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Studies on Dissolved Metalloenzymes in Lake Water. I.
Identification of Alkaline Phosphatase
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Metalloenzyme (alkaline phosphatase) dissolved in lake water has been identified by means of high perform-

ance liquid chromatography (HPLC).

Water samples were collected from Lake Kasumigaura in Ibaraki, and

filtered with a 0.2—0.45 ym membrane filter immediately after sampling. Filtered water was concentrated
to 100—2000 fold by ultrafiltration membrane which could concentrate the components of molecular weight
larger than 10000. The enzymatic activity of alkaline phosphatase was measured using p-nitrophenyl dihydrogen-

phosphate as a substrate.

enzymatic activity, while the enzymatic activity was recovered with addition of zinc ion.

Chelating agents added to the concentrated lake water inhibited the appearance of

The HPLC chromato-

grams of the concentrated lake water were examined, where an aqueous porous gel column was used for sepa-

ration.
was also found in the same fraction.
procaryotes was present in the lake water.

Recently, the present authors reported that alkaline
phosphatase existed as a dissolved form in sea water.1:%
In these studies the identification of alkaline phos-
phatase was made by measuring the high performance
liquid chromatogram as well as enzymatic activity and
zinc content, and also biological significances of dis-
solved metalloenzymes in natural water were discussed
along with the natural cycles of nutrient and trace
elements. As is well known, alkaline phosphatase is
one of the typical metalloenzymes containing four zinc
atoms in one molecule,® and concerns with the phos-
phorus cycle in animals and microorganisms. Thus,
further study on dissolved metalloenzymes in natural
water may help to elucidate not only biological ac-
tivities, but also elemental cycles. In addition, the
identification of the chemical forms of trace metals
in water has also been receiving great attention in
the fields of bioinorganic and analytical chemistry.)
In this sense, the dissolved metalloenzymes can be
considered as one of the chemical forms of trace metals
in water.

As was suggested in the previous papers,!-2) alkaline
phosphatase is also one of the most significant enzymes
in limnology, because it may concern with the phos-
phorus cycles in natural water. Free dissolved phos-
phatase activity in pond water was first reported by
Overbeck and Babenzien in 1963.5 Reichardt et al.
did consider the ecological importance of free phos-
phatase in lake water.®) Since then, a number of in-
vestigations on phosphatase activity and its role in
freshwater have been done. Furthermore, several re-
ports on other types of enzymatic activities have been
also given in terms of natural water. For example,
Morrison et al. determined cellulase activity,” and
Little et al. determined proteolytic enzymes in lake
water.®)

In this paper, the study on dissolved alkaline phos-
phatase has been extended to lake water. Lake
Kasumigaura was chosen as the target, since it is one
of the typical eutrophic lakes in Japan. The dissolved
alkaline phosphatase activity was measured and iden-
tification of the enzyme was discussed along with the
enzymatic properties.

The effluent at molecular weight of ca. 90000 showed specific activity of alkaline phosphatase.
These facts suggest that alkaline phosphatase with the nature similar to

Zinc

Experimental

Chemicals. E. coli alkaline phosphatase (Boehringer-
Mannheim, No. 15429) whose specific activity was 20 U
mg~! was used as a standard enzyme. p-Nitrophenyl dihy-
drogenphosphate was dissolved in 0.6 M tris(hydroxymethyl)-
methanamine hydrochloride (pH 8.0; abbreviated as Tris
buffer) (1 M=1mol dm-3). Chloride salts were used as
metal(II) ion standards. Calibration proteins for the mo-
lecular weight (M. W.) standard of HPLC are as follows:
Urease (Jack bean; M. W.: 480000);» aldolase (rabbit
muscle; M. W.: 161000);1® alkaline phosphatase (E. coli;
M. W.: 89000) ;" carbonic anhydrase (Bovine erythrocytes;
M. W.: 31000);'2 and ribonuclease (Bovine pancreas; M.
W.: 13700).1®

Instruments. A Shimadzu UV-210A spectrophotom-
eter with a SFU-6 semi-auto flow cell unit was used for the
measurements of enzymatic activity. The optical path of
the absorption cell was 10 mm. A Shimadzu LC-3A high
performance liquid chromatography with a SPD-2A spec-
trophotometric detector was used for HPLC-separation. Zinc
concentration was determined by a Jarrell-Ash Model 975
Plasma Atom Comp. Ultrafiltration and incubation for
activity measurements were all performed under the con-
trolled temperature by a thermostatic bath circulator (Model
TRL-111SP; Thomas Scientific Co., Ltd.).

Sampling and Filtration of Lake Water. The sampling
stations in Lake Kasumigaura are located as shown in Fig.
1. In Stations 4 and 9, water samples were collected from
depths of 0.5, 1.5, and 5.0 m; in the other stations, only from
a depth of 0.5 m. Samples were taken once a month starting
in April, 1980.

Water samples were also collected from the Shinobazu
pond in Tokyo.

The water was filtered through a glass-fiber membrane
filter (pore size: 1.0 yum) and then a Toyo Kagaku UK-4
membrane filter (pore size: 0.2 um) as soon as possible after
collection, in order to remove microorganisms. Enzymes
in thus filtered water are hereafter called dissolved enzymes.

Concentration of Lake Water Samples. As enzyme levels
in lake water are too low to be analyzed by the chromato-
graphic technique, the filtered water samples were concen-
trated using the ultrafiltration technique. An Amicon YM-
10 or UM-10 type membrane, or a Toyo Kagaku UK-10
type membrane, through which only molecules with a mo-
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Fig. 1. Sampling stations in Lake Kasumigaura.

lecular weight over 10000 can be concentrated, was attached
to an Amicon ultrafiltration cell (Model 202), in which
samples were concentrated to 1/100—1/2000 of their original
volumes. Samples were kept at about 4 °C throughout
the operation.

Measurements of Phosphatase Activity. The enzymatic
reaction of alkaline phosphatase for the substrate p-nitro-
phenyl dihydrogenphosphate proceeds as follows:

O,N-G,H,-OPO,H, + H,0 ——
O,N-C,H,-OH + H,PO,. 1)

The absorbance of the product, p-nitrophenol, was measured
at 410 nm.*» Assay procedures were as follows: The sub-
strate solution (volume: V;) and either a water sample or
distilled water (blank) (volume: V,) were mixed and then
kept at 25 °C. After an interval of time, ¢, the absorbance
of the mixture at 410 nm was measured using spectrophotom-
eter equipped with a 10-mm long light path cuvette. When
the absorbance of the sample-mixture and the blank-mix-
ture, and the absorption coeflicients of the substrate (S)
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and the product (P) at 410 nm are 4, A4,, &, &,, respectively,
the enzymatic activity of the water sample, «, is given in
Eq. 2:
L (A—a) (V) o
(8p_’es) Vzt
When V;, V,, and ¢ were taken as 4 cm3, 1 cm3, and 1440
min, respectively, in measuring unconcentrated samples, and
(ep—e&s) is determined as 16200 mol-! dm?®, the value of
« is shown in Eq. 2:
«=2.1x 1077 (A—4,) mol dm-3 min-1. (27)
Separation and Detection Using High Performance Liquid Chro-
matography (HPLC). The HPLC separation was per-
formed using a Shimadzu W-71 aqueous porous gel column
(7.9 mm i.d.x50 cm), with which molecules can be sep-
arated according to their molecular weight (range 10000—
500000). Two types of the carriers were used, i.c., a) 0.29%
KH,PO,~KOH buffer (pH 7.3) for general separation, and
b) 0.01 M Tris-HCl buffer (pH 8.0) for the distribution
measurement of phosphatase activity, since phosphate inhibits
phosphatase activity. The flow rate of the carrier was
1.0 cm® min—!, and the solutes in the effluent were detected
with the absorbance at 210 nm (general) and 280 nm (for
protein). Chromatography was carried out at room tem-
perature. Chromatographic effluents were collected by a
fraction collector every 0.3—0.5 min.

Results and Discussion

Phosphatase  Activity in Lake Waters. Table 1
shows the phosphatase activity of the water in Lake
Kasumigaura. All the activity measurements were per-
formed for the untreated samples. Activity values var-
ied with sampling seasons and sampling points from
less than 0.4 to 9.0 nmol dm—3 min-1. The average
value of activity, 1.4 nmol dm~3 min-1, is comparable
to the value in Lake Kinneret reported by Berman!s)
and the value in the Shinobazu pond, Tokyo, measured
by the present authors, and higher than the level in
sea water samples.19)

Characterization of Phosphatase Activity in Lake Water.
Phosphatase activity in the lake water was inhibited

TaBLE 1. DISSOLVED PHOSPHATASE ACTIVITY IN LAKE WATER
) Depth Dissolved phosphatase activity/nmol dm~3 min—?
Station _—
m Apr. May Jun. Jul. Aug. Sep. Oct. Nov Dec.
Lake Kasumigaura
1 0.5 1.3 1.9 0.9 3.9 7.4 1.8 1.7 2.5 <0.4
2 0.5 2.6 2.1 1.1 9.0 2.9 2.4 0.9 1.2 0.4
3 0.5 2.4 0.9 0.9 4.9 1.2 2.0 <0.4 0.7 0.4
4 0.5 1.7 1.7 1.5 1.1 <0.4 1.9 <0.4 0.8 0.6
1.5 1.5 0.9 0.4 1.3 0.6 1.5 <0.4 1.2 0.6
5.0 1.3 0.9 2.8 1.1 0.6 1.7 1.5 1.6 0.6
6 0.5 1.1 2.1 <0.4 2.6 3.6 2.9 1.7 4.6 0.4
7 0.5 1.7 1.7 <0.4 1.9 1.8 1.0 0.6 3.9 0.7
8 0.5 1.7 2.1 1.5 0.9 1.0 0.5 <0.4 1.6 0.6
9 0.5 1.3 1.3 1.3 0.4 <0.4 0.9 <0.4 1.3 0.4
1.5 1.5 0.9 1.5 1.5 1.5 1.2 <0.4 1.2 0.5
5.0 1.5 0.9 0.5 1.1 <0.4 0.8 <0.4 1.0 0.5
The Shinobazu Pond
H 0.1 — 1.0 — — — — 0.8 — —_—
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by treating with chelating agents such as ethylendi-
aminetetraacetic acid (EDTA) or 2,6-pyridinedicarb-
oxylic acid (PDA). However, it is well known that
such inhibited activity may be recovered by adding
metal ions, such as zinc(II) and cobalt(II). The re-
covery effect of metal ions added to apo-lake water (the
sample treated with chelating agents) is summarized
in Table 2. Phosphatase activity was completely re-
covered when zinc(II) was added, and partly when
cobalt(IT) or manganese(II) was added. When heat-
ed over 80 °C, the sample completely lost activity.
These results suggest that phosphatase activity in lake
water originates from the zinc-metalloenzyme alkaline
phosphatase.

In Fig. 2, the pH dependence of dissolved alkaline
phosphatase activity in Lake Kasumigaura is shown.
The maximum activity of lake water alkaline phos-
phatase was obtained at pH 8.9, which was a little
higher than that of E. coli alkaline phosphatase (8.0).

The variations of phosphatase activity of lake water

TABLE 2. RECOVERY RATIO OF PHOSPHATASE ACTIVITY
IN LAKE WATER

Apo-sample(mm?)®

Metal ionP)

Relative activity

%
50 None 0
50 Manganese(II) 41
50 Cobalt(IT) 32
50 Nickel (IT) 4
50 Copper(II) 9
50 Zinc(IT) 100
50 Cadmium (IT) 4

a) Concentrated (x400) lake water dialyzed against
0.01 M 2,6-pyridinedicarboxylic acid (pH 7.0). Lake
water was sampled in Lake Kasumigaura in August,
1980. b) 50 ug of each metal ion was added in the
form of chloride salt.
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Fig. 2. pH dependence of dissolved alkaline phos-
phatase activity in lake water.
Activity was measured using 1 mM p-nitrophenyl di-
hydrogenphosphate in 0.1 M Tris—-HCI buffer at vari-
ous pH, at 30 °C. The sample was collected in Lake
Kasumigaura (Sta. 2) on November 20, 1980.
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alkaline phosphatase, and of E. coli, with temperature
and substrate concentration were also examined. The
apparent activation energy (E,) and the Michaelis
constant (K_) were estimated from the Arrhenius and
the Michaelis plots.®) The results are summarized in
Table 3. Both the E, and K, of lake water alkaline
phosphatase were different from those of E. coli al-
kaline phosphatase. This may indicate that lake water
alkaline phosphatase is similar to that of E. coli, but
exactly not the same.

Separation by HPLC. The HPLC chromatogram
of concentrated lake water using 0.2%, phosphate buffer

TABLE 3. APPARENT ACTIVATION ENERGIES AND
MICHAELIS CONSTANTS OF ALKALINE PHOSPHATASES

Source of alkaline Apparent aCtg)vation Michaelig
hosphatase enecrgy constant
P E, [kcal mol1 K, JuM
Lake water® 6.93 1.0
E. coli 8.73 1.5

a) Concentrated lake water collected in Lake Kasumiga-
ura (Sta. 2) on November 20, 1980. b) Obtained
with the Arrhenius plot. Activities were measured
using 1 mM p-nitrophenyl phosphate in 0.1 M Tris-
HCI buffer (pH 8.1), at various temperatures (0—30
°C). c¢) Obtained with the Michaelis plot. Activities
were measured using p-nitrophenyl dihydrogenphosphate
of various concentrations (1 pM—1 mM) in 0.1 M Tris-
HCI buffer (pH 8.1) at 30 °C.

ABSORBANCE (210nm)

5 10 15
elution time,/min

Fig. 3. Chromatograms of lake water.
Column: Shimadzu W-71 (7.9 mm i.d.x 50 cm), flow
rate: 1.0 mL min-1, carrier: 0.2% KH,PO,~KOH
(pH 7.3), sample: concentrated (Xx500) lake water
from Lake Kasumigaura sampled in February, 1980,
temperature: at room temperature. (A): Lake water
only, 100 pL; (B): fraction of (A) between 11.3 and
12.3 min; (C): (A) +20 ug of E. coli alkaline phos-
phatase.
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(pH 7.3) as a carrier is shown in Fig. 3(A). As has
been reported in the previous papers,»? the chromato-
gram peak of alkaline phosphatase is located near 12
min. However, no marked peak could be noticed
near the elution time of alkaline phosphatase in the
chromatogram (A). Then, the elfluent between 11.3
and 12.3 min of A was collected and concentrated.
The chromatograph of the fractionated eflluent was
again examined under the same conditions, and the
chromatogram B was obtained. In the chromatogram
B, some apparent peak can be observed at the elution
time at ca. 12 min. The chromatogram C is that of
concentrated lake water spiked with E. coli alkaline
phosphatase, which provided the elution peak at 12
min. From the comparison between the chromato-
grams B and C, the peak near 12 min in the chro-
matogram B corresponds to the distinct peak at the
clution time of E. coli alkaline phosphatase. Fig. 4
shows the chromatograms of concentrated lake water
detected both by absorbance and phosphatase activity,
using 0.01 M Tris buffer (pH 8.0) as the carrier.

There is a sharp peak of activity, and its elution time
is the same as that of E. coli alkaline phosphatase.
Zinc could also be found in this fraction. These re-
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Fig. 4. Distribution of phosphatase activity of lake
water,
Column: Shimadzu W-71 (7.9 mm i.d.x 50 cm), flow
rate: 1.0 mL min—1, carrier: 10 mM Tris buffer (pH
8.0), sample: concentrated (X 2,300) lake water from
Lake Kasumigaura sampled in August, 1980, 100 uL,
temperature: 25 °C.  (A) Calibration curve by stand-
ard enzymes [1, Urease (Jack bean; M. W.: 480000);
2, aldolase (rabbit muscle; M. W.: 161000); 3, alkaline
phosphatase (E. coli; M. W.: 89000); 4, carbonic
anhydrase (Bovine erythrocytes; M. W.: 31000); 5,
ribonuclease (Bovine pancreas; M. W.: 13700)]; (B)
chromatogram detected in absorbance at 280 nm;
(C) distribution of phosphatase activity.
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sults suggest that phosphatase activity in lake water
originates from the alkaline phosphatase, whose mo-
lecular weight is close to that of E. coli alkaline phos-
phatase.

Conclusion

The results described above lead us to the conclu-
sion that dissolved zinc-metalloenzyme alkaline phos-
phatase, which may be provided by procaryotes, is
present in Lake Kasumigaura. It has been known
that alkaline phosphatase of eucaryotes (molecular
weight around 150000) is usually larger than the al-
kaline phosphatase of procaryotes (molecular weight
around 90000).17 As Lake Kasumigaura is known to
be an algae-rich lake, a large portion of the alkaline
phosphatase in the lake would be provided by algae,
such as Microcystis. Further work to identify the iso-
zymes using electrophoresis, efc. is in progress.

In Lake Kasumigaura, the concentration of alkaline
phosphatase-formed zinc has been calculated as about
0.2 ng dm—? (0.2 ppt), using the value of standard E.
colt alkaline phosphatase, that is, almost one ten-thou-
sandth of the total zinc in the lake water.

In consequence, the existence of active dissolved
alkaline phosphatase may be related to the phosphorus
cycles in the lake water, as has been discussed in other
lakes.15:18-20)  The study on the correlation between
the dissolved alkaline phosphatase and phosphorus con-
centration/cycle in the eutrophic lake including Lake
Kasumigaura should be biochemically and ecologically
important and interesting.
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