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The rhabdomeres of cephalopod phetoreceptors, which are built up mainly of rhodopsin and phospholipid
molecules, show a very high alkaline phosphatase activity. The enzyme has been partially characterized in
purified rhodepsin vesicle fractions of the rhabdomeres by the following kinetic data: pH optimum 8.7;
activation energy 9100 cal-m™'; ¥, = 2.5 pmol-min~ ! mg ~ ;K = 1.5:10 ~* M; its activity depends on
Mg?*. There is good evidence that the alkaline phosphatase is a membrane-bound enzyme with receptor
sites presumably located on the inside of the membrane. This enzyme has not been purified but its high
activity compared to that of other known alkaline phosphatases (see Table I) indicates that each mirovillus,
the structural unit of the rhabdomere, contains 1-20 enzyme molecules. This finding supports the hypothesis

that the alkaline phosphatase is involved in the biochemical amplification process of excitation, or adaptation.

Introduction

The details of the visual transduction process
are still unknown, although physiological and psy-
chophysiological experiments have shown that vi-
sion must depend on a relatively slow biochemical
amplification process. This amplification process
is very probably much more complicated than in
other transduction processes, such as in mecha-
noreception, since light, causes the longest latency
between energy uptake (quantum absorption by
the rhodopsin molecule) and the receptor re-
sponse: up to 100 ms. Thus phototransduction
most probably involves enzyme reactions which
are coupled to the photoreactions and which occur
in the neighbourhood of the rhodopsin molecules
associated with the light absorbing structures, i.e.
the microvilli of invertebrate receptors and the
disc membrane of vertebrate receptors. There is
good evidence that in vertebrate photoreceptors
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the excited rhodopsin molecule controls the level
of cGMP [1], but a corresponding system has not
yet been clearly demonstrated in invertebrate pho-
toreceptors. Weber [2] has suggested that alkaline
phosphatase is involved in phototransduction in
Calliphora. On the other hand, alkaline phos-
phatase associated with microvilli are important
enzymes involved in cation transport, as in the
brush border of the intestine [3]. In contrast to
those of vertebrates, the visual pigments of in-
vertebrates are thermostable and photoreversible
and these properties can be used when studying
the interactions between rhodopsin and the en-
zyme system. In the octopus Eledone aldrovandii
used in this work, the rhodopsin P,,; is maximally
converted to metarhodopsin M;;, (62%) by blue
light of 430 nm-440 nm, and maximally recon-
verted to rhodopsin (100%) by red light (> 580
nm; [4]). Thus, by applying blue converting and
red regenerating light alternately, the rhodopsin



content in the photoreceptor can be manipulated
precisely.

Furthermore, the rhabdomeres of Eledone pho-
toreceptors, which contain 0.3 mM rhodopsin, can
be easily separated from other cell organelles and
transformed into vesicles of similar diameter to the
microvilli by sonification, without any detectable
change in their molecular composition, as shown
be freeze-fracture electron microscopy and bio-
chemical analysis (Romero and Hamdorf, unpub-
lished observations).

Materials and Methods

Specimens of the Mediterranian species Eledone
aldrovandii [5] were supplied by the Instituto de
Investigaciones Pesqueras, Barcelona. The animals
were dark adapted for 12 h before dissection of
the eyes. The material was frozen and stored at
—30°C. The rhabdomeric membranes were puri-
fied by a method described earlier [6,7]. All the
purification steps were carried out in dim red light.
The rhabdomeres were separated by shaking the
retina in a sodium acetate solution (pH 7.35; 5
mM) and then sedimented at 43500 X g and 0°C.
The sediment was homogenized at 50 rpm and the
homogenate resuspended in a 1.5 M sucrose solu-
tion and again centrifuged at 23300 X g with an
overlay of an acetate solution. The rhabdomeric
membranes obtained by this floatation method
were then washed three times with an acetate
solution and again sedimented. This purified
material was used for preparing vesicles either
immediately, or after storage at —30°C. To do
this, the sediment was resuspended in an acetate
solution and sonicated at 20 kHz 6 times for 30 s
at 0°C under a nitrogen atmosphere. The suspen-
sion was then centrifuged 1 min at 12100 X g and
the supernatant pressure-filtered through Millipore
filters of decreasing pore size (5.0, 1.2 and 0.8 pm
diameter). By this stepwise filtration it was possi-
ble to remove multiple layered vesicles (about 60%
of the sample) to give an almost homogeneous
fraction of small vesicles between 200 and 2000 A
in diameter. The rhodopsin content of these vesicle
fractions was determined from difference spectra
obtained after photoequilibration at 430 nm and
570 nm [4,6,8] as well as by counting the rhodop-
sin particles in electron micrographs of freeze frac-
tured vesicles.
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In order to determine whether or not the specific
activity of the phosphatase is dependent on the
integrity of the membrane the vesicles were
solubilized in 2% digitonin. As far as it is known,
digitonin is the only detergent capable of stabiliz-
ing the rhodopsin-metarhodopsin system of in-
vertebrates in a way similar to the way the lipids
of the native membrane stabilize the system. The
dephosphorylation activity of freshly prepared and
of 2% digitonin-destroyed vesicles was measured
by a method similar to that described by Schaffel
and Hulett [9], where p-nitrophenylphosphate is
used as a substrate, after being recrystallized in
87% ethanol. The enzyme activity results in p-
nitrophenol and orthophosphate. The increase of
p-nitrophenol was determined photometrically (at
400 nm) for a period of 30 min: an extinction
coefficient of 1.88-1041-mol™'-cm™! was used.
For pre-incubation, 50 ul of the vesicle prepara-
tion (ca. 20-35 ug protein) were suspended in 2.97
ml of a Tris buffer (1.0 M Tris at 8.5 plus 0.5-1.0
mM MgCl,) and adapted to 30°C for 5 min.
Usually, 30 11 of 100 mM p-nitrophenyl phosphate
substrate were then added. The consumption of
the substrate caused by enzyme activity was mea-
sured against a blank containing the buffered sub-
strate.

In order the determine the pH optimum of the
dephosphorylizing enzyme, a barbital-sodium
acetate buffer or a glycine buffer was used instead
of the Tris buffer.

The temperature dependence of the enzyme re-
action was determined in the range 5 to 65°C. In
these experiments, 1.0 mM was used to saturate
the enzyme, K, and V,, were determined by
using different substrate concentrations, from 0.1 -
107% to 10 - 10™* M p-nitrophenyl phosphate, and
a protein concentration of 21 pg per assay, which
corresponds to a rhodopsin content of 17 ug per
assay. The protein content was determined by a
modified Lowry method [10]. The rhodopsin con-
tent (Cp,) was calculated from difference spectra
obtained from rhodopsin (P) and its acid
metarhodopsin (M) in a photoequilibrium created
by monochromatic irradiation (suffixed ‘x’) at 434
nm [4,6,8].

The rhodopsin content is given by the equation:

Cpo = Ac- (ap, + apy, ) /(ap, - oy + oy, - tp)
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where ap and a,, are the molar extinction coeffi-
cients at the wavelength of the measuring beam,
and ap, and a,,, are the extinction coefficients at
the wavelength of irradiation. If a measuring wave-
length is chosen where ap is much smaller than
ay, as is the case at 570 nm, the equation sim-
plifies to:

Crolap < ay) = Ae- (ap, +ay,)/(ap, - ay)

Inserting the values for ap and a\ at 570 nm and
for ap, and ay,, at 434 nm, and given that ap,,, is
40000 and ay,s;, is 60000, the Cp, concentration
is given by Ae-8.1- 107> M.

In order to find out whether or not the phos-
phatase is membrane-bound, the following experi-
ments were carried out. (1) The enzyme activity of
sonicated rhabdomeres before and after filtration
was compared. (2) The activity of sedimented
vesicles was compared with that of the supernatant
(for the sedimentation of the vesicles the freeze-
thawing technique was used).

Results

The dephosphorylating enzyme associated with
the rhodopsin vesicles has the following character-
istics. The pH optimum of the phosphatase is 8.7
at 30°C, as shown in Fig. 1. Under the same
experimental conditions, p-nitrophenyl phosphate
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Fig. 1. The dependence of enzyme activity of rhodopsin vesicles
upon pH at 30°C. Maximal activity is observed at pH 8.7.
pNP, p-nitrophenol.

is 3-times more rapidly hydrolysed than arginine
phosphate and 5.7-times more rapidly hydrolysed
than ATP. These results show that the enzyme
belongs to a group of well defined alkaline phos-
phatases (see Talbe I). The temperature optimum
of the alkaline phosphatase is in the range (43°C;
see Fig. 2b) as described for comparable enzymes
of homeothermic animals (approx. 40°C). It is
inactivated at temperatures above 60°C. The
Arrhenius plot shown in Fig. 2b shows a linear
relationship over the range 31.5-107* 34.5-10*
K~ !, corresponding to the temperature range
44-17°C. The slope indicates an apparent activa-
tion energy of 9100 cal- mol~'. Below 17°C the

ACTIVITY OF ALKALINE PHOSPHATASES FROM VARIOUS TISSUES

Source of material M, Specific activity Turnover Ref.

(pmol-min~'-mg~") (mol /min)

starting purified

material enzyme
Rhodopsin vesicles - 2.5 - 125 -
1. Bovine kidney 170000 0.44 18550 314500 14
la. Bovine kidney - 0.20 6200 1054000 15
2. Bovine mammary tissue 150000 0.02 346 51900 16
3. Cardiac muscle 35000 0.021 73 2555 17
4. Egg yolk 150000 0.0005 21 3150 18
5. Liver 150000 0.024 25 3750 18
6. Blood plasm 156000 0.0043 34 5100 18
7. Intestine 120000 - 30 3600 18
8. Intestine 60000 - - 2360007 19
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Fig. 2. The dependence of enzyme activity of rhodopsin vesicles
on temperature. Maximal rate of alkaline phosphatase activity
is reached at about 43°C. The Fig. 2b shows the Arrhenius plot
of this relationship. In the physiological temperature range
15-40°C the slope indicates an apparent activation energy of
9100 cal-mol ~'. Below 17°C the calculated activation energy is
17,200 cal-mol~'. Incubation medium: 1.0 M Tris at pH 8.5,
1.0 mM MgCl,, 55 ug protein, 1.0 mM p-nitrophenyl phos-
phate. pNP, p-nitrophenol.

calculated energy is 17200 cal-mol™!, which is
similar to the value given for other integral mem-
brane enzymes [11]. The temperature dependence
of the enzyme activity is influenced strongly by the
substrate concentration, ie. at 10 mM p-
nitrophenyl phosphate, which inhibits the enzyme

93

activity by about 50% (see below), a lower activa-
tion energy of 7300 cal- mol™' is calculated. The
enzyme activity becomes saturated at a substrate
concentration of 5-1074 M p-nitrophenyl phos-
phate, as shown in Fig. 3, and is inhibited at
higher concentrations. The transformation of this
relationship into a Lineweaver-Burk plot shows
linearity over the range 2-10° to 10-10° M™!,
corresponding to the substrate concentration range
1-107*M to 5-107% M. (Data relating to very
low substrate concentrations were excluded since
the analysis of the enzyme kinetics based on a
Gaussian distribution is no longer valid.) Extrapo-
lation of the linear relationship gives crossover
points at the ¥ and X axes at 0.4 and 6.4, respec-
tively. These data indicate that V,_ =2.5 pmol -
min~'-mg~'and K, =15-10"*M.

The activity of the phosphatase depends on the
presence of divalent cations, as shown in Fig, 4.
Chelation of Ca’* and Mg?* by EGTA or EDTA
abolishes enzyme activity, whereas increasing the
Mg?* concentration up to 0.2 mM markedly

204

=

‘o

E

=

'e 19

13 -

nl- |U| 101

z & 1

a T

= 104 £

EX = P

P = o05{ =

2. RV

> -l> .7

> 54 e 1] sne
b - g(M) 1.10-3
o .

-5 0 5 10

6
concentration [IO“M pNPP]

Fig. 3. The dependence of enzyme activity on substrate con-
centration ( p-nitrophenol phosphate (pNPP)) at 30°C de-
termined after 30 min incubation. Maximal rate of alkaline
phasphatase activity is reached at 0.5 mM pNPP. The insert
shows the Lineweaver-Burk plot giving an estimated V,,,, of
25 pM-min~"-mg~! and K, of 1.5-10"*M. Incubation
medium: 1.0 M Tris, pH 8.5, 0.5 mM MgCl,, 21 ug protein
(corresponding to 17.1 ug rhodopsin). pNP, p-nitrophenol.



O
H

g

£ 154

: Mg**
£

[

Zz

[+%

s 10

kS

N

=]
>

> o

8] 2+
o e (2:224*
::_) ....................................... control
@ 0 0.2 0 08 1.0 [mM]

Fig. 4. The effect of divalent ions on alkaline phosphatase
activity. Increasing Mg2™* concentration increases the enzyme
activity about 7 times, whereas increasing the Ca** or Zn**
concentration did not significantly influence the enzyme activ-
ity. Chelation of divalent cations by EGTA or EDTA (latter
not shown) abolishes the enzyme activity. Incubation medium:
1.0 M Tris, pH 8.5, 34.8 pg protein. pNP, p-nitrophenol.

accelerates the reaction. On the other hand, higher
concentrations of Ca** or Zn’* do not seem to
appreciably influence the velocity of the reaction.
Other di- and trivalent cations were tested and
these led to a reduction of enzyme activity of up to
45% (Sr** > Fe’* > Cd** > Cu* > Ba?* > Ni?*
> Co?* > AlI’* > Cu?* > Hg?*). The value for
Hg?* equaled that of the control.

The activity of the phosphatase markedly
increased upon the addition of vitamin D-3
(1a,25-dihydroxycholecalciferol, 1.5 - 107¢ M) by a
factor 1.4.

The enzyme seems to be bound to the photore-
ceptor membrane, as indicated by the following
experiments. (1) The enzyme activity of crude
sonicated rhabdomeres (36 nmol-min~' - mg™'
protein) and of filtered vesicles (37.3 nmol - min ™"
-mg~! protein) is almost identical. (2) After sedi-
mentation of filtered vesicles, all the activity was
found in the sediment which contained 93% of the
total protein and none in the supernatant, which
contained 7% protein. The specific activity of the
sediment (51.1 nmol - min~'-mg~' protein) was
about 40% higher than that of the starting material
(37.3 nmol -min~'-mg~"' protein). This increase
can be only partially a result of which one expects
by the fact that 7% of the protein (inactive) was
washed out. Then the specific activity should in-

crease only up to 40.1 nmol-min~'-mg~"' pro-

tein. The method of freezing and subsequently
thawing the vesicles increases the enzyme activity
markedly, by a factor of 1.27 (51.1/40.1). The
same increase in enzyme is observed after treat-
ment with digitonin (45.2/35.7). The enzyme ac-
tivity of vesicle suspensions was not influenced by
monochromatic irradiation with a wavelength of
light which maximally shifts rhodopsin to acid
metarhodopsin or which produce a maximal pho-
toregenerating effect. Thus, we conclude that the
observed activity is not directly correlated to the
number of P - M or M — P transitions.

Discussion

The substrate p-nitrophenyl phosphate is known
to be highly specific for alkaline phosphatase
[12,18]. The degradation of this substrate by an
enzyme associated with rhodopsin vesicles pre-
pared from purified rhabdomeres of cephalopod
photoreceptors is several times faster (5.7- and
3.0-times, respectively) than the degradation of
ATP or arginine phosphate. Furthermore, the pH
optimum (8.7) and apparent K (1.5-107* M) of
this enzyme are consistent with those of alkaline
phosphatase from Bacillus licheniformis [9]. Simi-
larly, the value for the apparent activation energy
(9,100 cal M) is close to 6,880 cal M~ as
reported by Garen and Levinthal [13] for
Escherichia coli. Lastly, the enzyme activity de-
pends on the presence of magnesium ions. These
features lead us to conclude that the observed
p-nitrophenyl phosphate degradation was caused
by an alkaline phosphatase associated with the
microvilli, and as the total enzyme activity of the
crude rhabdomeres was recovered in the sedi-
mented ‘filtered vesicles’, the phosphatase must be
an protein integral to or very strongly associated
of the microvillus membrane.

This view is further supported by the fact that
the observed break in the Arrhenius plot (see Fig.
2b) at 17°C coincides with the phase transition
temperature of the microvillus membrane. The
question, of whether the receptor sites of the en-
zyme are located inside or outside of the mem-
brane, cannot be decided on the basis of the
present experiments as the vesicle membrane is
leaky to the substrate employed. However, the



slight increase of 1.27 in enzyme activity after
vesicle sedimentation or digitonin treatment
favours the view that the receptor sites are located
on the inside of the vesicle membrane.

The observed alkaline phosphatase activity of
the rhodopsin vesicles is about 10— 100-times higher
than that in other tissues with a high phosphatase
activity which is primarily associated with a micro-
villar border (see Table I). This indicates that the
alkaline phosphatase is a specific enzyme of the
rhabdomer which, as with the phosphatase from
the intestine [3], is similarly activated by vitamin
D-3 like the phosphatase from the intestine. In
view of this, it might be that the phosphatase
activity resides in the rhodopsin molekule itself.
Biochemical and spectrophotometric data show
that about 80% of the total protein in the vesicle
fraction is rhodopsin. Thus, the specific activity of
the rhodopsin molecule (M, =40000) would be
expected to be in the order of 125. This value is
much smaller than the values for highly purified
enzymes (see Table I) and therefore it seems un-
likely that rhodopsin itself is the enzyme in ques-
tion.

However, it is probable that, in vivo, rhodopsin
serves as a substrate for the highly active alkaline
phosphatase since rhodopsin, in the presence of
Mg?*, is phosphorylated after absorption of a
quantum [7], as occurs also in vertebrate photore-
ceptors [21-25]. It should, however, be noted that
a subsequent dephosphorylation of cephalopod
rhodopsin has not yet been shown. In addition,
because rhodopsin is membrane bound and has
little freedom to diffuse laterally, each microvillus
unit must contain sufficient (one or more) enzyme
molecules to dephosphorylate the rhodopsin of
that microvillus. This appears to be the case since,
assuming the highest turnover rate of 10® mol /min
(as for kidney alkaline phosphatase; Table I, en-
zyme la), the expected enzyme /rhodopsin ratio in
the vesicles is 1/9000 whereas, assuming a lower
activity (3000-5000 mol/min; Table I, enzymes
3-8), a ratio of 1/30 to 1/40 is obtained. Since
each microvillus is about 2 pm long and contains
about 1000 rhodopsin molecules, one expects a
ratio of 0.1-24 alkaline phosphatase molecules per
microvillus. Each microvillus could therefore act
as a physiological unit with respect to phosphory-
lation, as it does with respect to excitation (as
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evidenced by electrophysiological data; [4,20]
Razmjoo and Hamdorf in preparation). However,
it may be that the alkaline phosphatase activity
associated with the rhabdomeres of Eledone has
nothing to do with the phosphorylation of
rhodopsin but of some other substance(s). With
regard to this possibility, it is noteworthy that the
predominant enzyme of the proximal tubule of the
kidney is a highly active alkaline phosphatase and
this region of the tubule is responsible for sodium
reabsorption. The high level of alkaline phos-
phatase activity associated with the rhabdomeres
of Eledone suggest that this organelle may also be
involved with an active cation exchange.
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