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Summary: Effect of exogenously added soybean phosphatidylinositol on ¢c-myc
gene expressed and unexpressed human cancer cell lines was investigated. When
phosphatidylinositol liposomes were introduced into culture media, viability of c-myc
unexpressed cells was reduced, while that of c-myc expressed cells was not. Death
of c-myc unexpressed cells by phosphatidylinositol liposomes was found to be

caused by abnormally accumulated intraceliular Ca2+, and it seemed to be related to
reduction of protein kinase C activity.  © 1992 acadenic press, nc.

It is known that phospholipid liposomes composed of some kinds of
phosphatidylinositol (P1} or phosphatidylcholine (PC) are selectively cytotoxic to
cancer celis (1,2). The high sensitivity of cells to toxic phospholipid liposomes
seems to be a common character of cancer cells, but some of them had as low
authors proposed so far that phospholipid metabolic products, such as linoleic acids,
lyso-Pl or diacylglycerols were responsible for cytotoxicity (2,3).

In order tc elucidate the mechanism of cytotoxicity of phospholipids on cancer celi
viability, we examined effects of soybean P! liposome treatment on intracellular Ca2+

concentration and calcium-phospholipid dependent protein kinase C (PKC) activity

*To whom correspondence should be addressed.

Abbreviations: P, phosphatidylinositol; PC, phosphatidylcholine; Tdr, thymidine;
PKC, protein kinase C.
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of the cells, because it was reported that exposure of cells to toxic compounds

eventually led to elevated intracellular Ca2+ concentration, followed by cell death

(4-6). And because some of Pl metabolic products are known as activators of PKC.
Our results obtained here suggest that sustained increase in intracellular Ca2+
concentration with soybean P! liposome treatment cause celi killing, associated with

reduction of PKC activity.

Materials and Methods

Materials  EJ-1 and T-24, human bladder cancer cell lines were kindly supplied
by Dr. Prout, Jr., Massachusetts General Hospital, Boston, MA, USA. Four human
renal cancer cell lines were supplied as follows; 5873-T was from Duke University,
NC, USA. ACHN was purchased from the American Type Culture Collection NY,
USA. KN-41 was from Kanazawa University, Kanazawa, Japan. YCR-1 was
established in our laboratory. TIG-1, which is a diploid human fibroblast derived from
female fetal lung, was purchased from Japanese Tissue Culture Collection, Tokyo,
Japan. Soybean Pl was purchased from Avanti Polar-Lipids Inc. Phosphatidylserine
and 1,2-dioleine were from Serdary Research Laboratories Inc. Histone 11IS was
from Sigma. Methyl- [PH]thymidine ([3H]Tdr, 63 Ci/mg) was purchased from
Amersham Co. [r-32P]ATP (3000 Ci/mmol) was from NEN. Fura-2
acetoxymethylester (fura-2/AM) was obtained from Dojin, Kumamoto, Japan. Ham's
F-12 medium was supplied by GIBCO laboratories, NY. USA.

Preparation of liposomes  All the phospholipids in methanol/chloroform
solution were dried up by nitrogen gas in the glass spits aseptically. Subsequently,
the appropriate amount of media were added in them and mixed by vortex mixer for 3
minutes. Then cloudy solution of liposomes containing phospholipids were
obtained.

Viable cell count  Since the correlation between viable cell count and [3H]-Tdr
incorporation is linear, [®H]Tdr is used instead of viable cell count. The culture cells
were inoculated on the glass in 24 wells plastic culture dish at the concentration of
1x10% cells/well with appropriate media. After 24 hours incubation, cells were
submitted 48 hours incubation with the various concentrations of PI. Then [3H]Tdr
(10 uCi/100 pl/well) was added to each well and incubated for 3 hours. Finally it was
washed at each 10 minutes with cold 5% trichloroacstic acid (TCA) twice to remove
unbound radiolabel.

Measurement of intracellular Ca?* level Cells were cultured on thin glass
plate (5x10°% cells) and then exposed to 5 uM fura-2/AM in basal salt solution and
kept for 60 minutes at 37°C. After fura-2 loading, the cells were incubated with cell
culture medium containing Pl liposomes of 160 uM at 37°C. After incubation period,
cells were placed on a microfluorometric imaging analysis system (INTER DEC M-
500, Osaka, Japan). The fluorescence intensities of 512 nm in wavelength from fura-
2-loaded cells were recorded under illumination lights of 340 to 380 nm. In order to

exclude the artifact produced by long incubation time, the intraceliular Ca2* level of
Fi treated cells was compared with untreated ones for each incubation condition.

Assay of protein kinase C  After incubation with Pl liposomes (160 uM) for 6
hours, cells were scraped from dishes, homogenized with buffer A (20 mM Tris/HCI,
pH7.4,2mMEGTA, 0.5 mM EDTA, 2 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride and 5 pg/ml leupeptin) and centrifuged at 100,000xg for 60 min. The
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supernatant was saved and pellet was suspended with buffer A containing 0.1%
Triton X-100. PKC activity was determined in the reaction medium containing 20 mMm
Tris/HCI, pH 7.4, 10 mM MgCl, 0.02% Triton X-100, 50 pg histone, 10 uM [r-32PJATP,
0.5 mM CaCly, 20 pg phosphatidylserine (PS), 6 ug dioleine and enzyme in 100 pl
for 10 min at 30°C. The Ca2+/PS independent kinase activity was measured under
the same condition without Ca2+, PS and dioleine but containing 1 mM EGTA. The
reaction was terminated by addition of 1 ml of 25% TCA, and acid-precipitable
materials were collected by a filter. The filter was washed with 5% TCA and
radioactivity was counted.

Results

Effect of soybean Pl on viability of various kinds of cancer cells

The effect of soybean P! liposomes on viability of various kinds of cancer cells
was examined and results are shown in Fig. 1. Of seven cancer cell lines tested, five
were found to be reduced [3H]Tdr incorporation after the treatment of soybean P!.
Soybean PI liposomes were the most effective on EJ-1 and T-24, which were known
to have almost the same level of H-ras expression. These two cells showed steep
reduction in the viability in proportion to Pl concentrations. ACHN, 5873-T and TIG-1,
showed a mild response to Pt toxicity. On the contrary, YCR-1 and KN-41 showed no
inhibition of [3H}-Tdr incorporation into cells. Among seven cell lines used in this
experiment, it was already known that c-myc gene was expressed in two cell lines
(YCR-1 and KN-41), while it was not in others (7). This classification was found to be
corresponding exactly to the effectiveness of soybean PI toxicity; YCR-1 and KN-41,
which have c-myc expression, are not affected by Pl treatment at all, but other cell
lines, which have no c-myc expression, are significantly influenced by P! treatment.
Therefore, human cancer cell lines tested here can be divided into two groups,

depending upon the c-myc expression.

Change of intracellular Ca2+* level induced by PI liposome treatment

Since it is known that exposure of cytotoxic compounds leads to elevation of
intracellular Ca2+ concentration to cause cell death (4-6), we measured intraceliutar
Ca?+ levels of T-24 and YCR-1 with Ca2+ imaging system. Number of cells in the
visual field of optical microscope was adjusted to 1-102 by selecting magnification of
objective lens. As shown in Fig. 2, intracellular concentration of Ca2+ was increased

largely with the incubation time in T-24. When the incubation time reached 5 hours,
646
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Fig. 1. Inhibitory effect of liposomes consisted of soybean Pl on various kinds of
cancer cells. Methods are described in Materials and Methods. Samples were
manipulated in duplicate. EJ-1 (@), T-24 (O), TIG-1 (), 5873-T (m), ACHN (O),
KN-41 (A), YCR-1 (4A).

Fig. 2. Relative change of intraceliular Ca2+ concentration in T-24 (1) and YCR-1
(@) tor various incubation periods of Pl treatment. Data are means of three
experiments and bars represent the absolute maximum error. The values were
normalized with that of untreated cells.

the increase of intracellular Ca?* level of T-24 was found to be 24%. Such a long
lasting increase of intracellular Ca?+ ievel is quite unusual. Since the long lasting
increase in Ca2* concentration observed in numerous cells was observed clearly
even in a single living cell, we can conclude that this is not an artifact caused by cell
death. On the other hand, the same treatment with Pl liposomes for YCR-1 did not

cause Ca?+ concentration increase at all.

Change of PKC activity induced by Pl liposome treatment

In order to check whether activation of PKC is induced by Pl liposome treatment in
cancer cells, we examined PKC activities of the cells. Since PKC activity is thought
to be translocated to the membrane when it is activated, we assayed PKC activity of
soluble and particulate fractions of cells. As shown in Table 1, P! liposome treatment
{6 hours) caused decrease of total PKC activity (soluble plus particulate) in all cells
we examined. Reduction of PKC activities of particulate fraction was significant in ¢-
myc unexpressed cells; the activities were decreased to 36 and 54 % of their control

values in ACHN and T-24 cells, respectively, while 88 and 69 % of activities were
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Table 1. PKC activity in c-myc expressed and unexpressed cells

Control Pl liposome treated
supernatant particulate supernatant particulate
ACHN 7184120 58.9+ 4.4 5541+ 48 213+ 76
T-24 6411173 483+ 29 46.7 + 83 262+ 46
KN41 5111 6.3 210+ 07 337+ 38 144+ 14
YCR-1 515+11.6 381+ 07 426+ 7.3 33.7+ 32

PKC activity was assayed in control and Pl liposome treated (6 hours) cells, as
described in Materials and Methods. Activity was expressed pmol/min/mg protein of
the cells. Each value is the mean+S.D. of four determinations.

remained both in YCR-1 and KN-41, respectively. The values of PKC activity of the
cells incubated with Pl liposomes for 3 hours was intermediate between those of
control and incubated cells for 6 hours in both ¢-myc expressed and unexpressed

celis.

Discussion

In this report, we showed that two renal cancer cell lines, which had c-myc
expression, were not sensitive to cytotoxic effect of soybean PI, and in these cells, Pi
liposome treatment could not induce the increase of intraceliular Ca2+ concentration,
which might cause cell killing in c-myc unexpressed cells. Cytotoxic effect of
exoganously added soybean Pl on cancer cells was initially reported by Jett and
A!véng {1}). This work was followed by many investigators, and the PI toxicity has
been confirmed so far (1-3,8). Although the toxic effect of P! liposomes has been
criticized as an artifact produced by the unidentified impurity containing in the
phospholipids, such possibility was excluded after careful examination of purity of
phospholipids used.

It is important to decide if the elevation of intracellular Ca2+ concentration is the
cause or result of cell death. It was found that Ca2+ elevation preceded to cell death
determined by [3H]Tdr incorporation. Therefore, it is likely that intracellular Ca?+
elevation in c-myc unexpressed cells might be a cause of cell death. Although we

doen't know the mechanism of elevation of Ca2+ concentration by soybean Pl
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liposome treatment, an interesting study reported recently about Pl effect on Na*+-K+-
ATPase (9) was suggestive for the elucidation of this mechanism. According to the
work, soybean P! was selective inhibitor of Na*-K+-ATPase of synaptosomal
membrane. Insuch a casé, it is expected that intracellular Ca?+ will be increased,
because of the decrease of Na/Ca exchange derived from the increase of Nat due to
the inhibition of Nat-K+-ATPase (10).

Since Jett, et al. showed that Pl incorporated into cells was metabolized to
produce diacylglycerol (3}, which was a PKC activator, we assayed PKC activities of
the cancer cells. PKC activities, however, was found to be reduced by Pl liposome
treatment in both c-myc expressed and unexpressed cells (Table 1). The reduction
of PKC activity can be explained by down regulation as was caused by phorbol
ester, which is known as a PKC activator (11). Although it is a preliminary result yet,
the specific PKC inhibitor, calphostine (Kyowa K.K., UCN-1028C; 50 nM) showed the
same effect as soybean Pl did on T-24 and YCR-1. Therefore, it is likely that
significant reduction of particulate PKC activity and increase of intracellular Ca2+
concentration in c-myc unexpressed cells by Pi treatment may relate to cell death.
Crumrine et a;x(12) found that PKC activities of total and particulate fraction were
reduced in cerebral ischemia accompanied with elevation of Ca2+ content, and
suggested that the inhibition of PKC activity may have a significant damage on
cellular function. Similar results were reported in spinal cord ischemia (13). ltis still
not obvious whether c-myc expression is related to PKC activation, aithough it is
reported that over expression of PKC gene cause c-myc expression (i4}. On the
basis of these results we can consider there is an intense relationships between c-

myc expression and regulation of PKC activity.
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Summary A membrane-associated diacylglycerol kinase of Drosophila heads
was purified to near homogeneity from the KCl extract of Drosophila heads. The
purification procedure involved chromatography on Q-Sepharose, ammonium
sulfate fractionation, Superose 12, hydroxylapatite, and ATP-agarose. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis of fractions after the ATP-
agarose column chromatography showed that only a 115 kd protein correlated well
with the enzyme activity. The apparent Km values of partially purified DG kinase
were 220 uM for ATP and 540 uM for diolein, respectively. The activity of the DG
kinase was inhibited by deoxycholate and was not activated by Ca?+.

Introduction

In a variety of cells, diacylglycerol (DG) is generated in response to stimulation
that enhances phospholipase C-mediated breakdown of inositol phospholipids, and
serves as a second messenger to activate protein kinase C [1,2]. Phosphorylation
of DG to phosphatidic acid (PA) by DG kinase is suggested to be a major pathway
for removal of DG [3], and thus it is likely that this enzyme regulates an intracellular

signaling via phosphatidylinositol (PI) cycle. Recently it was also shown that an
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elevation in the steady-state levels of DG in ras-transformed cells causes long
lasting activation and down-regulation of protein kinase C [4,5]. This elevation was
shown to be the result of reduction of DG kinase activity in the membrane fraction
[5]. These results indicated that DG kinase also plays a role in such a long-term
responses. In addition, PA has been suggested to be an activator of cell signalling
[6-8]. The study of DG kinase is therefore important for the elucidation on the
physiological role of Pl response.

Previously we demonstrated that DG kinase activity is localized in the compound
eyes of Drosophila head, and the enzyme activity is deficient in the heads of visual
mutant, rdgA (retinal degeneration A) [9,10]. We also suggested that rdgA gene
may code DG kinase based on the results of gene dosage dependence
experiments [10]. Recently Masai and Hotta isolated Drosophila DG kinase
homologues using a 80 kd porcine DG kinase cDNA probe (unpublished data). The
gene isolated initially was found not to be rdgA gene, although it was expressed in
the compound eyes. Another Drosophila DG kinase gene isolated subsequently
was mapped to the rdgA locus. These results indicate that there are at least two
different types of isozyme of DG kinase in Drosophila eyes, and lack of the enzyme
must be causing rhabdomere degeneration in rdgA mutant, as we suggested [10].

Recent studies revealed that several isozymes of DG kinase are present with
different properties in various organisms [11-15]. Although only small numbers of
DG kinase have been purified and characterized in detail [14-17], it is suggested
that the each isozyme plays different role in regulating the signal transduction. In
our previous studies, we have found that some properties of the DG kinase in
Drosophila head crude fraction were different from those in other sources [10]. To
extend the study, we attempted to purify DG -kinase from Drosophila heads and
examined its biochemical properties. Because of the limited source of the starting
material and instability of the enzyme, purification of DG kinase was still not

complete. However, the partially purified DG kinase of Drosophila heads was
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found to be largely different from that of mammals as to Ca2+ independence and the

inhibitory effect of deoxycholate for this enzyme.

Materials and Methods

Materials

Canton-S (CS) strain of Drosophila melanogaster was used as a standard,
normal strain, from which the mutant, rdgAXO74retinal degeneration A) was
derived. Flies were collected within 1 day after eclosion, and kept on fresh
cornmeal-agar-yeast food until they become 4 to 7 days old. They were then frozen
in liquid nitrogen and kept in a deep-freezer (-80° C) until use. Prepacked columns
of Hiload Q-Sepharose Fast Flow, Mono Q and Superose 12, and ATP-agarose
Type 3 (attached through C-8 to agarose) were purchased form Pharmacia LKB
Biotechnology Inc. TSK gel HA-1000 Glass column was from Tosho (Japan).
Protein assay kit was from Bio-Rad Laboratories. [r-32P]JATP (specific activity;
3,000Ci/mmol) was from New England Nuclear. 1,2-diolein was obtained from

Serdary Research Laboratories Inc.

Assay of DG kinase activity

The standard reaction mixture contained 10 mM MgCl,, 10 mM NaF, 0.5 mM
dithiothreitol (DTT), 100 mM Tris/HCI buffer, pH 7.4, 2 mM 1,2-diolein, 1 mM
[r-32P]ATP and the enzyme in a final volume of 100 ul. In some cases bovine
serum albumin (1 pg/tube) was added. Immediately before the incubations, DG was
sonicated using a microtip. The incubation was carried out for 5 min at room
temperature and the reaction was terminated by adding 2 ml of

chloroform/methanol/ 12 N HCI (200:100:0.75, v/v). Then 0.4 ml of 1 N HCl was
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added, and the lower phase was washed once with 1 ml of chloroform/ methanol/ 1
N HCI (3:48:47, v/v). An aliquot was removed and radioactivity was counted. To
analyze the reaction product, extracted lipids were separated by thin-layer
chromatography (TLC) on a silica gel plate as described previously [18]. 32P
labeled PA was detected by autoradiography, and radioactivity was counted by

scintillation counting. Over 85% of the total radioactivity was associated with PA.

Purification

All procedures were carried out at 0-4° C unless otherwise stated.

Step 1. Preparation of head extract — The frozen heads were decapitated by
vibration with sucrose and collected with a mesh (35 mesh) at liquid N,
temperature. Since we have found that more than 90% of DG kinase in Drosophila
heads were localized in eyes under the conditions of the assay [9,10,19], we
isolated DG kinase from heads. The heads (20 g) were homogenized in 100 mi of
0.25 M sucrose containing 50 mM Tris/HCI (pH 7.4), 1 mM EDTA, 0.5 mM DTT, 0.5
mM phenylmethylsulfonyl fluoride (PMSF), 50 pM ATP (buffer A), using a polytron.
The homogenate was centrifuged at 10,000 x g for 20 min. The pellet was
suspended in 40 ml of buffer A containing 0.5 M KCI. Twenty minutes later, the
suspension was centrifuged at 10,000 x g for 20 min. The resulting supernatant
was centrifuged at 100,000 x g for 60 min. The supernatant was dialyzed overnight
against buffer containing 20 mM Tris/HCI (pH 7.4), 1 mM EDTA, 0.5 mM DTT, 0.5
mM PMSF, 50 uM ATP and 20% (v/v) glycerol ‘(buffer B).

Step 2. Q-Sepharose Fast Flow column Chromatography — The dialyzed
solution was centrifuged and the supernatant was applied to a Q-Sepharose Fast
Flow prepacked column (1.6 x 10 cm) equilibrated with buffer B. The column was
washed with 20 ml of buffer B and eluted with a linear gradient of NaCl from:0 to 0.5
M in 200 ml of buffer B at a flow rate of 2 mI/min. This procedure was carried out at
room temperature, but the column was cooled below 4° C using cooling pump. The

active fractions were pooled.
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Step 3. Ammonium Sulfate precipitation — The active fractions were brought to
60% saturation by adding saturated ammonium sulfate solution, adjusted to pH 7.0
with Tris. The mixture was stirred gently for 30 min and centrifuged at 20,000 x g for
20 min. The precipitate was dissolved in a small amount of buffer containing 20 mM
Tris/HCI (pH 7.4), 1 MM EDTA, 0.5 mM DTT, 0.5 mM PMSF and 50 uM ATP, and
centrifuged at 15,000 x g for 10 min.

Step 4. Superose 12 column chromatography — The supernatant was applied to
a Superose 12 column equilibrated with buffer B containing 0.4 M NaCl. The
column was eluted with the same buffer at a flow rate of 0.4 mi/min. This procedure
was carried out at room temperature. The active fractions were pooled and dialyzed
for 4 hours against 10 mM sodium phosphate (pH 7.4), 1 mM EDTA, 0.5 mM DTT,
0.5 mM PMSF, 50 uM ATP and 20% (v/v) glycerol (buffer C).

Step 5. Hydroxylapatite column chromatography — The dialyzed solution was
applied to a hydroxylapatite column (0.5 x 5 cm) equilibrated with buffer C. The
column was eluted with a linear gradient of sodium phosphate from 10 to 500 mM in
10 mi of buffer C at flow rate of 0.4 ml/min. This procedure was carried out at room
temperature. The active fractions were pooled and dialyzed against buffer
containing 20 mM Tris/HCI (pH 7.4), 1 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF and
20% (v/v) glycerol (buffer D) for 5 hburs.

Step 6. ATP-agarose column chromatography — The dialyzed sample was
applied to an ATP-agarose column (0.5 x 5 cm) equilibrated with buffer D. The
column was eluted with a linear gradient of NaCl from 0 to 0.5 M in 15 ml of buffer D
at a flow rate 0.5 ml/min. This procedure was carried out at room temperature. The

active fractions were pooled and stored at -80°C .

Other Methods
SDS-polyacrylamide gel electrophoresis was performed by the method of
Laemmli (20). Protein was determined by a Bio-Rad protein assay kit with bovine

serum-atbumin-as a standard.:
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Results

Over 80% of the total DG kinase in Drosophila heads was associated with the
particulate fraction, and could be extracted with 0.5 M KCI. When the extract
obtained from normal fly was applied to a Q-Sepharose column (step 2), the DG
kinase activity was eluted between 0.23 and 0.33 M NaCl (Fig. 1). A low enzyme
activity was also detected in the wash-out fractions, but this was not used for further
purification. DG kinase activity in the extract from rdgA mutant heads was very low
(1.5 nmol/mg protein/min), and was eluted at NaCl concentration around 0.25 M
(Fig. 1). Therefore, we attempted to purify the peak obtained from normal fly heads.

The value of activity obtained at step 3 must be an underestimate, because of the
inhibitory effect of ammonium sulfate on the enzyme activity. Fig. 2 shows the
elution profile of DG kinase on a Superose 12 column (step 4). The enzyme activity
was eluted from the column at a position between gamma globulin (Mr 158 kd) and
bovine serum albumin (Mr 67 kd). DG kinase was not recovered from the column
with a lower NaCl concentration (0.15 M). The pooled fractions from step 4 were
dialyzed and applied to a hydroxylapatite column. The enzyme activity was not
eluted with a gradient of NaCl, but was eluted with that of sodium phosphate (Fig.
3i. Fractions containing the major peak were pooled and dialyzed against buffer
without ATP. DG kinase did not bind to an ATP-agarose in the presence of 50uM
ATP. The dialyzed samples were chromatographed on the column (Fig 4A). SDS
polyacrylamide gel electrophoresis of individual fractions after the ATP-agarose
column chromatography showed that a 115 kd protein correlated well with the
enzymie activity (Fig 4B). Since the enzyme was unstable and amount of protein
obtained was very small, further purification was not performed. A summary of the
purification is presented in Table 1.

The purification achieved was not complete because of the small amount of the

enzyme in Drosophila heads and its low yield through the purification procedures.
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Fig. 1 lon exchange chromatography on Q-Sepharose Fast Flow. KCI extracts from
normal and rdgA mutant fly heads were applied and eluted as described under
Materials and Methods. Fractions of 10 mi were collected, and DG kinase activities
of normal (-—) and rdgA («—s) were assayed. Protein concentrations were
determined by Protein assay kit (Bio-Rad). The active fractions indicated by the bar
vwere pooled.
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Fig. 2 Gel-filtration chromatography on Superose 12 column. A sample after
ammonium sulfate precipitation was applied to a Superose 12 column. The details
are given under Materials and Methods. Fractions of 0.4 ml were collected. The
active fractions indicated by the bar were pooled. Arrows indicate the positions of
standard proteins (a, gamma globulin, 158 kd; b, bovine serum albumin, 67 kd).
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Fig 3. Hydroxylapatite column chromatography. The active fractions obtained from
Superose 12 were applied, eluted and assayed as described under Materials and
Methods. Fractions of 0.5 ml were collected. The active fractions indicated by the
bar were pooled.
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Fig. 4 (A) ATP- agarose column chromatography. The active fractions obtained from
hydroxylapatite were applied and eluted as described under Materials and Methods.
The enzyme activity was assayed with bovine serum albumin (1 ug/tube) Fractions
ot 1 ml were collected. (B} SDS polyacrylamide gel electrophoresis of fractions 7-10
obitained on ATF agarose column chromatography and densitometric scans of the
gel. Aliquots (40 pl) of fractions were subjected to SDS gel electrophoresis and
proteins were stained with silver staining. Molecular weight markers were myosin
(200 kd), B-galactosidase (116 kd), phosphorylase b (97 kd), bovine serum albumin
(66 kd) and ovalbumin (45 kd). An arrow indicate a 115 kd protein.
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Table1
Purification of DG kinase from Drosphila heads

Purification step Total protein Total activity Specific activity Purification Yield
{mg) (nmol/min) {nmol/mg protein/min) (-fold) (%)
KCl extract 123 11,160 91 1 100
Q-Sepharose Fast Flow 15 2,860 191 2.1 256
(NH4)2S04 precipitation 5.6 1,120 200 22 10.0
Superose 12 15 1,140 760 84 10.2
Hydroxylapatite 0.25 210 840 9.2 1.9
ATP-agarose 0.006 46 7,667 84.3 0.4

The previous experience of other investigators in purifying enzymes from
Drosophila also indicated that prevention of enzyme inactivation of was difficult
[21-23]. Twenty per cent glycerol was essential to maintain DG kinase activity in the
Drosophila head preparation. PMSF was partly effective in keeping the enzyme
active, but leupeptin and pepstatin A were ineffective. Since rapid handling is
essential in such a case, the purification protocol was simplified. Mono Q column
was used, instead of a Q-sepharose, and step 5 (hydroxylapatite column) was
omitted; the active fractions from Superose 12 column was dialyzed and applied to
an ATP-agarose column. Some additional protein bands were observed in the
active fraction (data not shown). The specific activity of DG kinase obtained with this
abbreviated purification procedure was 6.5 pmol/min/mg protein, which was lower
than the value obtained by the full process (7.6 umol/min/mg protein). Although we
have separated a 115 kd protein with two dimensional electrophoresis and
extracted it, amount of the protein was not sufficient to determine its amino acid

sequences.

Properties of DG kinase

Biochemical properties of the purified DG kinase were examined using enzyme
fractions obtained with the abbreviated procedure. The effects of DG, ATP and
Mg2+ concentration on the enzyme activity are shown in Fig. 5, and’were similar to

those obtained using head homogenate [9]. The apparent Km value for DG was
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Fig. 5 Eftect of DG (A), ATP (B) and Mg2+ (C) on DG kinase activity. DG kinase
purified with the abbreviated purification procedure was assayed as described
under Materals and Methods in the presence of bovine serum albumin (1 pg/tube).
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540 uM, and this was higher than that in the crude extract [10]. The apparent Km
value for ATP was 220 uM. Purified DG kinase had a moderate pH dependence as
shown in Fig 6A. Previously we reported that deoxycholate (1 mM) increased DG
kinase activity about two-fold in head homogenate {10]. Deoxycholate activation of
the purified enzyme is only marginal at low concentrations below 0.5 mM, but it is
inhibited at higher concentrations (Fig 6B). The enzyme activity was not affected by

the addition of Ca2+ (Fig 6C).

Discussion

Recent reports have shown existence of several isozymes of DG kinase in
mammalian cells, which had distinct biochemical properties [11-15], suggesting that
each DG kinase species had a different role in regu!ating the signal transduction
process. DG kinases that have been purified were cytosol enzymes from rat liver
(120 kd) [16] and brain (110 kd) [14], porcine brain (78 kd) [17] and thymus (83 and
150 kd) [13], and human platelet (58, 75 and 152 kd) [15], and a membrane-
associated enzyme from rat brain (150 kd) [14]. In this study, we partially purified a
membrane-associated DG kinase from Drosophila heads, and its molecular weight
was estimated to be 115 kd. Since we have found that more than 90% of DG kinase
activity in Drosophila heads was localized in the eyes [9,10,19], we consider that
the purified DG kinase from heads must come mostly from the eyes. We examined
some biochemical characteristics, and found that the purified DG kinase of
Drosophila had properties significantly different from those of mammalian
enzymes.

More than 50% of DG kinase activity was found in the cytosol fraction in various
mammalian tissue [14, 15], whereas over 80% of DG kinase activity was associated

with the particulate fraction in Drosophila heads. Partially purified DG kinase of
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kinase purified with abbreviated purification procedure was assayed as described
under Materials and Methods in the presence of bovine serum albumin (1 pg/tube).
The value of pH at each point was adjusted with Tris/Maleate/NaOH buffer. Cal+
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Drosophila eyes had properties similar to several kinds of purified mammalian
enzymes with regard to ATP and Mg2+ dependence [14,15,17], but the apparent Km
of Drosophila DG kinase was 4 to 10 times higher than those of mammalian
enzymes. The effect of pH, deoxycholate and Ca?* on the Drosophila enzyme
activity was also different from those of mammalian enzymes. Drosophila DG
kinase has a moderate pH dependence, but rat brain enzyme has a stronger pH
dependence, reaching its maximum activity at pH 7.4 [14]. Although deoxycholate
had inhibitory effect on DG kinase activity of Drosophila at concentrations higher
than 0.5 mM, it was essential to assay the activity of the enzyme in mammal tissues,
except for isozymes of porcine thymus and human platelet. Deoxycholate inhibited
porcine thymus 150 kd enzyme [13] and did not activate the human platelet 150 kd
enzyme [15]. Ca?+ did not activated the Drosophila DG kinase activity, but it
enhance rat brain [14] and 83 kd pig thymus [24] enzyme activities. it is shown that
porcine 80 kd DG kinase have two sets of E-F hand motifs as potential Ca2+ binding
sites [24].

A specific activity of Drosophila heads DG kinase was found to be higher than
that of mammalian tissue enzymes. Although Drosophila enzyme was only
partially purified, the specific activity of the DG kinase (7.7 umol/min/mg protein) was
almost the same level as that of rat brain (11.5 pmol/min/mg protein) [14], which is
the highest value among the mammalian enzymes.

The number of DG kinase isoforms present in Drosophila is yet to know, but
Masai and Hotta recently cloned at least two genes of Drosophila encoding DG
kinase (unpublished data). Both of them are expressed in Drosophila eyes,
although there are differences in the levels of the gene expression. Only one major
peak of DG kinase activity was observed in our’puriﬁcation steps, and the DG
kinase may be rdgA gene product. The enzyme activity in minor peaks be derived
from isozymes.

Physiological function of DG kinase is still unclear at present, but the enzyme

activity may be essential for the maintenance of rhabdomere structure of
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Drosophila eye. Abnormality in the subrhabdomeric cisternae in rdgA mutant
eyes [25] could be related to accumulation of DG and/or absence of PA caused by

lack of DG kinase activity.
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