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SUMMARY

I. An enzyme that hydrolyzes the aspartyglycosylamine linkage of synthetic
z-acetamido-1-N-(4-L-aspartyl)-z-deoxy-f-D-glycopyranosylamine (4-L-aspartylgly-
cosylamine) or of glycopeptides was extracted from hog kidney and purified about
20 ooo-fold over the crude extract. The most purified preparation was homogeneous
on disc and sodium dodecyl sulphate disc electrophoreses and on ultracentrifugation.
The molecular weight determined by means of gel filtration and sodium dodecyl
sulphate disc electrophoresis was about 70 ooo. The presence of two other forms of
the enzyme was demonstrated.

2. The enzyme had a pH optimum at 5.5, but was considerably active at alka-
line pH values. From analysis of the products of enzymatic degradation of the
aspartylglycosylamine at an alkaline pH, the formation of 1-amino-N-acetylglu-
cosamine was demonstrated indicating that the enzyme is an amidase.

3. Rates of enzymatic hydrolysis of the aspartylglycosylamine linkage of the
glycopeptides from ovalbumin and Taka-amylase were about the same as that for
synthetic aspartylglycosylamine. Michaelis constants of the enzyme for ovalbumin
glycopeptide and the synthetic substrate were also about the same. The enzyme was
unusual in that the Michaelis constant varied depending on the enzyme concentra-
tion.

INTRODUCTION

In many glycoproteins, carbohydrate is linked to protein through the aspartyl-
glycosylamine linkage!. Enzymatic cleavage of this linkage was shown using prepara-
tions from various sources®—%, but no experimental proof on its mode of action had
been presented before work from this laboratory demonstrated a specific enzyme in
serum that hydrolyzed the amide bond of the linkage®. This enzyme was found to be
widespread in mammalian tissues’?, and the lysosomal localization was demon-
strated”®. This enzyme is believed to work in glycoprotein catabolism. In fact, it was
observed that a defect in this enzyme results in disorder of glycoprotein catabolism
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which leads to excretion of a large amount of aspartylglycosylamine in urinel®11, The
enzyme has been partially purified from various sources, 7.e. hog serums®.12, rat liver
and kidney”-® and hen oviduct!®. Some of its properties have also been investigated.

We isolated this enzyme in a homogeneous state from hog kidney and studied of
its chemical and physical characteristics and its kinetic properties using synthetic
aspartylglycosylamine and glycopeptides isolated from glycoproteins.

The enzyme should be named “4-L-aspartylglycosylamine amidohydrolase”,
but in this paper it is referred to as amidase for convenience.

MATERIALS

Syntheses of z-acetamido-1-N-(4-L-aspartyl)-2-deoxy-fS-D-glycopyranosylamine
(Asn-GlcNAc) and 1-f-amino-N-acetyglucosamine were performed according to
methods described previously!?.14,

Ovalbumin glycopeptide was prepared by the method of YAMASHINA AND
MakiNo!5, and Taka-amylase glycopeptide was generously given by Prof. Y. Matsu-
shima of Osaka University. The molar ratios of the constituents of these glycopeptides
determined by amino acid analyzer after hydrolysis in 6 M HCl] at 100° for 16 h
were as follows:

Ovalbumin glycopeptide: aspartic acid, 1.00; glucosamine, 2.89.

Taka-amylase glycopeptide: aspartic acid, I.00; serine, 0.03; glucosamine,
1.87.

The average molecular weights of these glycopeptides were calculated from the
following average molecular structures:

Ovalbumin glycopeptide: aspartic acid, 1.0; N-acetylglucosamine, 3.0; man-
nose, 5.016,

Taka-amylase glycopeptide: aspartic acid, 1.0; N-acetyglucosamine, 2.0; man-
nose, 6.017,

Hydroxylapatite was prepared according to the method of SIEGELMAN ef al.18,
DEAE-Sephadex and Sephadex were obtained from Pharmacia, Sweden, and
DEAE-cellulose from Brown and Co., U.S.A.

Bovine serum albumin, trypsin inhibitor (soy bean), cytochrome ¢ (equine
heart) and ribonuclease A (bovine pancreas) were obtained from Sigma Chemical Co.,
U.S.A. Lysozyme (egg white), trypsin and carboxypeptidase A were from Worthing-
ton Biochem. Corp., U.S.A. Ovalbumin was prepared according to KECKWICK AND
CanNNAN?®, Ceruloplasmin of human serum was supplied from Karolinska Institutet,
Stockholm, Sweden, through the courtesy of Prof. B. Blombick. Yeast alcohol
dehydrogenase was generously given by Dr. T. Yamada of Tokyo University.

METHODS

Enzyme assay and analytical methods

Amidase was assayed in a mixture consisting of 0.05 M sodium phosphate-citra-
te buffer (pH 5.50), 5 mM Asn-GlcNAc and enzyme preparation, unless otherwise
stated. After incubation for appropriate times at 37°, the reaction was stopped by
heating at 100° for 5 min, and the N-acetylglucosamine released was determined by
the Morgan-Elson reaction according to LEVVY AND MCALLAN??. When the reaction
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was carried out at alkaline pH values or glycopeptides were used as substrate, the
reaction was stopped by addition of an equal volume of 109, trichloroacetic acid. The
mixture, after being kept for another 60 min to ensure decomposition of a reaction
intermediate (1-amino-N-acetylglucosamine from Asn-GIcNAc or I1-amino-oligo-
saccharide from glycopeptides) to N-acetylglucosamine or oligosaccharide and am-
monia, was then neutralized with 0.6 M NaOH and used for the Morgan—Elson reac-
tion or for ammonia determination according to LUBOCHINSKY AND ZAaLTA2L. To
determine the effect of pH on enzyme activity, a universal buffer composed of phos-
phoric acid, acetic acid, boric acid and NaOH according to BRITToN AND ROBINSON?2
was used.

One unit of enzyme activity is defined as the amount which liberates 1 ymole
of N-acetylglucosamine from Asn-GlcNAc per min at pH 5.50 and 37°.

Assays for a- and §-N-acetylglucosaminidases, a- and f-mannosidases, a- and
[-galactosidases and g-fucosidase were performed according to CONCHIE ef al.%,

Protein was determined according to LOWRY ef al.?* with ovalbumin as the
standard.

To identify a reaction intermediate (I-amino-N-acetylglucosamine), paper
chromatography using ethylacetate-r1-propanol-water—aq. ammonia (s.g. = 0.90)
(1:7:2:0.1, by vol.) and paper electrophoresis in 0.05 M barbital buffer (pH g.0) were
carried out. For the latter, a voltage of 50 V/cm was applied for a period of 60 min
with cooling in #-hexane. Reducing sugars were detected on paper using an alkaline
AgNQ, reagent?.

Amino acid analysis of the purified enzyme preparation was performed using a
Hitachi KL A-3B amino acid analyzer after hydrolysis of the sample in 6 M HCl at
105° for 24 hin an evacuated tube. Sialic acid determination was carried out according
to the method of WARREN?® after hydrolysis of the sample in 2.59, trichloroacetic
acid at 80° for 60 min.

Polyacrylamide gel electrophoresis

The purified enzyme preparation was subjected to polyacrylamide gel electro-
phoresis (disc electrophoresis) in the system described by Davis? using 7.5%, gel of
PH 9.4 prepared in Davis’s Tris—glycinate buffer. A sample of about 50 ug protein
was applied to one gel, and electrophoresis was carried out at 4° for 60 min at 5 mA
per gel tube. Gels were stained with Amido black 10B. Amidase activity on the gel was
localized according to the method of GABRIEL AND WaNG2 after gels had been
incubated with 2 mM Asn-GlcNAc in 0.1 M sodium phosphate-citrate buffer (pH
5.50) for 30 min at 37°.

Electrophoresis in the presence of sodium dodecyl sulphate and mercaptoetha-
nol (sodium dodecyl sulphate disc electrophoresis) was performed according to the
directions of WEBER AND OsBORN?? using 109, gel with the normal amount of cross-
linker. A sample of about 30 ug protein was applied to one gel, and mobility was
expressed as that relative to trypsin. By comparing the mobility of amidase to the
mobilities of proteins of known molecular weight, molecular weight of amidase was
estimated.

Molecular weight determination using gel filtration on Sephadex G-150
Proteins of known molecular weight were used to calibrate a column of Sepha-
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dex G-150 (2 cm X 100 cm) equilibrated with 0.01 M potassium phosphate buffer
(pH 7.0) containing o.1 M NaCl. The purified amidase preparation, about 30 ug
protein dissolved in I.0 ml of the buffer, was placed on the column and eluted at a
flow rate of 7-8 ml/h at 4°. Fractions of 2.5 ml were collected and aliquots were used
for enzyme assays. Molecular weight of the amidase was calculated according to the
directions of ANDREWS??,

To check if molecular weight of the amidase varied depending on pH, gel filtra-
tion at pH 5.50 was also carried out. For this, the gel column was equilibrated with
0.05 M sodium phosphate-citrate buffer (pH 5.50) ; the buffer that is used for amidase
assay. Flow rate of elution was doubled, 7.e. 15 ml/h, to avoid inactivation of the
enzyme during the gel filtration.

Ultracentrifugal analysis

A sedimentation velocity experiment was performed on a 0.3%, solution of the
purified amidase preparation in phosphate buffer, pH 7.0 and I = 0.1, using a
Hitachi model UCA-1 analytical ultracentrifuge. Rotor speed was 50 6g6 rev./min
at 20°, and the sedimentation coefficient was calculated by the method of ScuacH-
MAN®L,

Determination of isoelectric points

Isoelectric points of the amidase preparations were determined by isoelectric
focusing using a carrier ampholyte giving a pH gradient between pH 4 and 6 (LKB-
Produkter AB, Sweden) at a mean concentration of 0.5, according to the directions
of VESTERBERG AND SVENssON3%, Focusing was carried out at 4° in a special ver-
tical electrolysis column (1.8 cm X 32 cm). Stabilization against convection was
achieved using a density gradient prepared from 509%, sucrose and water. After
focusing the column was drained and 1.5-ml fractions were collected, aliquots of
which were used for enzyme assays. Measurement of pH was made at 20°.

TABLE I

AMIDASE ACTIVITIES EXTRACTED FROM DIFFERENT HOG TISSUES WITH VARIOUS SOLVENTS

Each tissue was homogenized with 5 vol. of each solvent for 1o min in a Waring Blendor. The homogenate was
centrifuged at 10 ooo X g for 20 min, and the supernatant was assayed for amidase activity.

Solvent Kidney Spleen Liver Pancreas
Specific Total Specific Total Specific Total Specific Total
activity activity activity activity activity activity activity activity
(unitsfmg  (unitslg  (units/mg (unitslg  (units|/mg  (unitslg  (units/mg (units|g
protein tissue protein tissue protein tissue protein tissue
X 10%) X 10%) X 10%) X 10%) X 10°%) X 10%) X 10%) X 103%)

Water 3.25 2.73 2.98 1.75 1.23 1.19 0.80 0.89

0.9% NaCl 3.50 2.71 2.56 1.71 1.30 1.66 0.76 0.91

o.05 M

Citrate

buffer,

pH 5.0 4.74 2.61 3.82 1.85 1.70 1.10 0.78 1.03

o.05 M

Phosphate

buffer,

pH7.5 3.28 3.20 2.85 2.20 1.22 1.38 1.08 1.15
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RESULTS

Purification of amidase

Amidase was assayed in hog tissues, ¢.¢. kidney, spleen, liver and pancreas with
the results shown in Table I. Since kidney contained the largest amount of amidase,
consistent with the results of OHGUSHI AND YAMASHINA® for rat tissues, and since
amidase could be effectively extracted with o.05 M citrate buffer (pH 5.0), the extract
was used to isolate the enzyme. Subsequent operations were carried out at 2—4°
unless otherwise stated.

Step 1. Extraction and (NH,),S0, fractionation. A 1 kg portion of minced
kidney was homogenized with 21 of o.05 M citrate buffer (pH 5.0) in a Waring
Blendor for 2o min, and the homogenate was centrifuged at 8ooo x g for 2o min.
The residue was reextracted with 1 1 of the buffer. (NH,),SO, was added to the com-
bined supernatant to 359, saturation, and the mixture was centrifugated at 10 coo x
¢ for 2o min. The supernatant was then brought to 60%, (NH,),50, saturation, and
the resulting precipitate was collected by centrifugation. The precipitate was dissolved
in water and dialyzed. An inactive deposit formed during dialysis was removed by
centrifugation.

Step 2. Heat treatment. The supernatant from the previous step was diluted with
water to give a protein concentration of about 19, then it was heated at 60° for
15 min. After centrifugation to remove insoluble materials, the supernatant was
brought to 809, (NH,),SO, saturation, and the resulting precipitate was collected by
centrifugation. The pellet was dissolved in water, dialyzed and lyophilized.

Step 3. Acetone fractionation. Material from the previous step was dissolved in
a solution containing 0.04 M (NH,),SO, and o0.01 M zinc acetate to give about 1%,
protein concentration, the pH being adjusted to 6.1 with acetic acid. Cold 509, acetone
made up of an equal volume of acetone and 0.01 M zinc acetate buffer (pH 5.9) was
added with vigorous stirring to give 309, acetone concentration. The mixture was
kept at —5 to —10° for 2o min, then centrifuged at —10°. The supernatant was
dialyzed and concentrated to about one-thirtieth its original volume by ultrafiltration
using a membrane filter (Diaflo Ultrafiltration, Model 200, with membrane PM-To0,
Amicon Corp., U.S.A.). The concentrate was then dialyzed to equilibrium against
0.0z M potassium phosphate buffer (pH 7.0).

Step 4. DEAE-cellulose chromatography. The dialysate from the previous step,
corresponding to about 1.7 g protein, was applied to a column of DEAE-cellulose
(4 cm X 50 cm) equilibrated with 0.02 M potassium phosphate buffer (pH 7.0). After
eluting inactive proteins with the same buffer, amidase was eluted with 0.0z M buffer
containing 0.1 M NaCl. Fractions containing the peak of amidase activity were
pooled and concentrated to about 50 ml by ultrafiltration, then dialyzed to equili-
brium against 0.01 M potassium phosphate buffer (pH 7.0).

Step 5. Hydroxylapatite chromatography. The dialysate from the previous step
was applied to a, column of hydroxylapatite (4.5 cm . 16 cm) equilibrated with
0.01 M potassium phosphate buffer (pH 7.0). Elution was carried out with potassium
phosphate buffer (pH 7.0) in stepwise increasing concentrations, 7.e. 0.03 M (640 ml),
0.06 M (1360 ml) and 0.15 M (1170 ml). The flow rate was 35 ml/h, and 16-ml fractions
were collected. Two peaks of amidase activity were obtained on elution with 0.06
and 0.15 M buffer, which were designated as Fraction H-1 and Fraction H-2, respec-
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Fig. 1. Chromatography of amidase (Fraction H-1) on DEAE-Sephadex A-50. A 50-ml solution
of Fraction H-1 corresponding to 190 mg protein in 0.02 M potassium phosphate buffer (pH 7.0
was applied to a column of DEAE-Sephadex A-50 (2.4 cm X 28 cm) equilibrated with the same
buffer. Elution was carried out with a linear gradient from zero to 0.3 M NaCl in the buffer at a
flow rate of 27 ml/h. Fractions of g ml were collected, of which o.15 ml was used for enzyme assay
in a reaction mixture of 0.3 ml. The enzyme activity was expressed as the number of ymoles of
the released N-acetylglucosamine per 0.3 ml of the reaction mixture after incubation for 30 min.
Fractions in Tubes 133-160 and 162-176 were pooled and designated as Fraction H-1-A-1 and
Fraction H-1-A-2, respectively.
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Fig. 2. Rechromatography of Fraction H-1-A-1 on DEAE-Sephadex A-50. Fraction H-1-A-1
from the previous step (Fig. 1) was concentrated to about 50 ml, then dialyzed against 0.0z M
potassium phosphate buffer (pH 7.0). The dialysate was chromatographed on a DEAE-Sephadex
A-50 column (1.5 cm X 56 cm) under conditions similar to those for Fig. 1 at a flow rate of 18 ml/h.
Fractions of 5.6 ml were collected, of which 0.15 ml was used for enzyme assay. The enzyme acti-
vity was expressed as in Fig. 1. Fractions in Tubes 107-113 were pooled and designated as ami-
dase-1.
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tively. Total recovery of activity was about 70%,, of which two thirds were accounted
for by Fraction H-1. Each fraction was further purified.

Step 6. DEAE-Sephadex A-50 chromatography. Fraction H-1 was concentrated
to about 50 ml by ultrafiltration, then dialyzed against 0.02 M potassium phosphate
buffer (pH 7.0). The dialysate was applied to a column of DEAE-Sephadex A-50.
Amidase activity was eluted in two fractions (Fractions H-1-A-1 and H-1-A-2), as
shown in Fig. 1. Fractions in Tubes 133-160 were pooled, concentrated and dialyzed
against 0.0z M buffer. The dialysate was rechromatographed onacolumn of DEAE-
Sephadex A-50 under conditions similar to those of the initial chromatography with
the results shown in Fig. 2. Fractions with constant specific activity (Tubes 107-113)
were pooled. This pooled fraction, designated as amidase-1, had a specific activity
of 1.55 units/mg protein; 20 ooo-fold purification over the original extract, and
appeared homogeneous as is described later.

Upon chromatography of Fraction H-2 on a column of DEAE-Sephadex A-50
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Fig. 3. Chromatography of Fraction H-2 on DEAE-Sephadex A-50. A 30-ml solution of Fraction
H-2 corresponding to 9o mg protein in 0.02 M potassium phosphate buffer (pH 7.0) was chroma-
tographed on a DEAE-Sephadex A-50 column (1.6 cm X 49 cm) under conditions similar to those
for Fig. 1 at a flow rate of 2o ml/h. Fractions of 6.9 ml were collected, of which o.15 ml was used
for enzyme assay. The enzyme activity was expressed as in Fig. 1. Fractions in Tubes 140-149,
156-167 and 175-185 were pooled and desginated as Fraction H-2-A-1, Fraction H-2-A-2 and
Fraction H-2-A-3, respectively.

under conditions similar to those used for Fraction H-1, three peaks of amidase
activity (Fractions H-2-A-1, H-2-A-2 and H-2-A-3) were obtained as shown in Fig. 3.
Fraction H-2-A-1 was indistinguishable from Fraction H-1-A-1 in cochromatography
on DEAE-Sephadex A-50. Similarly, Fraction H-2-A-2 was indistinguishable from
Fraction H-1-A-2, and the combined fraction was designated as amidase-2. Fraction
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TABLE II

SUMMARY OF PURIFICATION OF AMIDASE-I FROM HOG KIDNEY

Fraction from Protein Total Specific Yield
(mg) activity activity (%)
(units) (munitsfmg
protein)

o.05 M citrate buffer extract 1250 000 10I.0 0.081 100
(NH,),S0, fraction 178 000 93.7 0.526 92.4
Heat treatment 43 200 77-9 1.80 76.8
Acetone fractionation 6 050 80.6" 13.3 79.5*
DXAE-cellulose chromatography 780 64.7 82.9 63.7
Hydroxylapatite chromatography

(Fraction H-1) 191 30.7 161 30.2
DEAE-Sephadex A-50 chromatography

(Fraction H-1-A-1) 18 18.5 I 030 18.3
DIEAE-Sephadex A-50 rechromatography 9 14.0 1550 13.8

* Slight increases in total activity from the previous step may be due to removal of sub-
stances interfering with amidase activity.

H-2-A-3, which differed from amidases-1 and -2 on DEAE-Sephadex A-50 chromato-
graphy, was designated as amidase-3.
Purification procedures for amidase-1 are summarized in Table II.

Properties of the purified amidases

Homogenetty. Amidase-1 was homogeneous on disc as well as on sodium dodecyl
sulphate disc electrophoreses, as shown in Fig. 4. On disc electrophoresis, the band of
protein coincided with that of amidase activity.

Ultracentrifugal analysis of amidase-1 also showed a single symmetric peak
with a sedimentation coefficient of 4.60 S.

Amidase-1 showed none of the following glycosidase activities, i.¢. ¢- and p-N-
acetylglycosaminidases, e- and S-mannosidases, ¢- and g-galactosidases and a-fucosi-
dase, when each substrate (synthetic glycosides) was incubated with 300 munits/ml
of amidase-I for 5 h under optimal conditions.

Amidases-z and -3 were heterogeneous, and further purification was not pos-
sible due to limited amounts of the materials.

Stability of amidase. Amidase-1 was invariably stable if stored in 0.02 M phos-
phate buffer (pH 7.0) at —20°. Repeated freezing and thawing did not affect the
enzyme activity. The stability of amidase-1 varied depending on the pH of the solu-
tion. At a pH above 6, amidase was invariably stable, but inactivation occurred at
lower pH values; 50 and 679, of the activities being lost at pH values, 5.5 and 5.0,
respectively, after standing at 37° for 2 h. However, the enzyme appeared to be
stabilized by its substrate, Asn-GlcNAc, since the enzyme reaction proceeded
linearly with time (up to 100 min) at pH 5.50 as described below.

Amidases-2 and -3 were as stable as amidase-I.

Effect of duration of the enzyme reaction. The release of N-acetylglucosamine
from Asn-GlcNAc was linear for at least 100 min as shown in Fig. 5, when 3.75, 2.9
and 1.05 munits/ml of amidases-1, -2 and -3, respectively, were used. The release of
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Fig. 4. Disc and sodium dodecyl sulphate disc electrophoreses of amidase-1. Disc electrophoresis
(right) was performed in 7.5% gel (pH 9.4 gel) for 60 min using a current of 5 mA per tube. About
50 ug of protein was applied to cach gel. Migration was from top (cathode) to bottom. Sodium
dodecyl sulphate disc electrophoresis (left) was performed in 109, gel with the normal amount
of cross-linker containing sodium dodecyl sulphate and mercaptoethanol for 4 h using a current
of 8 mA per tube. About 30 ug of protein was applied to each gel. Migration was from top (cathode)
to bottom.

ammonia was in equimolar relationship to that of N-acetylglucosamine all the time.
After completion of the reaction, products were equimolar amounts of ammonia,
aspartic acid (determined by amino acid analyzer) and N-acetylglucosamine.

Effect of varying enzyme concentration. The curve obtained by plotting the rate
of release of N-acetylglucosamine from Asn-GlcNAc versus the enzyme concentration
was slightly concave upwards, as shown in Fig. 6. This was not observed for crude
amidase preparations (before Step 4) or amidases-2 (shown in the figure) and -3. This
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Fig. 5. Effect of duration of the amidase reaction. Enzyme concentrations were 3.75, 2.90 and 1.05
munits/m] for amidases-1, -2 and -3, respectively, and the enzyme activity was expressed as the
number of ymoles of the released N-acetylglucosamine per 0.3 ml of the reaction mixture. @—@,
amidase-1; O—, amidase-2; X -—Xx, amidase-3.
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Fig. 6. Effect of varying amidase concentration. Incubation time was 30 min, and the enzyme
activity was expressed as the number of ymoles of the released N-acetylglucosamine per 0.3 ml
of the reaction mixture. @—@, amidase-1; O—(, amidase-2.
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lig. 7. Effect of substrate concentration on amidase-1 (Lineweaver—Burk plot). Incubation time
was 30 min for enzyme concentrations of 5 and 7.5 ug/ml, and 110 min for 2.5 ug/ml. For ovalbu-
min glycopeptide, enzyme concentration was 5 ug/ml. Reaction velocity (v) was expressed as
the number of umoles of either N-acetylglucosamine (for Asn-GlcNAc) or ammonia (for ovalbumin
glycopeptide) released per min per mg protein. @—@, reaction of Asn-GlcNAc with 2.5 ug/ml
of enzyme; O—Q, 5pug/ml; X—x, 7.5 ug/ml; O---O, reaction of ovalbumin glycopeptide
with 5 ug/ml enzyme.

effect was more apparent at lower substrate concentrations as illustrated in the
Lineweaver-Burk plot (see Fig. 7). It should be noted that the specific activity of
amidase-1 was determined at a protein concentration of about 4 ug/ml.

Action on amidase of glycopeptides and the effect of varying the substrate concen-
tration. Reaction rates and Michaelis constants (K,) of amidase-1 towards Asn-GlcNAc
and glycopeptides from ovalbumin and Taka-amylase were compared.

In the reaction with glycopeptides, 5 mM of each glycopeptide was incubated
with 6 ug/ml amidase-1 for the indicated times, and released ammonia was determined
after stopping the reaction by acidification with trichloroacetic acid. The rate of
hydrolysis of Taka-amylase glycopeptide was about the same as that of Asn-GlcNAc,
and that of ovalbumin glycopeptide was even higher.

Using 5 pg/ml amidase-1, K,, values with Asn-GlcNAc and ovalbumin glyco-
peptide were the same (0.77 mM) as shown in Fig. 7. However, it was remarkable
that the Ky value of amidase with Asn-GlcNAc varied depending on the enzyme
concentration; a linear relationship being obtained by plotting the Ky, value versus
the enzyme concentration over the range used in the experiments, as shown in Figs. 7
and 8. This results in the marked dependency of the reaction rate, expressed in terms
of activity per mg protein, on the enzyme concentration at lower substrate concen-
trations. Maximum velocity (specific activity) was also dependent slightly on enzyme
concentration.

Ky values for amidases-2 and -3 determined using enzyme concentrations

Biochim . Biophys. Acta, 258 (1972) 600-617
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Fig. 8. Variation of Km values with amidase-1 concentration. K,, values obtained from Fig. 7
were plotted against enzyme concentration.

corresponding to 6 ug/ml amidase-1 were nearly the same as that for amidase-I,
0.64 mM and 0.40 mM, respectively, as compared to 0.64 mM for amidase-1.

Variation of activity with pH. The pH profile of amidase activity varied de-
pending on conditions used to terminate the reaction. When the enzyme reaction was
terminated by adding 109, trichloroacetic acid, a sharp peak was observed at a pH
of about 5.5, but activity was still considerable at higher pH values with a broad
peak at around pH 8. The same pH profile was obtained irrespective of the assay
methods, z.e. the Morgan-Elson reaction or ammonia determination. However, when
the enzyme reaction was terminated by applying ammonia determination directly
to the reaction mixture, it was found that the formation of ammonia was much less
than that of the amino sugar at alkaline pH values. This finding was similar to that
previously reported by MAKINO et al.%% for hog serum amidase.

Amidases-z and -3 were similar to amidase-1 in the pH profile.

Effect of various compounds on activity. Activity (amidase-1) was only slightly
affected by p-chloromercuribenzoate. Cu?+, Ni*+, Zn*+ and Mn2+ at 1 mM inhibited
the enzyme 30-40%,. These results are similar to those for amidase from rat kidney?.
Some metal ion may participate in the activity since 1 mM EDTA inhibited the en-
zyme 50%, but no detailed study of this phenomenon has been performed. Of the
reaction products, aspartic acid at 1 mM inhibited the enzyme 409,, but neither
N-acetylglucosamine nor ammonia at 1 mM inhibited the enzyme.

Mechanism of the enzyme action. MAKINO et al.8:12 presented convincing evidence
for the following action mechanism of hog serum amidase.

Asn-GlcNAc + H,O — 1-amino-N-acetylglucosamine + aspartate (1)

1-Amino-N-acetylglucosamine + H,0 — NH; 4+ N-acetylglucosamine (2)

To prove this reaction sequence for hog kidney amidase, 1.0 mg of Asn-GlcNAc
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Fig. 9. Identification of a reaction product from the reaction of amidase-1 with Asn-GlcNAc at
pH g.0. Aliquots of the reaction mixture were directly applied to paper, and electrophoresis was
performed at pH g.o for 6o min at 50 V/cm, cooled in #n-hexane. Reducing sugars were stained
with the silver nitrate reagent. 1, r-amino-N-acetylglucosamine; 2, the reaction product; 3, N-
acetylglucosamine. Other details are described in the text.

and 120 ug of amidase-1 were incubated in o.5 ml of 0.05 M barbital buffer (pH g.0).
After the reaction had been completed as judged by the Morgan—Elson reaction, ali-
quots of the reaction mixture were submitted to paper electrophoresis and paper
chromatography. The electrophoretogram (shown in Fig.9) and chromatogram
showed that the major reducing sugar in the reaction mixture was 1-amino-N-acetyl-
glucosamine. This is consistent with the pH profile, which showed that the ammonia
formation was less than 109, of the amino sugar formation at pH g.o.

It should be noted that no acceleration in hydrolysis of 1-amino-N-acetylglu-
cosamine was observed when this amino sugar was incubated with the hog kidney
homogenate at pH values of 6.0 and 8.0.

Molecular weight of amidase. The apparent molecular weights of amidases were
estimated on Sephadex G-150 columns. IFig. 10 presents a plot of the elution volume
of several well characterized proteins as a function of the logarithms of their molecular

Biochim. Biophys. Acta. 258 (1972) 600-617



4-L-ASPARTYLGLYCOSYLAMINE AMIDOHYDROLASE 613
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Tig. 10. Estimation of the molecular weight of amidase-1 by gel filtration on Sephadex G-150.
Logarithms of molecular weights of reference proteins were plotted against elution volume. Con-
ditions for gel filtration are described in the text. 1, ceruloplasmin; 2, bovine serum albumin;
3, ovalbumin; 4, trypsin inhibitor (soy bean); 5, ribonuclease A; 6, cytochrome c.

10r

log (mol.wt. x10-%)
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Relative mobility

Fig. 11. Estimation of the moelcular weight of amidase-1 by sodium dodecyl sulphate disc elec-
trophoresis. Logarithms of molecular weights of reference proteins were plotted against mobility
relative to trypsin. Conditions for electrophoresis are described in the text. 1, bovine serum albu-
min; 2, ovalbumin; 3, alcohol dehydrogenase (yeast); 4, carboxypeptidase A; 5, trypsin; 6,
trypsin inhibitor (soy bean); 7, ribonuclease A; 8, lysozyme (egg white); 9, cytochrome ¢.
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weights. As shown, the elution volume of amidase-1, obtained by assaying the enzyme
activity corresponds to a molecular weight of 70 000 4 3000. Similar values were
obtained irrespective of the amount of amidase-1 (30 or 15 ug) or of the solvent
{(0.01 M potassium phosphate buffer, pH 7.0, containing 0.1 M NaCl or 0.05 M sodium
phosphate—citrate buffer, pH 5.5) used for the gel filtration. In every case, the enzyme
activity was quantitatively recovered.

The values were also similar for amidases-2 and -3.

Molecular weight of amidase-I was also determined by sodium dodecyl sulphate
disc electrophoresis. Fig. 11 presents a plot of the electrophoretic mobilities of several
well characterized proteins as a function of the logarithms of their molecular weights.
The electrophoretic mobility of amidase-I exceeded slightly the range of reference
proteins, but by extrapolating the line the molecular weight of amidase-1 appeared
to be about 70 ooo.

The sedimentation coefficient of amidase-1, 4.60 S, appeared to be consistent
with a molecular weight of about 70 0oo if the molecule is assumed to be nearly
spherical.

This led us to conclude that amidase-1 consists of a single polypeptide chain
with a molecular weight of about 70 000 and that amidases-z and -3 are very similar
in molecular weight to amidase-1.

Isoelectric points of amidases. From a pattern of isoelectric focusing obtained,
using 40 munits for amidase-1, 20 munits for amidase-2 and 8 munits for amidase-3,

TABLE III

AMINO ACID COMPOSITION OF AMIDASE-I

Amidase-1 (0.2 mg) was hydrolyzed in 6 M HCl at 105° for 24 h. No correction was made for losses
during hydrolysis. Tryptophan was not determined.

Amino acid Number of residues Amino acid Number of vesidues
per 100 vesidues pev 100 vesidues

Lysine 4.7 Methionine 2.4

Histidine 1.8 Glycine 10.9

Arginine 4.1 Alanine 11.3

Aspartic acid 10.3 Valine 5.8

Glutamic acid 7.1 Isoleucine 5.3

Threonine 8.4 Leucine 6.3

Serine 7.9 Tyrosine 3.3

Proline 3.9 Phenylalanine 4.1
Half-cystine 2.1 (Glucosamine 0.5)

the observed values, 5.12, 4.85 and 4.70 were assigned to amidases-1, -2 and -3,
respectively, since the activities were quantitatively recovered, and the isoelectric
point of amidase-1 had been determined in a separate experiment. Thus, all the
amidase proteins are rather acidic.

Amino acid composition of amidase-1. Using 0.2 mg of amidase-1, the amino
acid composition was determined with the results shown in Table I1I. Tryptophan
was not determined. Amidase-1 contained glucosamine. Sialic acid was not detected
when 0.5 mg of amidase-1 was used for the analysis.
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DISCUSSION

Amidase is widely distributed in mammalian tissues. Hog kidney was used to
extract and purify the enzyme since this tissue has relatively high enzyme activity
(though the content of the enzyme in tissues was very low) and can be handled on a
large scale. We succeeded in purifying amidase in a substantial yield.

Our purified amidase from hog kidney was quite similar in its enzymatic pro-
perties to the enzyme from hog serum reported previously by MAKINO ef al.8:12.
Convincing evidence presented by MAKINO ¢f a/.%1% using the serum enzyme which
showed that the enzyme is an amidase was confirmed by MAHADEVAN AND TAPPEL?,
TARENTINO AND MALEY!® and CONCHIE AND STRACHAN? using the enzymes from rat
liver and kidney, hen oviduct and rat liver, respectively. By analyzing the products of
the reaction of our kidney amidase with Asn-GlcNAc at pH 9.0, we found that
1-amino-N-acetylglucosamine is a major reducing sugar. Hence, we concluded that the
kidney amidase was the same as serum amidase in its mode of enzyme action.

We noticed that even at pH 5.50, the optimum pH, enzymatic release of
1-amino-N-acetylglucosamine from Asn-GIcNAc, when it is too rapidly catalyzed by
potent amidase, can not immediately be followed by non-enzymatic deamination to
produce N-acetylglucosamine and ammonia. This makes the assay, using the Mor-
gan—-Elson reaction applied directly to the reaction mixture, inaccurate since the
colour yield of 1-amino-N-acetylglucosamine in the Morgan-Elson reaction is
different from that of N-acetylglucosamine®. For an accurate and convenient assay,
therefore, the reaction mixture should be either heated or further acidified to quanti-
tatively convert 1-amino-N-acetylglucosamine to N-acetylglucosamine and ammonia
prior to applying the Morgan—Elson reaction or ammonia determination.

The pH profile of the activity of our kidney amidase was somewhat different
from those of enzymes from rat liver and kidney?.®. This may be due either to dif-
ferences in the enzyme sources or to differences in assay conditions.

Our enzyme was very stable at alkaline pH values, but was rather unstable at
acid pH values. In this regard hog kidney amidase is similar to the enzymes from hog
serum® and hen oviduct!®, but differs from those from rat liver and kidney”-°.

The maximum velocity of amidase-1 as determined using Asn-GlcNAc in-
creased slightly with an increase in enzyme concentration. The change in K, value
was more marked, and a linear relationship was observed between the K,, value and
enzyme concentration. Dependency of these kinetic enzyme parameters on enzyme
concentration may be related to the association—dissociation nature of the enzyme
protein. However, amidase-1 behaved as a homogeneous protein with a molecular
weight of about 70 000 in all the systems used for molecular weight determination.
The protein concentration was very low in gel filtration (initially 30 ug/ml, but about
2 pg/ml or less in the eluate at the top of the peak) and very high (initially 0.3%) in
ultracentrifugal analysis. In sodium dodecyl sulphate disc electrophoresis amidase-1
was reduced and denatured. Thus, dependency of the kinetic parameters on enzyme
concentration can not be ascribed to the association—dissociation nature of the enzyme
protein. The enzyme preparation might contain minute amounts of some substance
which causes decrease in Michaelis constant and increase in maximum velocity as
enzyme concentration increases.

The molecular weight of hog kidney amidase differed from that of amidases
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from other sources. Values of 31 000 and 110 000 have been reported for enzymes
from rat kidney? and hen oviduct?®, respectively.

The specific activity of amidase-1 was rather low (only 1.55 units per mg pro-
tein when Asn-GlcNAc was used as substrate) as compared to glycosidases acting on
glycoproteins or glycopeptides. For example, the specific activity of e-mannosidase
prepared from hog kidney in a nearly homogeneous state in our laboratory® was
about 2o units per mg protein when assayed using p-nitrophenyl-a-mannoside. How-
ever, this glycosidase released mannose from ovalbumin glycopeptide at a rate only
1/50 that from the synthetic substrate. This contrasts with the property of amidase,
since amidase is capable of hydrolyzing glycopeptides at rates comparable to the
rate for Asn-GlcNAc. Thus, amidase may be comparable to ¢-mannosidase in its
activity towards glycopeptides. This also implies that size and structure of the carbo-
hydrate moiety are not important factors for substrates to undergo the amidase
action. Further specificity studies of amidase are in progress in our laboratory.

Since the amount of amidase-1 obtained was rather limited, detailed chemical
studies of the enzyme protein could not be carried out. However, the presence of 3—4
moles of glycosamine per mole of amidase-1 could be demonstrated, indicating that
amidase-T is a glycoprotein.

At least two other forms of amidase were found in addition to amidase-1. They
differ from each other in their behaviours on ion-exchange chromatography and on
isoelectric focusing. It might be possible that the presence of multiple forms is due to
different carbohydrate moieties attached to the same polypeptide chain. Thus, it is
worth mentioning that GOLDSTONE et a/.3¢ have recently claimed that essentially all
the enzyme proteins of rat kidney or liver lysosomes are glycoproteins, and that the
occurrence of multiple forms is due to differences in sialic acid content.
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