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Summary

Sulphatide, cerebroside 3-sulphate, was hydrolyzed at a considerable rate by
arylsulphatase (aryl-sulphate sulphohydrolase, EC 3.1.6.1) purified from a ma-
rine gastropod, Charonia lampas. However, it was scarcely hydrolyzed by glyco-
sulphatase (sugar-sulphate sulphohydrolase, EC 3.1.6.3) from the same origin.
The same was observed with seminolipid, a sulphoglycerogalactolipid.

The enzymatic characteristics of both sulphogalactolipid and sulphohydro-
lase activities of the arylsulphatase were determined as follows. The enzyme ac-
tivities are stimulated by the addition of sodium taurodeoxycholate and MnCl,.
The pH optimum of sulphatide sulphohydrolase activity was pH 5.0, while
seminolipid sulphohydrolase activity had maximum activity at pH 5.5. Both of
these pH versus activity curves were broad. The K, value was 6.22 - 107> M for
both substrates. However, the V values with sulphatide were lower by a factor
of one-third than those with seminolipid. These enzyme activities were inhib-
ited by substrates of the arylsulphatase, i.e., p-nitrophenyl sulphate, p-nitro-
catechol sulphate, ascorbate 2-sulphate and each other sulphogalactolipid, but
not by glucose 6-sulphate. Sulphate and phosphate anions inhibited both of the
enzyme activities.

Introduction

It has been established that the brain sulphatide (cerebroside 3-sulphate) was
one of the physiological substrates of mammalian arylsulphatase A (aryl-
sulphate sulphohydrolase, EC 3.1.6.1) [1,2]. Rcemtly, the testicular semino-
lipid (sulphoglycerogalactolipid) was reported to be hydrolyzed by the
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same enzyme [3,4]. These two sulphogalactolipids have very close similari-
ty in structure, but have a slight difference in lipid moieties. The sulphate
group of these sulphogalactolipids is attached at position 3 of the galactose
moiety [5,6]. On the other hand, glycosulphatase (sugar-sulphate sulphohydro-
lase, EC 3.1.6.3], which is known to hydrolyze the sulphate ester linkage at
position 6 of glucose, has been found in microorganisms and in molluscs [7].
So far it has not been investigated whether these sulphogalactolipids can be
hydrolyzed by glycosulphatase. This is probably because the occurrence of gly-
cosulphatase in higher animals seems to be doubtful [7]. The presence investi-
gation was undertaken with enzyme preparations from a marine gastropod,
Charonia lampas, the liver of which is well-known to have higher activities of
both glycosulphatase and arylsulphatase [8,9].

In the present paper, we report that sulphogalactolipids, sulphatide and
seminolipid, were easily hydrolyzed by arylsulphatase but scarcely by glycosul-
phatase purified from the liver of C. lampas. A part of the present study has
been published as a preliminary note [10].

Materials and Methods

Materials

H,%*S0, (carrier-free) was purchased from Daiichi Pure Chemicals. Sodium
taurodeoxycholate, sodium cholate and potassium p-nitrocatechol sulphate
were obtained from Sigma Chemicals, sodium deoxycholate from Merck and
potassium p-nitrophenyl sulphate from Boehringer Corporation. Synthetic leci-
thin, DL-a-dipalmitoylphosphatidylcholine, and egg yolk lysolecithin were pur-
chased from Sigma Chemicals, and crude soy bean lecithin from Iwai Chemi-
cals. Potassium L-ascorbate 2-sulphate was synthesized by the method of Hata-
naka et al. [11]. Potassium D-glucose 6-sulphate was purchased from Seikagaku
Kogyo. Other chemicals were of reagent grade.

Preparation of [*°S] sulphatide and [*°S] seminolipid from rat tissues

Five male Wistar rats, 3-week-old, were each injected intraperitoneally with
100 uCi of carrier-free H,>*SO, dissolved in 0.1 M sodium phosphate buffer, pH
6.8, to give a concentration of 1 mCi/ml. After 24 h the animals were decapi-
tated and the organs removed. The brains (7.0 g) and testes (2.0 g), which were
carefully freed from spinal cords or tunicae, were homogenized in a Waring
blender with 19 vol. of a 2 : 1 (by vol.) mixture of chloroform and methanol
for a few minutes and filtered through filter paper. The lipid extracts were
evaporated to dryness, redissolved in 50 m! of chloroform/methanol (2 : 1) and
submitted to Folch’s partition procedure [12] to remove nonlipid contami-
nants. The partitioning was.carried out once against 0.88% KCl solution and
twice against Folch’s theoretical upper phase [12]. The lower chloroform
phase was evaporated to dryness and the residual lipids taken up in a small
amount of chloroform were applied to a small column of Florisol (Floridin)
containing 7% water. The column was eluted successively with 2 vol. each of
chloroform, 5%, 30%, 50% and 60% methanol in chloroform. All radioactivities
were recovered in 30% methanol fraction in the case of testes, but in the case
of brain were eluted in both 30% and 50% methanol fractions.
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The radioactive lipid fractions from testes and brain were evaporated to dry-
ness, redissolved in 5 ml (testes) and 50 ml (brain) of chloroform/methanol
(1:1), and applied to 1-ml and 5-ml columns of DEAE-Sephadex A-25 (ace-
tate form, Pharmacia), respectively. After removal of neutral lipids with 10
column vol. of the same solvent, acidic lipids were eluted with 15 column vol.
of 0.8 M ammonium acetate in chloroform/methanol (1 : 1). The radioactive
eluates were dialyzed against water and concentrated.

The incorporation of the radioactive sulphate into the testes lipid fraction
was similar to that reported previously in the case of mice [13]. The uptake of
sulphate into brain lipids of rats was comparable to that reported by Green
[14].

To examine the purity of labeled compounds, approx. 10 000 dpm of each
sulpholipid were located on a 0.25 mm Silicagel thin-layer plate (Merck) using
the solvent system of chloroform/methanol/acetone/acetic acid/water, 10 : 2 :
4:2:1 (by vol.) [4]. Radioscanning of the chromatogram was performed
using a Nuclear Chicago, Actigraph III apparatus. Radioautography was per-
formed by exposing the plate against Kodak RP Royal X-Omat medical X-ray
film for 4 days. The glycolipid spots were also visualized by spraying with
anthrone/H,S0, and heating at 120°C [5]. By all the above criteria radioactive
seminolipid isolated from testes was found to be homogeneous, while the brain
sulphatide preparation contained a very small amount of seminolipid (less than
one tenth of sulphatide, judged from the radioactivity). The galactose contents
were measured by the anthrone/H,SO, method [15]. Non-labeled seminolipid
and sulphatides were prepared from boar tested [6] and bovine spinal cord, re-
spectively, and used for diluting radioactive substrates to the suitable specific
activities.

Preparation of glycosulphatase and arylsulphatase from the liver of C. lampas

The purified enzyme preparations of three species of sulphatase, namely gly-
cosulphatases I and II, and arylsulphatase were the same as described in the pre-
vious paper [16].

Arylsulphatase was purified essentially as described in a previous paper [11],
and was further separated from glycosulphatases by electrofocussing. Its speci-
fic activity was 7.38 umol of p-nitrophenyl sulphate hydrolyzed/mg protein
(123 nkat/mg). The extent of purification was 77.7-fold. Glycosulphatase
I and II were separated from each other using a column of Concanavalin
A-Sepharose gel, on which only the latter enzyme was retained. These en-
zymes were purified 31.3 and 33.9 fold, respectively, from a crude extract
of C. lampus liver These specific activities were 2.22 and 2.41 umol of glu-
cose 6-sulphate hydrolyzed/mg protein (37.0 and 40.2 nkat/mg, respective-
ly). By means of the above purification procedures, these three enzyme activi-
ties were almost completely separated from each other.

These activities were measured according to the method as previously de-
scribed [11], and then the determination of protein was done by the method
of Lowry et al. {17] with bovine serum albumin as a standard.

Determination of sulphatide and seminolipid sulphohydrolase activities
These enzyme activities were determined essentially according to the meth-
ods of Porter et al. [18] and Yamato et al. [3]. The reaction mixture, in a final
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volume of 200 ul, contained 18 nmol of rat brain [3%S]sulphatide (379 dpm/
nmol) or 19 nmol of rat testicular [3%S]seminolipid (341 dpm/nmol), 4 pmol
of MnCl, and 250 ug of sodium taurodeoxycholate. 24 umol of sodium ace-
tate/acetic acid buffer, pH 5.0 (with sulphatide) or pH 5.5 (with seminolipid)
and 3 ug protein of arylsulphatase (with sulphatide) or 1.8 ug protein of aryl-
sulphatase (with seminolipid). At first, the required amounts of substrate and
sodium taurodeoxycholate dissolved in chloroform/methanol solution were put
in glass-stoppered test tubes (1.5 X 15 c¢m), and then evaporated to dryness at
about 50°C with a stream of nitrogen gas. After adding the other constituents,
except for the enzyme, the suspension was preincubated at 37°C for 10 min
with constant ““8-shaped” shaking (63 times/min), and then stirred vigorously
with a Thermo Mixer. The enzyme was added and the complete reaction mix-
ture was incubated for 60 min in the same conditions as for the preliminary in-
cubation. The reaction was terminated by the addition of 2.4 ml of chloro-
form/methanol (2 :1). After partitioning with 0.4 ml of 0.12 M NaCl con-
taining 0.4 mM Na,SO,, the aliquot (usually 1 ml) of the upper phase was
washed with 1 ml of Folch’s theoretical lower phase [12]. To complete the
separation this suspension was centrifuged at 3000 rev./min for 10 min with a
Kubota centrifuge apparatus, model KC-70. The aliquot (usually 0.5 ml) of the
resulting clear upper phase was transfered to a Watmann GF/D glass-fiber paper
disc, 24 mm diameter. After drying, the disc was counted in 5 ml of a toluene
scintillator fluid containing 4 g/l of 2,5-diphenyl-oxazole and 0.1 g/l of 1,4-bis-
2-(5-phenyloxazolyl)benzene by a Backman model LS-250 liquid scintillation
spectrometer. Its counting efficiency was 95.0%.

Results

Enzymatic hydrolysis of sulphatide and seminolipid by three species of sulpha-
tase purified from C. lampas liver

The hydrolytic activities of 3 species of sulphatases, i.e., glycosulphatase I
and II and arylsulphatase, toward sulphatide and seminolipid were quantitative-
ly measured and are shown by means of enzyme concentration versus sulphate
liberation curves in Fig. 1, a, b and c. Based on the results of Fig. 1, the specific
activities toward sulphatide on glycosulphatase I and II, and arylsulphatase
were calculated as 1.92 pkat, 4.35 pkat and 2.27 nkat/mg protein, respectively,
and then these toward seminolipid were similarly calculated as 2.68 pkat, 2.82
pkat and 4.97 nkat/mg protein, respectively. These results show that sulpho-
galactolipids of sulphatide and seminolipid were hydrolyzed by arylsulphatase
purified from C. lampas liver which contained a large amount of glycosulpha-
tase. We have found also that ascorbate 2-sulphate was hydrolyzed by C. lam-
pas arylsulphatase [11]. In a separate experiment, it was also confirmed by
using the present enzyme preparation. Its specific activity toward ascorbate 2-
sulphate with arylsulphatase was observed to be 5.85 nkat/mg protein. The ac-
tivities by glycosulphatase I and II were less than 8 pkat/mg protein.

Requirements for sulphatide and seminolipid sulphohydrolase activities
The extent of hydrolysis of two sulpholipids under the omission of one of
the components in the complete assay mixture is shown in Table I. The small
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Fig. 1. Effects of protein concentration of C. lampas glycosulphatase I (a) and II (b), and arylsulphatase
(c) on the hydrolytic activities with sulphatide ( ) and with seminolipid (- - - - - - ). Enzyme assays
were as described in the text. Glycosulphatase I and II was incubated overnight (16 h).

activity in each case was observed even in the absence of the detergent, sodium
taurodeoxycholate. These enzyme activities in the absence of detergent were
not enhanced by the preliminary treatment in a sonicated bath (Bransonic. 50
kHz) for 60 min, for the purpose of better substrate micelle formation. A num-
ber of detergents other than sodium taurodeoxycholate were examined for
their effects on sulphatide sulphohydrolase activity as shown in Table II. So-
dium teurodeoxycholate and sodium cholate were effective in this respect,
whereas non-ionic detergents such as Triron X-100 and Tween 80 had little
or no effect. The strong cationic and anionic detergents such as cetyltrimeth-
ylammonium bromide and sodium dodecyl sulphate, respectively, were in-
hibitory. As shown in Fig. 2, the optimal concentration of sodium taurodeoxy-
cholate on the sulphatide sulphohydrolase activity was 1 mg/ml. Its value was
lower than that of sodium cholate (shown in Table II).

TABLE I

REQUIREMENTS FOR THE SULPHATIDE AND SEMINOLIPID SULPHOHYDROLASE ACTIVITIES
ON C. LAMPAS ARYLSULPHATASE

The complete reaction mixture contained 0.09 mM [35S)suiphatide or 0.095 mM [358]) seminolipid, 20
mM MnCl;, 1.25 mg/ml sodium taurodeoxycholate, 120 mM sodium acetate/acetic acid buffer, pH 5.0
(with sulphatide) or pH 5.5 (with seminolipid), and 15 ug/ml (with sulphatide) or 9 ug/ml (with semino-
lipid) or arylsulphatase. Other assay conditions were the same as described in the text. Enzyme activities
represent the amount of sulphate liberated from radioactive substrates per hour.

Reaction mixtures Enzyme activities (nmol/h) with

sulphatide seminolipid
Complete 2,58 5.75
minus sodium taurodeoxycholate 0.46 0.58
minus MnCly 1.07 3.69
minus MnCl; plus 1 mM EDTA 0.94 3.73
minus arylsulphatase 0.00 0.00
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TABLE II
EFFECTS OF VARIOUS DETERGENTS ON THE SULPHATIDE SULPHOHYDROLASE ACTIVITY

Enzymatic assays are the same as described in the text.

Deptergents Concentration Enzyme activity
(mg/ml) (nmol/h)
None 0 0.56
Sodium taurodeoxycholate 1.25 2.07
Sodium deoxycholate 1.25 0.41
Sodium cholate 0.25 213
Sodium cholate 0.63 4.22
Sodium cholate 1.25 4,67
Sodium cholate 2,50 3.50
Sodium dodecy! sulphate 0.25 0.12
Cetyl trimethylammonium bromide 0.25 0.08
Tween 80 1.25 0.15
Triton X-100 1.25 0.92

The requirement for metal ions was also investigated. As can be seen in Table
I, omission of MnCl, from the complete assay mixture caused a half reduction
of both sulphatide and seminolipid sulphohydrolase activities. Addition of 1
mM EDTA caused no more reduction of either activity. A number of metal
ions were tested for their effects on sulphatide sulphohydrolase activity in a
separate experiment. The activity was increased two fold by the addition of 20
mM MgCl,, CaCl, and CoCl,, each in a similar manner as MnCl,, but to a lesser
extent by the addition of 20 mM ZnCl, and CuCl,. HgCl, was inhibitory. The
extent of stimulation of sulphatide sulphohydrolase activity by MnCl, was the
same over a concentration range of 10—50 mM.

The pH optima at pH 5.0 and 5.5 of sulphatide and seminolipid sulphohy-
drolase activities, respectively, were observed as shown in Fig. 3. These pH ver-
sus activity curves were broad.

Both the sulphatide and seminolipid sulphohydrolase reactions seemed to
follow Michaelis-Menten kinetics (shown in Fig. 4). The apparent K, value for
both sulphogalactolipids was calculated as 6.22 - 1075 M. As shown in Fig. 4,
however, the maximal velocities were different, i.e., 5.12 nkat/mg protein for
sulphatide and 14.4 nkat/mg protein for seminolipid sulphohydrolase activities.

Liberation of suiphate (nmol/nh)
N
/.’
1

L Do
o) | | 1 | L 1
(¢} 2 4 6 8 10 12

Sodium taurodeoxycholate (mg/mil}

Fig. 2. Effect of sodium taurodeoxycholate on the sulphatide sylphohydrolase activity. Enzyme assay was
as described in the text. .
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Liberation of sulphate (nmol/h)

s (mM™)

Fig. 3. Effect of the pH on the sulphatide ( ) and seminolipid (------ ) sulphohydrolase activities.
Enzyme assay was as described in the text. These activities were measured in sodium acetate/acetic acid
buffer (o, pH 3.5—5.5) and Tris/acetic acid buffer (o, pH 6.0—8.0).

Fig. 4. Effect of substrate concentration on the sulphatide (
drolase activities. Enzyme assay was as described in the text.

) and seminolipid (------ ) sulphohy-

Effects of the various additions on sulpholipid sulphohydrolase activities

The sulphatide sulphohydrolase activity was considerably inhibited by a
number of phospholipids as shown in Table III. The addition of these phospho-
lipids in the absence and presence of sodium taurodeoxycholate was inhibitory.

Table IV shows the effects of several sulphate esters and the other ions on
sulphatide and seminolipid sulphohydrolase activities. The sulphate and phos-
phate anions considerably inhibited both sulpholipid sulphohydrolase activities.
The phosphate inhibition was stronger. The substrates of arylsulphatase such as

TABLE III
EFFECTS OF PHOSPHOLIPIDS ON THE SULPHATIDE SULPHOHYDROLASE ACTIVITY

Reaction mixture was described in the legend of Table 1. The preincubation before the addition of en-
zyme was carried out in a sonicated bath (Bransonic, 50 KHz) at 50°C for 60 min. Other assay conditions
were the same as described in the text.

Phospholipids Concentration Enzyme activities (nmol/h)
(mg/ml)

without sodium with sodium

taurodeoxycholate taurodeoxycholate
None 0.56 2.44
D,L-a-Dipalmitoyllecithin 0.25 0.09 1.75
D,L-a-Dipalmitoyllecithin 1.25 0.03 0.57
D,L-a-Dipalmitoyllecithin 5.00 0.03 0.08
Soy bean lecithin (crude) 1.25 0.02 0.20

Egg yoke lysolecithin 1.25 0.04 0.87
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TABLE IV

EFFECTS OF VARIOUS ESTERS AND THE OTHER IONS ON THE SULPHATIDE AND SEMINO-
LIPID SULPHOHYDROLASE ACTIVITIES

Enzyme assay was the same as described in the text.

Additions Concentration Percent enzyme activity with
(mM)

sulphatide seminolipid

None 0 100 100
Sodium sulphate 1.0 91,5 —*
Sodium sulphate 5.0 66.2 75.8
Potassium phosphate 0.5 32.8 37.5
Potassium phosphate 5.0 5.0 —
Sodium chloride 500 74.3 —
Sodium chloride 2000 47.4 —
Ascorbate 2-sulphate 7.5 98.4 —
Ascorbate 2-sulphate 75 70.1 81.8
Glucose 6-sulphate 7.5 97.8 —
Glucose 6-sulphate 75 87.9 93.7
p-Nitrophenyl sulphate 0.75 39.5 —
p-Nitrophenyl sulphate 7.5 5.9 —
p-Nitrocatechol sulphate 7.5 0.9 —
Seminolipid 0.5 20.5 —
Sulphatide 0.5 — 55,2

* Not determined.

p-nitropheny! sulphate and p-nitrocatechol sulphate were potent inhibitors. As-
corbate 2-sulphate also inhibited to a small extent, while glucose 6-sulphate
scarcely inhibited both the sulpholipid sukphohydrolase activities. These two
enzyme activities were strongly inhibited by each other substrate.

Discussion

We found in the present investigation that all of the natural sugar sulphates,
i.e., sulphatide, seminolipid and ascorbate 2-sulphate, were easily hydrolyzed
by the arylsulphatase purified from the liver of the marine gastropod, C. lam-
pas. The fact that these sugar sulphates were scarcely hydrolyzed by glycosul-
phatase from the same organism seems to be remarkable. Glycosulphatase acti-
vity is usually measured using glucose 6-sulphate as the substrate [7] . However,
the substrates most frequently used for arylsulphatase are artificial ones such as
p-nitrophenyl sulphate and p-nitrocatechol sulphate [19]. Now the nomencla-
ture of sulphatases must be revised, because in spite of their names, glycosul-
phatase is inactive on such natural sugar sulphates and certain arylsulphatases
are active. Further studies on the substrate specificity using various sugar sul-
phates of both arylsulphatase and glycosulphatase will be required.

The sulphatide sulphohydrolase activity in invertebrates, including molluscs
but not including C. lampas, was first investigated by Mraz and Jatzkewitz
[20]. They have shown that the acidic forms of the arylsulphatase, separated
by electrofocussing, possess sulphatide sulphohydrolase activities. In the pre-
sent study, we examined further the enzymatic characteristics using the partial-
ly purified arylsulphatase preparation from C. lampas liver, and found the same
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hydrolyzing activity for seminolipid, a sulphoglycerogalactolipid.

The enzymatic properties of C. lampas sulphogalactolipid sulphohydrolase
activities were somewhat different from those of the mammalian enzyme: (i)
The activity ratio with sulpholipids and artificial arylsulphate as the substrate
was almost the same [1—4,21]. The activity with seminolipid was higher than
that with sulphatide in the case of C. lampas arylsulphatase, but the reverse has
been observed in the mammalian arylsulphatase A [3,4]. (ii) The K,, value,
6.22 - 107° M, of C. lampas arylsulphatase for sulphatide and seminolipid as
the substrates was lower by a factor of one order of magnitude compared to
the value of mammalian enzymes [1,2,4,17,21]. (iii) The broad pH optima, pH
5.0 with sulphatide and pH 5.5 with seminolipid, were rather different from
the narrow pH optimum of pH 4.5 in mammalian case [1—4,18,21]. (iv) The re-
quirement of detergent, sodium taurodeoxycholate or sodium cholate, was
not obligatory. On the other hand, an absolute requirement for the detergent
has been observed for mammalian sulphatide and seminolipid sulphohydrolase
activities. The detergent is required for the micelle formation of substrates in
which the enzyme is active [1—4,18,21]. The substrate micelle formed even in
the absence of a detergent might be able to be recognized by C. lampas aryl-
sulphatase, which had a higher affinity (low K, value) for sulphogalactolipid.

So far, sulphogalactolipids have not been searched for in the marine molluscs
such as C. lampas. However, these substrances or similar compounds might be
the physiological substrate of the C. lampas arylsulphatase. Further studies on
other organisms are required.
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