Digitonin Effects on Photoreceptor Adenylate Cyclase

Abstract. Adenylate cyclase is described in a number of photoreceptor mem-
branes. Vertebrate rod outer segments contain light-regulated cyclase, and light
regulation is abolished by digitonin. Disruption of microvilli in cone and rhab-
dom photoreceptors is also associated with loss of light regulation and retention
of full enzymic activity. The data suggest that inhibitory constraint provides
regulation in cyclase systems and that disruption of membrane structure un-
couples catalytic and regulatory elements.

Adenylate cyclase (cyclase) plays a
role in the hormone regulation of cellu-
lar processes (I, 2). In each tissue, cy-
clase exhibits unique hormone binding
characteristics and specificity (3), which
suggests that discrete hormone recep-
tors are involved in the molecular se-
quences which convert hormonal signals
into changes in cyclase activity.

We have described a light-regulated
cyclase in vertebrate photoreceptor or-
ganelles, which has a high specific ac-
tivity (2). Because the fraction of cy-
clase inactivated is proportional to the
fraction of rhodopsin  molecules
bleached (4, 5), and adenosine 3’,5’-
monophosphate - (cyclic AMP) mimics
the physiological effects of light in the
Limulus photoreceptor, we suggested
that cyclase activity is linked to the pho-
tochemical state of rhodopsin and to
light-induced  sodium  conductance
changes (6) in photoreceptor cells.

Frozen dark-adapted bovine retinas
(Hormel) were prepared as described.
No homogenization steps preceded
purification in 47.6 percent sucrose,
Rod outer segment suspensions were
mixed with one-third volume of distilled
water or 2 percent digitonin. Resulting
solutions were assayed for cyclase ac-
tivity with [8-1¢CJadenosine triphosphate
(ATP) and thin-layer chromatography
and examined with the electron micro-
scope (7).

Suspensions of frog photoreceptors,
of ground squirrel cones, and of inver-
tebrate rhabdoms were sonicated in su-
crose (47.6 percent) and prepared as
above. In all cases a dense paste of
purified photoreceptors rose to the air-
sucrose interface, and was harvested,
diluted with water (one-third its vol-
ume), sonicated, and assayed.

Studies with digitonin suspensions of
rod outer segments produced the fol-
lowing results: (i) There was a progres-
sive loss of regulation by light in outer
segment membrane cyclase which was
complete by 2 hours, paralleling an ob-
served progressive destruction of outer
segment disk integrity. (ii) There was
relative preservation of cyclase activity
throughout this time period. (iii) The
loss of light regulation occurred wheth-
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er or not the sample had been illumi-
nated (Table 1 and Fig. 1).

Spectrophotometric measurements of
solutions of rhodopsin extracted with
digitonin showed both that the absorb-
ancy at 500 nm is constant (in digitonin)
for 12 hours in the dark (8), and the
expected fall in the absorbancy was ob-
served when these solutions were ex-
posed to light. Sucrose suspensions of
rod outer segments inactivated by light
and then dark-adapted for 2 hours ex-
hibited no regeneration of enzymic ac-
tivity or increase in the absorbancy at
500 nm. The time-dependent increase
in cyclase activity observed in digitonin
suspensions of outer segments was not
accompanied by a change in the ab-
sorbancy and was not reversed by illu-
mination.

Homogenization (glass on glass) of
cyclase preparations of bovine rod outer
segments produced loss of light regula-
tion and reduction of cyclase activity
greater than that caused by digitonin
(Table 1).

Table 2 shows cyclase activity in dif-
ferent vertebrate and invertebrate pho-
toreceptors. A number of species in-
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Fig. 1. Loss of light sensitivity in digitonin
suspensions of rod outer segments as a
function of time. Activities, conditions,
and reactants as in Table 1. The times
shown are the duration of room tempera-
ture incubation in the presence (Q) or
absence (A) of digitonin.

cluding ground squirrel (cones) and
three invertebrates (rhabdoms) exhibited
no change in photoreceptor cyclase ac-
tivity in vitro with illumination. Cone
cyclase exhibited the highest (specific)
activity of all tissues studied.

.Electron micrographs of bovine and
frog rod preparations sonicated in su-
crose showed mostly intact disks. When
such suspensions were mixed with digi-
tonin, electron micrographs of material
fixed at different times after mixing
show a progression from intact disks to
linear membrane fragments and vesicles
roughly one-fifth of the disk diameter.
Purified crayfish rhabdoms sonicated in
sucrose showed numerous linear mem-
branous structures with few vesicles.

Our findings favor inhibitory con-
straint as the regulatory mechanism for
cyclase. Digitonin did not destroy photo-
chemical properties of rhodopsin (anal-
ogous to the hormone receptor) or the
enzymic activity of cyclase, but appears
to disrupt coupling between cyclase and
regulatory components. Although digi-
tonin-treated enzyme was no longer
sensitive to light, its activity was equiv-
alent to dark-adapted cyclase in sucrose.
In these experiments, spectrophoto-
chemical properties of rhodopsin pro-
vide a unique opportunity for esti-
mating the functional state of a cyclase
receptor component. Homogenization
resembles digitonin in selectively dis-
rupting regulation and preserving activ-
ity.

In brain slices (9), where cell struc-
ture is preserved, cyclase activity was
increased as much as 50-fold by ap-
propriate neurohormones. Activities ob-
tained in hormone-insensitive brain
homogenates (10) suggest that the ho-
mogenate enzyme is locked in the “on”
position. Similar comparisons have been
found for cyclase activity in slices and
homogenates of salmon testes (11). Al-
though activities in homogenate and
slice preparations are not strictly
comparable, the observed differences
support the concept that inhibitory con-
straint is lost in homogenate prepara-
tions.

Alternatively, effects of hormones
could be mimicked by detergent or
homogenization, either of which could
nonspecifically activate cyclase. It seems
unlikely, however, that detergent or ho-
mogenization could mimic the effects of
specific endogenous regulators and more
likely that either could uncouple reg-
ulatory and catalytic elements. Rhab-
dom and cone cyclase systems resemble
brain homogenates and digitonin sus-
pensions of rod disks in being uncon-
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Table 1. Effects of digitonin on light sensitiv-
ity of bovine photoreceptor adenyl cyclase.
Adenyl cyclase activity is expressed as the
number of nanomoles of cyclic AMP per
milligram of protein per 10 minutes. The
averages for six determinations are given.
Replicate values agreed within 6 percent. Re-
action mixtures included [8-1*C]JATP, Mg,
aminophylline, an ATP regenerating system,
and glycylglycine, pH 7.4, in a reaction vol-
ume of 20 ul as described (2). Reactions
were performed at 30°C for 5 minutes, and
stopped by immersion in a boiling water bath
for 30 seconds.

Preliminary treatment Adenyl cyclase
- activity

Ilumina-  Incubation

tion* at 22°C ‘Light Dark

Sucrose suspension
None 5 minutes 5.7 36.0
None 2 hours 5.8 34.6
2 percent digitonin sucrose
None S minutes 6.7 342
None 2 hours 31.7 33.0
Full S minutes 74 7.4
Full 2 hours 34.8 34.8
Homogenized sucrose suspension

None 5 minutes 21.8 224

* Samples were exposed to light before the addi-
tion of digitonin,

strained. Although invertebrate photo-
receptor cyclases thus far examined do
not exhibit light regulation in broken
cell preparations, intracellular record-
ings from Limulus photoreceptor cells
show that cyclic AMP and aminophyl-
line mimic the effects of light, suggest-
ing the presence of light-activated cy-
clase in vivo (4).

The anatomy of rhabdom (/2) and
cone photoreceptors (/3), is different
from that of rod outer segments of
vertebrates. Although the plasma mem-
brane of the vertebrate rod outer seg-

ment is disrupted by sonication in

sucrose, the disk membrane is not;
therefore, the disks survive as intact
organelles in the preparations that show
regulation by illumination in vitro. All
the preparations that do not show reg-

Table 2. Measurements of photoreceptor
adenyl cyclase activity in various species.
Enzyme activity, reaction components, and
conditions are as described in the legend of
Table 1.

Adenyl cyclase

Species activity
Dark Light
Rod
Leopard frog 78.4 14
Bull frog 47.6 58
Cow 334 5.7
Cone
Ground squirrel 157.0 157.0
Rhabdom
Lobster 17.8 17.7
Crayfish 15.8 16.0
Gypsy moth 16.4 16.5
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ulation by light in vitro (vertebrate cone
and invertebrate rhabdoms), are con-
tinuous infoldings of the plasma mem-

brane, an arrangement that results in

disruption during sonication and does
not permit isolation of intact organelles.
That vertebrate rods are anatomically
different from cones and rhabdoms,
could explain the ease with which con-
straint is lost in the cones and rhab-
doms. In those systems (for example,
liver, kidney, melanocyte). (I4), where
hormone regulation survives homogen-
ization, the coupling of cyclase regula-
tory elements would appear to have
greater intrinsic stability.

Although isolation of rod outer seg-
ments in 35 percent sucrose can be
associated with mitochondrial contam-
ination (I5, 16), mitochondria are an
unlikely source of light-regulated cy-
clase in our preparation for the follow-
ing reasons. (i) Contamination by inner
segments is significant (26 percent total
protein) only when the entire retina is
homogenized before purification. Our
electron micrographs reveal that me-
chanical shaking of frog or bovine
retinas in 47.6 percent sucrose is
accompanied by minimal inner seg-

‘ment contamination. Earlier prepara-

tions (15), used brief periods of low-
speed sedimentation. With high-speed
centrifugation for longer periods (100,-
000g for 90 minutes), significant puri-
fication is obtained (2, 16). (ii) Cyclase
activity has never been detected in pur-
ified mitochondrial membranes; it has
only been found in plasma membrane
or its derivatives [in synaptosomes (I7),
sarcoplasmic reticulum (/8), and hepatic
plasma membrane envelopes (19)]. (iii)
It is unreasonable to attribute the very
large cyclase activity to a minor con-
taminant, which would further increase
the specific activity by an order of mag-
nitude. (iv) The amount of rhodopsin
bleached is directly proportional to the
percentage of cyclase inactivated (4),
linking disk membrane rhodopsin and
cyclase. (v) Using McConnell’s sucrose
gradient without tris buffer (16), Heitz-
mann (20) has prepared a (homoge-
nized) membrane fraction entirely free
of mitochondrial contamination with
more than 80 percent of its protein
rhodopsin. This fraction contains more
than 40 percent of the cyclase activity
found in our homogenized sucrose
preparation.

A preferred tentative location for cy-
clase is the outer surface of rod disk
membranes, a location that would per-
mit access of cyclase to both rhodopsin
and ATP. Location in the outer seg-

ment plasma membrane cannot be ex-
cluded.

The model presented is not meant
to imply contiguity between rhodopsin
and catalytic elements of cyclase. Our
data emphasize the possibility that reg-
ulation of outer segment cyclase de-
pends on the integrity of photoreceptor
membranes and possibly the release of
sequestered molecular or ionic inter-
mediates such as Ca2+ (21).
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