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TABLE I
SUMMARY OF PURIFICATION OF f}-MANNOSIDASE FROM SNAIL VISCERA
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Fig. 1. Chromatographic purification of f-inannosidase on DEAL-cellulose. A 10-ml solution of
the f-mannosidase preparation from hydroxylapatite chromatography in o0.005 M phosphate
buffer, pH 6.8, was applied to a column of DEARE-cellulose (1.6 cm X 16 cm) equilibrated with
the same buffer. Elution was carried out with phosphate buffer of stepwise increasing concen-
trations; (1) 0.005 M, (2) 0.02 M and (3) o.1 M. Flow rate was 15 ml/h, and 4-ml fractions were
collected. Aliquots were used for enzyme assays. Protein was determined by the absorbance at
280 nm. O—0, f-mannosidase activity; @—@, f-acetylglucosaminidase activity; —--—,

absorbance at 280 nm.
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Fig. 2. DEAE-Sephadex A-50 column chromatography of RRALE (MMT
¥-N-acetylglucosaminidase frem hog liver.
A 10 ml solution of the &«¢~N-acetylglucosaminidase PH35 &L,
preparation (20 mg proteln, 649 munits) from acetone
fractionation in 0,006 M Tris-HCl buffer, pH 7.5,con- 5B T

tainine 0,01 M sodlum cltrate was applied to a colum

of DEAE-Sephadex (1,6 x 7 em) equilibrated with the

same buffer. Elution was carried out with the same >~ %® =T 7K TpPH
buffer, tren with buffer containing 0.4 ¥ NaCl. Flow

rate was 30 ml per hr, end 6 ml fractlons were col-

lected. Aliquots were used for enzyme assays, Protein 4.5 VC@%% L
was determined by the absorbance at 280 nm.

Q =m0 : x~N-acetylglucosaminidase actlvity; - .
x-——x : g-N-acetylglucosaminidase activity, él/ftﬁ:@%ﬁ
----- : absorbance at 280 nm.
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a-N-Acetylglucosaminidass B-N-Acetylglucosaminidase
Protein Total | Specific Yield | Total Specific
(mgq) cctivity (mU); activity (mUW/mgP)| (%) | activity tU) | activitylmU/mgP)
Extraction 16550 3750 o227 100 {152 9200
(NH4)2S04 fractionation 10200 3000 0.294 80 |428 4200
{0-40%)
(NH4}2504 froctionation 2900 1360 Q470 36 {298 10300
{0—40%)
Acetons fractionation 46.1 437 947 12 061 132
{40~ 60 %)
{NH4}2504 fractionation 145 336 232 90| 0334 230
(0- 40%
DEAE-Sephadex A-50 7.25 262 362 701 000464 064 ~
DE AE-Sephodex A-50 383 199 520 53] 000090 0235

Table 2. Summary of puritication of o-N-acetylglucosaminidase from
hog liver. 200g of hog liver was used.
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Fg. 3. (M-Sephadex C-50 column chromatography of o{=N-acetyl-
glucosaminidase from snail, .

A 6.9 ml sample corresponding to 16.8 mg protein in 0.1 M
sodium acetate buffer, pH ,.2,was applied to a column (1.1 x
6.5 cm) of CM-Sephadex C-50 equilibrated with the same buffer.
Elution was carried out with the same buffer, then with a
linear gradlent from 0,05 M to 0.4 M NeCl in the buffer. Flow
rate was I ml per hr, and 2 ml fractions were collected.
Aliquots were used for enzyme assays. Protein was determined
ty the absorbance at 280 nm.

00 : o-N-acetylglucosaminidase activity;
x—x t g~N-acetylglucosaminidase activity;
: absorbance at 260 nm, —_— : conductivity.

0-N-Acetylglucosominidase B-N-Acetyiglucosaminidase
Proteln Toto! Specitic Yisid Tota! Specific
{mg) activity { U) | activity(mU/mgP}| (%) activity { U}  |activity(mU/mgP)
Extraction 4200 23.1 5.5 | 100 1920 as7
(NH,3,50, fractionation | 2270 24.5 10.8 106 2030 897
{32-85%)
Acid precipitation 1890 19.2 10.2 B3 1460 772
Acetone fractination
o ctinat 208 12.3 59.0 53 1590 7650
Dialysis 163 8.82 54.) 38 980 6000
CM-Sephadex C-50 21.8 5.85 268 25 5.7 262

Table 3. Summary of purification of &-N-acetylglucosaminidase from snail.
30g of acetone powder was used,
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Fig. lj. PCMB-Sepharose column chromatography of ~N-
acetylgluccsaminidase from snail. A sample (10,3 munits)
from acetone fractionation was applied to a column (1.1
x 3,2 c¢m) of PCMB-Sepharose equiiibrated with 0.1 M
socéium acetate buffer, pH 5.0. Elution was carried out
with the same buffer containing 0.5 M cystein. The flow
rate was € ml per hr, and 2.6 ml fractions were col-
lected.
0=——=0 : B-N-acetylglucosaminidase activity;
XX ! X-N-acetylglucogaminidase actlivity;
----- : sbsorbance at 280 nm.
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Fig. 5. Sephadex G-200 column chromatography of purified
o{-N-acetylglucosaminldase from snail.

A sample (4.5 ml), corresponding to 670 munits, was
applied to a column (1.5 x 105 cm) of Sephadex G-200
equilibrated with 0.01 M sodium phosphate buffer, pH 6. O
and eluted with the same buffer. The flow rate was 3.8 ml
per hr, and 2.8 ml fractions were collected.

0—o0 ! K-N-acetylglucosaminidase activity,
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Fig. 6. - Relegsas of manrose from a trimannoside, d-Man-(l—u)-p-
Man-(1-4.)-Man, by o- and g@-mannosidases.

The trimenncside corresvonding to 460 pg mannose was initial-
1y incubated with 0.4 unit of o{-munnosidase from hig kldney in
2.0 ml of 0,06 M-ecltric scid - 0,03 M dipotassium phosphate buffer,
pH 4.5, at 37°C. After 16 hr, 0.8 ml of g -mannosldese from snall
{41 munits) in the same buffer. Gas-liquid chromatographic anslyses
were performed at § and 15 hr on the initial reaction mixture and
at 15 hr c¢cn the new reaction mixture.
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Flg. 8. Fractionation of X-mannosidase digest of ovalbumin
GP by gel flltration on Blo-Gel P-l.

The glycopeptide (29 mg) was incubated with 7 units of
X-mannosidase from hog kidney in 5.0 ml of 0.05 M citric
acid - 0.1 M disodium phosphate buffer, pH L.6,containing
Zn acetate at 37°C for 30 hr., The digest was applied to a
Bio=-Gel P-l column (0.9 x 130 cm). Elution was carried out
with water at a flow rate of 15 ml per hr, collectingz 3 ml
in each tube. Samples from each fraction were used for the
orcinol reaction.
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Fig.8. Release of mannose by the action of g-mannosidase on

a glycopeptide isolated from the a-mannosidase digest of Mofco —H. P— 14
ovalbumin glycopeptide. The glycopeptide, Man(GlcNAc),- - . o

Asn, corresponding to 345 ug mannose, was incubated in 3 X7 F M, 3?)%7[3 XK
ml of the buffer, pH 4.5, containing 0.12 unit of the enzyme.

The reaction was followed by determining the reducing power. KN~-T7TFrsrray
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study 1s indicated by the arrow.
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Fig.12.A. Fractionation of the a-mannosidase digest of Taka-amylase glycopeptide by gel fil-
tration. The digest prepared as described in the text was applied to a column of Bio-Gel P-4
(0.9 cm x gocm), then eluted with water at a flow rate of 15 ml/h. Fractions of 2.2 ml were col-
lected, and aliquots were used for the orcinol-H,SO, reaction. B. Fractions in the Peak 11 of A
were collected and concentrated, and the sample corresponding to 280 g mannose was rechro-
matographed as in A. :



o{-Manno sidase Mannose Glucosamine Aspertic Serine

digest acid
Pesk I 2.8 (3) 1.684(2) 1.00 0.80
Peak II 1.1 (1) 1.49#(2) 1.00 0.87

Table 5., Amino acid and carbohydrate compositions of glyco~
peptide from the {-mannosidase digest of Taka-amylase glyco-
peptide.

Analytical methods are described in the text. Values are
expressed as molar ratios to aspartic acid. Nearest integers

are shown in parentheses,
# Under the hydrolysis conditions used about 20% destruction
of glucosamine occurred, but figures shown are uncorrected

for destruction.
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Fig. 13. Released mannose from Taka-amylase A glycopeptide Tinfeo MK
P-II by p-mannosidase, Purified peak II glycopepiide . -
corresponding to 152 pg mannose was tncubated with 0.32 F v
unit of p-mannosidase from snail in 3 nl of 0.05 M cigric f}ﬁ@&&d)jy
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Fig.}4%. Fractionation of the g-mannosidasc digest by gel filtration. The digest (prepared as de-
scribed in the text), corresponding to 102z ug mannose, was applied to a column of Bio-Gel P-4
(0.9 cm X go cm), then eluted with water at a flow rate of 15 ml/h. Fractions of 2.2 ml were col-
lected, and aliquots were used for the orcinol-H,S0, reaction (O—CO), the ninhydrin reaction
(X ---x), and the LElson-Morgan reaction (@—@), which was carried out after hydrolysis of ali-
quots of the fractions in 2 M HCl at 100 °C for 16 h. Values are expressed as equivalents of man-
nose, aspartic acid and glucosamine, respectively.
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‘TABLE 6. Amino acid and carbohydrate compositions of glycopeptides from a- and S-mannosidase digests
of Fr. 1 glycopeptide from rat liver. Values are expressed as molar ratios to aspartic acid. Nearest inte-
gers are shown in parentheses.

Glycopeptide - zx?iannosidase dige'st - ﬁ-f\lﬁ&lﬁidax
Fr. 1 Peak 11 Peak 111 Peah A

Aspartic acid 1.00 1. 00 1.00 1.00

Serine 0.51 0. 66 0.50 0.6
‘Threonine 0.43 0.40 0.45 0.41

Glycine 0.23 Q.36 0.24 0.24

Alanine 0.16 0.22 0.16 0.21
Glucosamine 1. 70t 2.47t (3) 1.46% (2) 1,45t (2)
Mannose 5. 60 2.72 (3 1.08 (1) —

Glucose 1.35 -— — -

‘t Under the hydrolysis conditions used about 20% destruction of glucosamine occurred, but figures are
uncorrected for destruction.
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Fig. 18, Gel filtration of the «-mannosidase digest
of Fr. I glycopeptide from rat liver on Bio-Gel P-4.
The digest was applied to a column (0.9X120cm), nWhHEEZLND ( &6 ),

“equilibrated and eluted with 0.02M acetic acid at a . .
Bl EO#RE, Peak I #~

flow rate of 4ml/hr. Fractions of 2.0ml were col-
lected, and aliquots were used for the orcinol-H,SO . .
! TF P HBANT ( GlcNAC )2

reaction. Values are expressed as mannose equiva-

lents, —AsnlClErLD =/ —2 M
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Fig. 16. Gel filtration of the A-mannosidase digest
of Peak III glycopeptide (see Fig. 1) on Bio-Gel P4,
The digest was applied to a column (0.9x120cm),
equilibrated and eluted with 0.02M acetic acid at a
flow rate of 4ml/hr. Fractions of 2.0ml were col-
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lected, and aliquots were used for the orcinol-H, SO, IrEIDLOLEHNL £,

reaction (X ), and for the Elson-Morgan reaction (O).
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Table 8, Excretion of GlcNAc-Asn in the urine of AGU patients '

GlcNAc - Asn Creatinine” GlcNAc - Asn
(g /liter of urine) | ( mg / liter of wine) Creatinine
Patient A 377 1337 0.282
Patient B 126 620 0.203
Patient C 120 620 0.193
Patient D 102 346 0.295
Patient E 88 453 0.194
Heterozygote A 44 1387 0.032
Heterozygote B 6 1040 0.001
Heterozygote C 6 334 0.012
Heterozygote D 0 nd. 0
Heterozygote E 0 nd. 0
Heterozygote F 0 nd. 0
Heterczygote G ¢ nd. 0
Heterczygote H 0 nd. 0

-

Creatinine was determined according to Talusskey'.z '
‘r:,d. o not determined.
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Pig. 18. Gel filtration on Sephadex G-25 of urine from an AGU
vatient and normal urine. A lyophilizate from 200 ml of each
urine was dissolved in 4O ml of 0.05 M pyridine-acetic acid
buffer, pH 5.0, then applied to a column (4 X 120 em), equili-
- brated and eluted with the same buffer. The flow rate was 60ml
per hr, and 15 ml fractions were collected. Aliquots were ana-
lyzed for neutral sugars (x), sialic acid (o), and GlcNAc-Asn
(e). Galactose and N-acetylneuraminic acid were used as stan-
dards for the neutral sugar and sialic acid determinations,
respectively. Glycoasperegine fractions other than GlecNAc-Asn
which appeared to be characterlistic of AGU urine compared with
the pattern for normal urine were pooled and designated as A,

B,C and D. .
A : AGU urine, B : normal urine,
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Fig. 18 Purification of the glycoasparagines by chro-
matography on DEAE-Sephadex A-25. A glycoaspara-
gine fraction from the AGU urine (see Fig. 1), cor-
responding to 4.8 mg of N-acetylneuraminic acid,
was applied to a column of DEAE-Sephadex A-25
(1.5X%25 cm) equilibrated with 0.02 M pyridine-acetic
acid buffer, pH 5.2. Elution was carried out first
with the same buffer, then with a linear gradient
from the same buffer to 1.14 M pyridine-acetic acid
buffer, pH 5.47, at a flow rate of 7 ml per hr. Two
ml fractions were collected. Aliquots were analyzed
for neutral sugars ( X), sialic acid (O), and free amino
groups (®). Values are expressed as in Fig. 1, but
the free amino groups determined by the ninhydrin
reaction are expressed as pmoles of GIcNAc-Asn
per ml.
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TABLE 9 Amino acid and carbohydrate compaosi-
tions of the glycoasparagines.

Peak II from R=0.45 R=0.32
DEAE-Sephadex Compo- Compo-
-25

nent nent
Aspartic acid 1. 002 1. 0Qv 1,000
Glucosamine 0. 79 0.920 0. 90>
Hexose . 1.00 1.05 1.05
Sialic acid 1.20 1.13 1.06

% Analyzed after hydrolysis in 6 N HCI at 160° for 16 hr.
® Analyzed after hydrolysis in 2 N HCl st 100° for 16 hr.
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Fig. 20 Release of sialic acid from the glycoaspara-
gines by the action of neuraminidase. A glycoaspara- A — 5Tk, EB Y N
gine fraction corresponding to 1.79 gmoles of N-acetyl-
neuraminic acid was incubated with 90 munits of JHIEF A4 I Bio~Gel
neuraminidase from Clostridium perfringens in 0.5 ml
of 0.04 M acetate buffer, pH 5.0, at 37°. Aliquots P-20OHh5almld, 2%
of the reaction mixture were used to determine the
released sialic acid by the thiobarbituric acid method. B AN LAk, a3

NANA : N-acetylneuraminic acid.
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Fig. 21 Release of galactose from the sialic acid-free TRNTOH T2 b — R DHk
glycoasparagine by the action of pB-galactosidase.
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Reducing Power as Galactose

The sialic acid-free glycoasparagine, corresponding Ll EER LR, 2TOT &

to 0.37 umole of galactose, was incubated with a .

p-galactosidase preparation from Aspergillus oryzae, . irza< s 4 =

containing 800 munits of B-galactosidase activity and N

19 munits of a-galactosidase activity, or with 42 KE-ToHRR L, LaL,

munits of an a-galactosidase from ficin in 0.25 ml . -
of 0.04 M citric acid-0.08 M disodium phosphate buffer, ~ XM L7C B —H T 7 b v F—

pH 4.5, at 37°. Reactions were followed by deter- YESF I, PEDe-#5
mining the increase in reducing power. O, Reac-

tion with g-galactosidase; X, reaction with a-galac- 7 b ra—EiEtE (19munits )

tosidase, .
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Fig. 22 Idcxlliﬁcatii;an: tls‘jin;:. Imé GLC of N-acetyl- ERZE S @’T *ryrORE®HIET AT LT
Jactosamine from the Amidise digest of the sialic

acid-free glycoasparagine. ‘The digest, corresponding J: D . 1@ =Ry i@ g {t&m % la% 1/7’2
& o

to 44 pg of galactose and prepared as described in
B2 3IRLELIC, TRAFF

e e

the text, was desaltcd by passing it through a column
of Bio-Gel P-2 with water. The cfiluents were evapo-
rated to dryness. The dried material was dissolved
in water together with a fixed amount of sucrose as BMlerdbicb, C—STHEH2=MN,

an internal standard. The solution was incubated

overnight at 37° for znomeric equilibration of the i 7%. C - P -rc-oj: 3Dz 174 i@/f *+

reducing sugar. The solution was then dried and

used for GLC apalysis after trimethylsilylatien. A: e e

authentic N-acetyllactosamine, B: sample, C: a mix-~ D /—:EE‘Z 79) "—9‘ p) ﬂ\ v T v @ 01 C - S
ture of the sample znd authentic N-acetyllactosamine

in a ratio of about 1:1. In each chromatogram, THHAZ 7 bV—RO2/0 TR T AEGDO
the first peak at a retention time of 11.7 min repres-

ents sucrose, and the second aud third peaks at 7J<?$§’C\ -i 7,_{ C—F ,Coj: 3 ﬁ‘l‘.@ﬂ(@

retention times of 23.0 min and 25.6 min represent
two anomeric forms of N-acetyllactosamine.
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Fig.23. Periodate oxldations of the isolated glycosylated
asparagines, C-S(x—x—x) corresponding to 33.4 nmoles
galactose or C-F{o~—o0=—g) corresponding to 61,2 nmoles
galactose were incubated in 0.1 ml of 18.5 mM sodium
metaperlodate in 0,05M boric acid solution in the dark,
Periodate oxidations were monitored by determining the
produced lodate.
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Fig. 2). Release of sialic acid from the glycosylated
esverapines by neuraminidass (influenza virus). C-F
corresponding to 0.097 pnmole NANA or C-S corresponding
to 0.148 jrmole NANA were incubated with 96 HAU of
neuraminidase from influenza virus in 1.0 ml of 0.09 M
Tris-meleate buffer, pH 6.5, contalning 0.00,45 M CaCls.
Aliquots of the reaction mixture were used to determine
the released sialic acld by the thiobarblturic acid
method, NANA : W-acetylneuraminlic acid.
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Fig. 25. Purification of glycoasparagines (Peak B of Fig.
18% by chromatography on DEAE-Sephadex A-25.
The dried material from the pooled fractions of Peak

B was dissolved in 5 ml of 0.02 M pyridine-acetlc acid
buffer, pH 5.2, and applied to a column (1.5 X 25 ecm) of
DEAE-Sephadex A-25, equilibrated with the same buffer.
Elution was carried out with a linear gradlent from 0.02

M to 1.1ll} M pyridine-acetic acid buffer, pH 5.47, at a
flow rate of 10 ml per hr. Two ml fractlons were collected
and aliquots were analyzed for neutral sugars (=~5-~) and
sialic acid (--x--). Values are expressed as in Fig. 18.
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Table 10
Effects of glycosidases om two glycoasparagines, B-3-F and B-3-S

Values indicate the numbers of residues remaining after treatments and
are expressed as moles per mole of aspartic acid. No correction was made for

destruction of glucosamine and aspartic acid during hydrolysis.

Treatments Sialic acid Galactose Glucosamine Aspartic acid
B-3-F None 1.22 2.22 1.83 1.00
Feuraminidase 2,22 1.92 1.00
Then .
B-Calactosidase 1.05 1.90 1.00
Then
B~N-Acetylhexcsaminidase 1.09 0.99 1.00
B3~-3-S None 1.08 2.40 1.87 1.00
Keuraminidase 2.40 1.80 1.00
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Reducing power as galaclose

Fig. 26, Releane of malactose from the sialic acid-free
B-3-F (for its isolation from B-3 of Fig.25, see the text)

by p-galactosidase, HOLE—7 585
Tre sialic acid-free B-3-F(2.8 pmoles as galactose)
wes incubated in 0.25 M citric acid - 0.08 M disodium N, Zun< b3

phosphate buffer, pH 4.5, with 6 units of g-galactosidase
from Asvergillus oryzae at 37°C. Aliquots of the reaction

mixture were used to determine reducing power. Values for 74— DRE—
the release of galactose are expressed as percentages of
the total galactose in the substrate. rtTOHmEORI.

B{BHINLY
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Fig. 27. Gel filtration on Blo-Gel P-2 of the B-galactosidase
digest of the sialic acid-free B-3-F.

The dicest from Pig.26 was applied to a column (0.9 x 110
em) of Bio-Gel P-2, then eluted with water at a flow rate of
5 ml per hr, collecting 1.6 ml per tube. Aliquots were used
for the orcinol-reaction, and values are expressed as umoles
of galactose per ml of eluate. Peak I was glycoasparagine
which was then used for furtner enzymatic degradations, and
Peak II was the released galactose,
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Fig. 28. Release of N-acetylglucosamine from Peak I of Fig.
27. by p-N-acetylhexosaminidase,

Peak I from Fig. 27 (0.438 ymole as aspartlc acid) was
fneudbated in 0.5 ml of 0.04 M citric acid - 0.08 M disodium
phosphate buffer, pH 4.5, with 1.02 units of p-N-acetyl-
hexosaminidese from Aspergillus oryzae at 37°C. Aliquotis
of the reaction mixture were used for determinations of the
released N-acetylglucosamine using the Park-Johnson(reducmg
power) {--x--) &nd Morgan-Elson(—o-) reactlons. Values -
are expressed as moles of the released N-acetylglucosamlne
per mole of aspartic acid.
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Fig. 29, Gel flltration on Big-Gel P-2 of the B-N-acetyl-
hexosaminidase digest (¥ig. 28.).

The dipgest was applled to a colvmn (0.9 x 110 em) of
Blo-Gel P-2, then eluted with water at a flow rate of 5 ml
per hr, collecting 1.5 ml per tube, Aliquots were used for
the determination of neutral sugars rapresenting the glyco=
asparagine produced by the digestion (—~o0—~) ond of the
released N-acetylglucosamine —x-), Values are expressed
as pmoles of galactose (Peak I) and of N~acetylglucosamine
(Peak II) per ml. :
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Fig. 30. HRelease of galactose from Peak I of Fig. 29
by p-galactosidase.

Peak I of Fig. 29 (0.07L pmole as galactose) was
incubated in 0.1 ml of water with 0.3 unit of p-galac=~
tosidase from Aspergillus oryzae. Aliguots of the resc=-
tion mixture were used for the determination of reducing
power, Values for the release of galactose are expressed
as percentages of the galactose in the substrate.
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Teble 14

Proéosed structures of the glycoasparagines from AGU urine

Glycoasparagin‘es from*

Pesk D B-Gal-(1-> 4)-B-GlcNAc-Asn
Peak C** Major a-NANA-(2-73)-B-Gal-(1-34)-B-GlcNAc~Asn

¥inor -NANA-(2—34)-B-Gals (1—4) -8-GlcNAc~Asn
Peak B Major

Min G-NANA- (2 2>12)-8-Gal- (1-»?)-B-GlcNAc-(1->?)-B~Gal-(1->4)-B-C1lcNAc-Asn
or

#For Peaks D. C and B, see Fig. 18.
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