The excess
borohydride was destroyed by adding HCI
to pH 4, and the mixtures were passed
through a column of Dowex-1, chloride-form
resin, to remove borate ion. The eluates were
concentrated in a vacuum to 0.5 ml and
treated with 5 volumes of ethanol to pre-
cipitate the bulk of the NaCl. After filtra-
tion, the salt was washed with ethanol, the
filtrates were concentrated, and the products
were purified by chromatography on What-
man No. 1 paper in solvent system V; the
labeled products were detected by radio-
autography. The sugar alcohol derived from
Xy migrated with an B, = 0.29, while the

R, of the N-acetyl derivative was 0.50. The
products were eluted from the paper with
water and oxidized with sodium periodate.
As shown in Table IV, the alcohol corre-
sponding to Xy; consumed 2 moles of perio-
date, gave 0.86 mole of acetaldehyde, and no
detectable formaldehyde. By contrast, the
aleohol corresponding to N-acetyl-Xir con-
sumed less than 0.2 mole of periodate and
gave no detectable acetaldehyde or formal-
dehyde. The eluate of a control segment of
the chromatography paper per se did not
consume significant quantities of periodate.

The sugar alcohols obtained from Xi;
and N-acetyl-X;; were radioactive and
therefore contained the labeled N-acetyl
group originally present in the UDP-N-
acetylglucosamine-*C. Since this acetamido
group was located at C-2 of the hexosamine,
the results of the periodate oxidation studies
with the sugar alcohols are only consistent
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TABLE IV
PERIODATE STUDIES WITH THE IDIAMINO SUGARS®

NaBH: reduced Xy1  NaBHj4 reduced N-
(moles I04~/mole acetyl-Xi1 (moles
sugar) I04 /mole sugar)

Oxidation time

15 minutes 1.37 0.12
30 minutes 1.58 0.14
2 hours 2.10 0.14
4 hours 2.01 0.20
8 hours 2.06 0.17

@ The reaction mixtures contained the following
components in 1 ml: 1.90 pmoles reduced X1 or
2 pmoles reduced N -acetyl-Xii, determined by
1#C.gontent; 20 umoles sodium periodate; and 200
pmoles acetate buffer, pH 4.5. The reaction mix-
tures were maintained at 0° in the dark, and
aliquots were removed for analysis. The values
represent periodate consumption per mole of
sugar, and these were determined by a micro-
titrimetric method utilizing arsenite (17). Other
reaction mixtures were analyzed for aldehydes
as described in Methods. Acetaldehyde was ob-
tained on periodate treatment of reduced Xip
(0.86 mole per mole “C-sugar) but not from re-
duced N-acetyl-Xi1. Formaldehyde was not ob-
tained as a product of periodate oxidation of
either sugar.

with a 6-deoxy group at C-6 (which gave
acetaldehyde), and with an amino function
at C-4. The periodate oxidation studies,
along with the other properties of UDP-X;
and the crystalline X ;-phosphate described
above, showed that X;; was a 2-acetamido-4-
amino-2,4,6-trideoxyhexose. The configura-
tion of the sugar has not yet been estab-
lished, and its possible relationship to
bacillosamine has been discussed above.
Preparation of UDP-X;. The most con-
venient method for the preparation of this
nucleotide was from UDP-Xyy, using I'rae-
tion II. When the incubation was conducted
on a large scale (10 umoles of UDP-Xy) as
described in Fig. 5, for 2 hours, essentially all
of the UDP-X;; was converted to UDP-X.
The latter was isolated after electrophoresis
of the mixture in pyridinium acetate buffer,
and the eluate from the paper was applied to
a1l X 10 em Dowex-1, chloride-form column
(200400 mesh). After washing the column
with water, it was eluted with 0.003 ~x HCI
in a linear gradient of LiCl, ranging from 0.0
to 0.08 M, in a total volume of 1 liter. The
fractions, 10 ml each, were assayed for
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nucleotide and for *C; only one peak was
detected, in fractions 61-80. The appro-
priate fractions were combined, the solution
was filtered through a 5-ml column contain-
ing SGL coarse mesh charcoal,* the charcoal
was washed with water, and the nucleotide
was eluted with ethanol-water-ammonia as
described above. The product was finally
obtained by concentrating the eluate to dry-
ness in a vacuumn.

The product, UDP-X;, was a substrate for
Fraction II, being converted in 96 % yield to
UDP-X; upon incubation with the trans-
aminase, in the presence of pyridoxal phos-
phate and excess glutamate. The ultraviolet
absorption spectrum of the nucleotide at pH
7 was characteristic of UMP, but also
showed “end absorption” in the range below
230 mu. The end-absorbing substance(s) was
not removed by an additional purification by
paper electrophoresis. I'urthermore, the ratio
of ultraviolet light absorbancy to “C was
about 12 % higher than that of the substrate,
UDP-X ;. These results suggest an impurity
that was not removed by the purification
procedures, or that the carbonyl group may
contribute significantly to the absorption
spectrum.

" The nucleotide contained a carbonyl func-
tion as indicated by the following: (a) It
reacted with o-phenylenediamine (27), and
the reaction product showed the expected
light absorption spectrum with a molar
extinction coefficient at 335 mpu of 5.2 X 103.
(b) The nucleotide gave a positive reducing
sugar test (15) without prior acid hydrolysis.
(¢) After hydrolysis with acid, a negative
hexosamine reaction was obtained with the
Elson-Morgan reagents. However, if the
nucleotide was first reduced with sodium
borohydride, and then subjected to this pro-
cedure, the Elson-NMorgan test was positive.

The hexosamine(s) from UDP-X | was pre-
pared as follows. UDP-X; (2 pmoles) was
reduced with sodium borohydride, adsorbed
on charcoal, eluted, and hydrolyzed in 4 N
HCI at 100° for 4 hours. The hydrolyzate was
dried over soda lime and caleium chloride to
remove the HCl, and the residue was
chromatographed by the procedure of Gar-
dell (28). The results shown in Fig. 8 clearly
showed that the products obtained from
UDP-X; were neither glucosamine nor
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Fig. 8. Chromatography of the hexosamines
from reduced UDP-X; on Dowex-50 (H*). The
hexosamines obtained from 1 ymole UDP-X; were
chromatographed by the procedure of Gardell
(28). The column was 1 X 46 cm, 200-400 mesh,
Dowex-50 (H*); the eluant was 0.3 ¥ HCl, and
1.78 ml fractions were collected. Glucosamine
and galactosamine standards were chromato-
graphed in the same manner. Alternate fractions
were analyzed for hexosamine after drying over
CaCl; and soda lime.

galactosamine. The hexosamine fractions
were combined, concentrated, and degraded
with ninhydrin by the procedure of Stoffyn
and Jeanloz (29). The degraded sugar(s)
migrated more rapidly than standard
pentoses: in solvent system V, the Rripose Was
1.81, while in solvent system VI, the Ry ibose
was 2.51. These results agreed with those ob-
tained by ion-exchange chromatography of
the hexosamine(s), and would be expected if
the hexosamines derived from X; were the
2-amino-2, 6-dideoxyhexoses.

The characterization of UDP-X; has not
been completed. Nevertheless, all of the evi-
dence presented above, ie., its origin from
UDP-X;; by a reaction that shows all of the
properties of a transamination, the fact that
it contains a carbonyl group, that it gives
hexosamines on reduction which are not
glucosamine or galactosamine, and that these
hexosamines are not degraded by ninhydrin
to known pentoses but to substances that
appear to be less polar, suggest that X; is a
4 -keto-2-acetamido-2,6-dideoxyhexose. The
origin of this compound from UDP-N-acetyl-
glucosamine would be analogous to the
reactions involving the conversion of several
hexose nucleotides to the corresponding 4-
keto-6-deoxyhexose nucleotides (30), the
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latter being intermediates in the formation
of substances such as GDP-L-fucose.

Detection of X1 in biological materials. As
emphasized above, the diamino sugar, Xy,
rapidly decomposes in acid. It therefore ap-
pears possible that this or similar substances
may occur in biological substances, but have
hitherto escaped detection with the excep-
tion of bacillosamine (4). The direct Ehrlich
reaction, which probably depends upon the
conversion of X1 to pyrroles (ring closure
would involve the C-4 amino and C-1 alde-
hyde groups), can be used to detect Xy, but
this reaction would be dependent on X
glycosides being sensitive to hydrolysis so
that cleavage could occur under the rela-
tively mild acid conditions used in the
Ehrlich test. In fact, the free amino sugar,
Xy, obtained by the enzymic hydrolytic
methods described above, reacted with the
Ehrlich reagent at room temperature and
gave about 2.8 times as much color, under
the conditions shown in Table ITI, as an
equimolar quantity of UDP-Xy;. In addition,
the amino group at C-4 of X;; may be
acylated in natural substances, and this
would either decrease the reactivity with the
Ehrlich reagent (e.g., see Table III for the
reaction shown by the N-acetyl derivative),
or might result in a negative test. Thus, a
negative Ehrlich test would not be evidence
for the absence of this sugar.

An alternate method for detecting Xy
was therefore developed. In this procedure,
the substance was dinitrophenylated and
hydrolyzed with acid, and the hydrolyzate
was subjected to electrophoresis. The DNP-
X1 migrated more rapidly than did amino
acid derivatives (Fig. 6); the positive charge
resulted from liberation of the amino group
at C-2, i.e., cleavage of the acetamido group
by the acid treatment. This method suffers,
of course, from the limitation that the
amino group of X;; must be available for
dinitrophenylation.

The colorimetric and dinitrophenylation
methods were applied to the analysis of “C”
polysaccharide (31) and to the Type XIV
specific capsular polysaccharide. As shown in
Table III, Type XIV polysaccharide gave
negative results, but the highly purified “C”
polysaccharide gave positive results by both
methods, and the results suggest that this
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substance contains a substantial quantity of
X or similar substances, and that the amino
group of the sugar is free to react with the
fluorodinitrobenzene reagent.

Table IIT also shows that the aldehyde
function of X;; was required for a positive
Ehrlich’s test (the sugar alcohols did not
react), and that N-acetylation of the amino
group at C-4 markedly reduced the reac-
tivity with this reagent.

Glycolipids containing X In our first
studies on the biosynthesis of Type XIV
polysaccharides (1), we noted the incorpora-
tion of considerable quantities of hexose into
glycolipid from UDP-hexose, and the forma-
tion of small quantities of radioactive glyco-
lipid from labeled UDP-N-acetylglucosa-
mine. The hexose containing glycolipids have
been characterized as glucosyl-diglyceride,
and galactosyl-glucosyl-diglyceride (2).

In the present studies, the hexosamine-
containing glycolipids were examined, and
the labeled material was found to be X;; and
not glucosamine or galactosamine. With the
crude preparations presently available, the
lipid aceeptor is endogenous material in the
enzyme {raction, and UDP-N-acetylglu-
cosamine (or UDP-N-acetylgalactosamine)
is converted to UDP-X;; prior to incorpora-
tion into the lipid. Preliminary experiments
showed that UDP-X;; was at least as effi-
cient a glycose donor as UDP-N-acetyl-
glucosamine.

Two chromatographically pure C-lipids
were isolated from the incubation mixtures;
the reaction mixtures were those used for the
preparation of UDP-X;; described above.
The lipids were purified by silicic acid
column chromatography followed by thin-
layer chromatography. While the complete
structures of these lipids are not yet known,
the following information has been obtained.
(a) The lipids gave negative tests with the
anthrone and Elson-Morgan (after acid
hydrolysis) reagents, and therefore do not
contain detectable quantities of hexose or
hexosamine. (b) One of the lipids contained
phosphorus, whereas the other did not. (c)
Dinitrophenylation, followed by acid hy-
drolysis and paper electrophoresis, gave a
product from each lipid that corresponded to
the DNP-derivative of deacetylated X1y (see
Fig. 6 C). (d) Neither the lipids nor their
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saponification products gave a direct Ehrlich
reaction, or a reducing sugar test, (¢) Upon
saponification under relatively mild condi-
tions (2), both lipids gave water-soluble
fragments containing all of the C, and
which were purified by chromatography on
Dowex-50, hydrogen-form resin. Each of the
lipids gave but one “C-product, and the
products from the two lipids were either the
same substance or were closely related.
Chemical studies with the *C-water-soluble
materials showed that they contained a free
amino group (ninhydrin reaction, electro-
phoretic mobility, reaction with fluorodini-
trobenzene to yield the DNP derivative de-
seribed above). N-Acetylation of each of the
4C-gaponification products gave an electro-
phoretically neutral substance. Finally, acid
hydrolysis of the saponification products
gave glycerol.

The results thus far suggest that the lipids
may be diglycerides where X;; is glycosidi-
cally bound to the glycerol moiety. The phos-
phorous containing lipid is, of course, more
complex; perhaps it is a phosphatidyl gly-
cerol type of molecule that contains Xiyy.
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