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19. Abstract (continued)
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—35ingle channel activity. These results suggest that opsin, in addition to performin

its function as the receptor molecule, may be the light-sensitive pore in the plasma
membrane of the rod outer segmensﬁk
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1. Summary:

The experiments performed during the period of this research grant
resulted in a number of important new insights into the molecular
events which occur as a result of photoisomerization of rhodopsin.
These events were studied with infrared light scattering, by study of
protein binding and release from disk membranes, by phase contrast
microscopy, and enzymologically. In parallel experiments, we measured
light scattering changes in the isolated, superfused retina. The signal
generated in the retina was studied with different pharamacological
treatments to relate it to the in vitro signal observed in dizclk
membrane suspensions. The results of these experiments indicated that
there was a GTP- and cGMP-dependent infrared light scattering signal in
rod disk membrane suspensions. This signal was elicited by very low
bleaching flashes and results from enhanced vesicle-vesicle
aggregation. The aggregation process was correlated with activation of
cGMP phosphodiesterase (PDE) by G-protein and by enhanced binding of
PDE to the disk membrane. In the isolated retina, the infrared light
scattering signal which we studied was greatly altered by inhibitors of
cGMP hydrolysis. Therefore, it seems likely to be related to the GTP-
and cGMP-dependent signal obseved in vitro.

Finally, we have purified opsin, reconstituted it into freeze thaw
liposomes and used patch clamp recording to demonstrate that opsin
exhibits cGMP-dependent single channel activity. Two elementary
condnuctances, of 17 and 32 pS, were observed in the presence of 10-200
uM cGMP. These results suggest that opsin, in addition to performing as
the receptor molecule, may be the light-sensitive pore as well.

2. Research Objectives:

A. To construct a microspectrophotometer capable of recording optical
changes in single photoreceptor cells.

B. To record and characterize light scattering signals in the retina
under different light intensity and pharmacological conditions.

C. To characterize light scattering changes in rod disk membranes and
in reconstituted membrane/enzyme systems.

3. Status of Research:

In our initial attempts to study rhodopsin/G-protein interactions
using near infrared light scattering, we were unable to reproduce the
siganls reported by Kuhn et al., 1983 (See figure 1, trace a). We were
able to reproduce their results by utilizing purified G-protein
recombined with washed disk membranes. Figure 2A, traces a and b show
the Binding and Dissociation signals, respectively. The remaining
traces in Figure 2, c-e, show that there were additional components to
the light scattering signal which depended upon the presence of cGMP
and PDE, in addition to bleached rhodopsin, G-protein, and GTP.

The ¢GMP- and PDE-dependent light scattering signal is complex, as
is illustrated in Figure 2A, trace e. Figure 2B shows the effect of
adding increasing amounts of FPDE to a reconstituted system containing
G-protein, GTP, and rhodopsin. The D-phase of the signal became larger
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e RGURE I: Near-infrared light-scattering changes of a suspension of
durupted disk membranes. Stached disis were disrupted by passing
them through a 25-gauge syringe needle 2s de<=ribed under Matenials

o B

and Methods [Rhodopsin) = 2 uM. The flash (indicated by the
4 arrow) bleached 0.2% rhodopun Trace s. {GTP) = 2 uM. no cGMP;
o trace b, {GTP] = 2 uM, [cGMP} = | mM.
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FIGURE 2: (A) Naar-infrared (710 nm) light-scattering changes of disk membranes reconstituted with G protein and/or PDE and with different
nucieotide composition  {Rhodopsin] = 2 uM. The flash (:ndicated by the arrow) bicached 2% rhodopsin Trace a. {G protein) = 200 nM,
(PDE] = 60 nM. no GTP. The presence or absence of | mN cGMP makes no difference (binding signal. Kuhn et al, 198§) Trace b, |G
prowein) = 200 nM. no PDE. [GTP) = 3.5 4M. no cGMP (dissociation sipnal; Kuhn et al., 1981). Trace ¢. |G protein) = 200 nM, [PDL)
60 aM, [CTP) ® 35 uM. no cGMP Trace 4. no added G protewn, |PDL) = 60 n\S. [GTP) = 3.5 M, {(cGMP] = | mM. Trace e, (G
protein] = 200 nM. (PDE| = 60 nN\, (GTP} = 3.8 uM, [cGMP) » | mM (B) Near-infrared (710 nm) hght-scattening chanpes of disk membranes
soconsiiteted with G protein, GTP, and increasing amounts of POL. No ¢GMP present. The flash bicached 0.2% rhodopun. [Rhodopsin|
® 2 M. {G protein] w 600 nM. and (GTP) = 2 S M. Trace a. no PDE: trace b. [PDC} = 20 nM; trace ¢, {PDE) = 30 nM. trace d. |PDL|
® 40 nAS. trace ¢ (PDE) = 60 aM: trace [, [POL] = 120 aM. (C) Same cunditions gt (A), trace ¢: 0.2 #Ci of ["HjcGNIP and |"P|GTP
was present in order o measure PDE and GTPase activivies. Every pomt, mean £ SD of three experiments.




3
P )"j'z g

7@

e

s

SI7 g

and faster as more PDE was added. The D-phase was further enhanced by
the addition of cGMP. The relationship between the signal amplitude and
the hydrolysis of added nucleotides is shown in Figure 2C. The rates of
hydrolysis did not appear to correlate directly with any of the phases
of the cGMP and PDE dependent signal. However, there appeared to be a
relationship between the completion of hydrolysis and the onset of the
E and L phases, respectively. This relationship was supported by the

,;: data in Figures 3A and 4. which show that increasing concentrations of
;:? cGMP and GTP delay the onset of the E and L phases, respectively.

SR Figure 3B shows that both 8Br-cGMP and GTPyS (hydrolysis resistant

o analogs of cGMP and GTP) supported the D-phase of the signal. Thus, it
: appeared that the energy released by nucleotide hydrolysis was not
i required to support the underlying process responsible for the light
'ﬁj scattering change. The temperature dependence of the light scattering
" signal is shown in Figure 5. The D-phase was relatively insensitive to
. temperature, while the E and L phases seemed to be guite temperature
-3; sensitive. This result was consistent with the idea that the occurence
.7 of these phases reguired the complete hydrolysis of the requisite

-:. nucleotides. The lowest light intensity which elicited the cGMP- and
;\.‘ PDE- dependent signal bleached 1/1 x107 rhodopsin molecules (Figure 6).
e Figure 7 shows the relationship between light intensity and the

o kinetics of the D-phase of the signal. The cGMP- and PDE-dependent

J: signal was elicited by bleaching 1/1 x 107 rhodopsin molecules. This
i_ level of bleaching is about the same as the minimum bleach required fcr
- activation of phosphodiesterase.

;' The cGMP and PDE dependent signal was elicited by addition of

- nucleotides to bleached membranes in a stirred cuvette. Using this

b technique, we were able to investigate a variety of different

‘f; mechanisms relating to the light scattering signal. We have observed
f) that the light scattering signal was reversible if we added 8Br-cGMP

3 and GTP to bleached membranes (Figure 8B). If BBr-cGMP and GTPyS were
o used, the transmission decrease was irreversible (Figure 8A). Under
o the latter conditions, we observed the same membrane suspensions with
ﬁ‘ phase contrast microscopy and noted the appearance of large

o aggregations of disk vesicles. Negative staining electron microscopy
‘: confirmed these observations (Figure 10). We alsc observed that if GTP
" was used instead of GTPyS both the transmission change and the vesicle
’a aggregation phenomenon were reversible.

'ﬁj Figure 11 shows the light scattering changes which occured after

TN addition of GTPyS to a suspension of disk membvranes reconstituted with
if; G-protein and PDE in the presence of IBMX (a competitve inhibitor of
. cGMP hydrolysis). The data show that IBMX substituted for cGMP or 8Br-
Al cGMP. Other competitive inhibitors of cGMP hydrolytic activity also
0 substituted for cGMP. The apparent Km's for the light scattering change
i (measured as DT/T sec) were IBMX = 85 uM, Theophylline = 330 uM,
> Aminophylline = 400 uM, Caffeine = 1.5 mM. Occupation of the cGMP
1 binding site by the competitive inhibitor appeared to be sufficient to
P support the light scattering change. These data support our previous

o suggestion that nucleotide binding, rather than hydrolysis, is

[ essential for the cGMP and PDE dependent light scattering change.

v

N A number of treatments reversed the nucleotide an< cazyme dependent
L light scattering change. Figure 12 shows that following initiation of
o the transmission decrease by GTP, addition of EDTA (1 mM final

;' concentration) resulted in a rapid increase in transmission which
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AGURE 3: (A) Effect of increasing concentrations of cGNP on near-infrared (710 nm) ipht-scattering changes of disk membranes reconstituted
with G prote:n and PDE  [Rhodopsinj = 2 kM, |G protein] = 600 nAM, [PDF) = 60 nM, and [GTPj = 2 5 uM. The Mash tindicated by
the arrowhead) bleached 0.2% rhodopsin. Trace 8. no cGMP; trace b, [cGMP] = 0.5 mM: trace ¢, [cGMP) = | mM; trace d. [cGMP) =
1.5 mM{; trace e. |cGMPJ ® 2 mM. The vertical bars near the traces indicaie the time of complcte cGMP hydrolysis (B) Membrane and
protein conceniratiuns identical with those in (A). The Nash (indicated by the arrowhead) bleached 0.2% rhodopsin Trace a, |GTP) = 2.5
#M. no cGMP. trace b, [GTP) = 2.5 uM. [8Br-cGMP] = 100 uM: trace ¢, {GTP] = 2.5 M, [8Br-cGMP] = 250 uM. trace d, |GTP) =

2.5 uM. [8Br<GAIP) = $00 uM: trace ¢. (GTP) = 2.5 M, [8Br-cGMP] = | mM; trace f, [GTP1S] = 2.5 uM, [8Br-cGMP] = | mM; trace
& (GTP1S] = 2.5 uM, [cGMP] = | mM.
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nouUnE 4: Effect of increasing concentrations of GTP on near-infrared
(710 nm) hght-scattering changes of disk membranes reconstituted
with G protein and PDE. {Rhodopsin] = 2 uM. {G protein] = 200
nM, [POE) = 60 uM. and {cGMP] = | mM. The flash (indicated
by the arrowhead) bleached 0.2% rhodopsin. Trace a, {GTP) = }
uh trace b, [GTP) = 1.8 uM: tracec. [GTP] = 2. uM: trace d,
[GTP| = 3 uM; uace e, [GTP) = & uM: trace [, [GTP] = § uM.
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FIGURE §. Near-infrared (710 nm) light-scattering changes 2s 3
funcuon of 1emperature of disk membranes reconsutuied with G
protcin and PDE  {Rhodopsin] = 2 uM. |G protein) = 200 nMM,
{PDE] = 60 nM, (GTP} = 25 uM, and [cGMP) = | mM  The Nush
bleached 0.2% rhodopsin Tracea. T =275 °C traceb. 7T = 21§
*Citracec. Tm 14.5°C arace 6. T = 9.3 *C:trace e, T = 4 *C.
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Fig. lo Light sensitivity of the cB®P and PDE dependent infrared
l1ight scettering signal.

Low fonic strength weshed toad semdranes prepared under
tnérared 1ight were reconstituted with bovine § and PDE. Final
concentrations were Rhodopsin = S uM, 6 = 900 nr, PDE = (00 ni,
GTFP,S = S uM, BBr-—cG6M o 500 uM. Measurasent of the scattering

signal was perforaed at B70 ns. Note change in timse and

transminsion scales in various panels.

Trace A &t 4/10% rhodopsins bleacnhed. Tresce B 1 1/10%
rhodopsins bleached. Trace € 1 1/10° rhodopsins bleached.
Jrace D 1 1/10® rhodopsins bleached. Trace E ¢« 1/10*
rhodopsins bleached. Trace F 1 1/10 ” rhodopsins bdleached.
Trace 6 1 %/10™ rhodopsins bleached. Trace W ¢ 2/10%
rhodopsins bleached.
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RIGURE 8: Addition of nucicotides to fully bleached disk membranes
reconstituted with G protein and PDE: effect on near-infrared light
scattering at 710 nm  [Rhudomsin] = 2.5 wAh, |G protein] = 200 nM,
and [PDE) = 60 nM. Nembranes were stirred 3t 60 rpm. (A) After
the addinion, [BBr-cGMP| = | mM and [GTP1S) = B uM. Note
that the addition of 8Br«GMP in the absence of GTP4S s completely
inclfecuve. (B) Effect of repeated GTP addiions  After the addiion,
IGTP) = S uM. From the beginming of the experiment, | mM
8B1-cGMP 15 present in the cuvetie.
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e FIGURE 9: Lipht micrographs of disk membranes reconstituted with
o G protein and PDE. Bar = 7.5 uM. Both sampies were fully bleached.
[Rhodopsin) = 2.5 uM. |G protein] = 200 nM. and [PDE] = 80 nM.

(lA):’Jo nucleotide added; (B) (GTP4S) = 8 uM, {8Br-cGMP} =
Al mM.
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FIGLRE 10: Electron micrographs of disk membranes reconstituted
with G protein and PDE. Bar = 038 «M. Both sampies were fully
bieached [Rhodopsin] = 2.5 uM, [G protein) = 200 nM. and [PDE]
= 80 nM_ (A) No nucleotides added: (B) [GTP4S} = § uM,
(8Br-cGMP| = | mM.
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Fig.il Near in{..red light scattering changes (710 na) of a
suspension of fully bleachad reconstituted disk agadranes.
Effect of BTPYS (3 uM) addition in the absence (upper trace) and
in the presence (lower trace ) of 300 uMt IBNMX.
Rhodopsin = 3 ut, 8§ = 300 aM, PDE = 120 nN.
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stabilized at the baseline level. Subseguent addition of 3 mM Mg012
reactivated the transmission decrease. Figure 13, upper trace shows
that addition of GTP in the presence of EDTA had no effect on light
scattering, but subsequent addition of MgCl, o1icited a large
scattering effect. Figure 13, lower trace, shows that addition of CaCl,
or MgCl, in the presence of EDTA, but in the absence of GTP had no
effect on light scattering. Subsequent addition of GTP elicited the
usual light scattering change. In all these conditions, the presence of
EGTA (a chelator selective for Ca rather than Mg) had no effect on the
light scattering changes. From these data, it appears that the cGMP-
and PDE-dependent light scattering changes did not result from a charge
effect of divalent cations but rather required the presence of Mg (not
Ca) as a nucleotide cofactor.

GDP at millimolar concentration, reversed the GTP-dependent
activation cof the infrared light scattering signal (Figure 14, upper
trace). GDP, if added before GTP, prevented the GTP-dependent light
scattering decrease. It is interesting to note that GDP did not reverse
activation by GTPyS. Similarly colchicine at high concentration (25 mM)
was capable of reversing the GTP-dependent decrease in transmission
(Figure 15). Lumicolchicine at similar concentraticons was also
effective. Thus, the effect of colchicine was unlikely to be through
its well-documented effect on microtubules or tubulin.

The phosphodiesterase activity in the disk membrane suspensions was
measured under the same conditions as those described above for EDTA,
GDP, and colchicine (Figure 16). In the presence of these agents, GTP-
dependent activation of PDE was completely blocked. In the presence of
IBMX, GTP-dependent activation of cGMP hydrolysis by PDE was still
present, as was the light scattering signal. The data indicated that
GTP-dependent activation of PDE was the trigger for the vesicle
aggregation process. The vesicle aggregation/disaggregation processes
were the physical mechanism responsible for the light scattering
changes. Hence, the light scattering changes reflected the light- and
nucleotide-dependent activation of PDE.

We continued our examination of the molecular basis of the infrared
light scattering changes in disk membrane suspensions by examining the
partitioning of extrinsic membrane proteins between bound and free
states during infrared light scattering experiments. We observed that
PDE binding increased during the membrane aggregation (decreased light
transmission) phase and PDE binding was reduced during the membrane

ﬁf disaggregation (increased light transmission) phase. The results

o indicated that PDE underwent a light- and nucleotide-dependent binding

;f to disk membranes which correlated with both the aggregation dynamics

w{ of disk vesicles and the concurrent light scattering changes.

a: Figure 17A shows the effect of addition of GTPyS and 8Br-cGMP on

s light scattering of a suspension of bleached disk membranes

o reconstituted with G-protein and PDE. As described above, a decrease in

;Q infrared light transmission occured after addition of GTPyS. This

® decrease was further enhanced by addition of 8Br-cGMP. Analysis of

Cf protein partitioning (Figure 17B) during this experiment showed that

e addition of GTPyS decreased PDE in the moderate ionic strength wash

:3L (lane b compared with lane a) and increased the amount of PDE released

:x by the low ionic strength wash (lane b' compared with lane a'). Thus,

’N? the amount of PDE associated with the membrane (as indicated by the

® . amount released by low ionic strength washing) increased. Upon addition
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cof 8Br-cGMP, a further increase in binding to the membrane occured
(Figure 17B, lane c' compared with b').

Addition of GTP to bleached disk membranes, reconstituted with PDE,
G-protein, and 8Br-cGMP resulted in a large reversible decrease in
light transmission (light scattering increase) (Figure 18A). The light
scattering change was reversible since the signal level returned to
baseline. A subsequent addition of GTPyS produced an irreversible
transmission decrease. In other experiments (data not shown), up to 4
additions of GTP were capable of eliciting transmission decreases of
similar amplitude. Figure 18B shows the distribution of proteins
between moderate and low ionic strength fractions obtained from
aliquots of the disk membrane suspensions sampled from the cuvette
during the scattering experiments. Before the addition of GTP(Figure
18B), a small amount of PDE was present in the low ionic strength wash
{lane a'), while most PDE was present in the moderate ionic strength
wash (lane a). After addition of GTP (Figure 18B), most PDE was present
in the low ionic strength wash (lane b') and only a small amount was
present in the moderate ionic strength fraction (lane b). When the
scattering signal was again at its baseline level, the original

distributicon of PDE was restored (Figure 18B, lanes ¢ and c'). After
addition of GTPyS (Figure 18B), the amount of PDE increased in the low
ionic strength fraction (lane d') and a reduced amount was present in

the moderate ionic strength fraction (lane d).

Figure 18C shows the state of vesicle aggregation under identical
experimental conditions. It is clear that when the vesicles were in the
aggregated state, an increasing population of PDE molecules were bound
to the disk membrane. When the vesicles disaggregated, the PDE
molecules reapppeared in the moderate ionic strength fraction. Thus, it
appears likely that PDE binding and release may be related to vesicle
aggregation and to the nucleotide and enzyme dependent light scattering
changes in these membrane suspensions.

The data presented above show that light and nucleotide affect PDE
binding to disk membranes. Under conditions which enhance PDE binding
to the membrane, G-protein is released from the membrane. It appears
that under these experimental conditions only G-protein and PDE are
changing their association with the membrane. Thus, increased PDE
binding is not merely a consequence of the membrane aggregation process
which occurs under *he same conditions. A simple explanation of these
phenomena would be that PUE release from the membrane is diminished by
aspects of the vesicle aggregation, e.g. decrease in exposed membrane
surface area or mechanical trapping of protein, etc. However, careful
examination of the gels shows that while many other proteins are
present in our partially purified extracts, only G-protein and PDE
undergo nucleotide dependent binding and release. It is also possible
that there is competition between G-protein and PDE for a binding site
on the disk membrane. As G-protein binding is decreased (by GTP
addition) PDE binding could increase. However, increasing the ratio of
G-protein to PDE in the reconstitution mixture does not decrease PDE
binding as would be expected if there were competition for a common
binding site (data not shown). Since addition of GTP (or its hydrolysis
resistant analogs) in the presence of G-protein activates PDE, it seems
likely that this activation may alter the conformation of PDE so that
its affinity for its membrane binding site is increased. While this
seems to be the most promising interpretation of the data, we can not
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yet define the mechanism for the increase in
membrane in these experiments.
We have been unable to observe light- and

binding in disrupted,
nucleotide-dependent

unwashed ROS membranes.

light scattering signal

PDE affinity for the

nucleotide-dependent
The light- and
is present in these

membranes, but it is extremely small compared to the signal in the
reconstituted system. If, in native membranes, there is a high ratioc of
PDE binding sites to PDE, then most of the PDE will be bound and the

change in PDE binding will be difficult to detect. We believe that
increasing PDE concentration makes it possible to observe the PDE
binding/release phenomenon which is present, but not normally
detectable, in native membranes or intact rod outer segments.

The physical basis of the PDE- and nucleotide-dependent infrared
light scattering signal reported here appears to be vesicle
aggregation/disaggregation. The data suggest that GTP-dependent
activation of PDE results in enhanced PDE binding to the disk membrane
under our experimental conditions. PDE inactivation which occurs after
completion of GTP hydrolysis may release PDE from the membrane. We
believe that the changes in PDE binding/release are related to vesicle
aggregation/disaggregation. Therefore, we propose that the changes in
near infrared light scattering observed in these experiments reflect
PDE activation/inactivation. A similar relationship between PDE
activation and near infrared light scattering changes has been propocsed
by Kamps et al.(1985) based on studies of permeabilized rod outer
segments.

Harari, Pinto, and Brown, 1978 described a near infrared light
scattering signal in the isolated, superfused retina of the toad.
According to their report, this signal had its origin in the outer
segment of the rod photoreceptor. We wished to determine if there was a
relationship to the cGMP- and PDE-cdependent light scattering signal in
vitro and the signal in the retina. Figure 19 shows scattering signals
recorded from the isolated toad retina. The waveform increased in
complexity as the intensity of the light stimulus was increased. The
two slower components of the signal which appeared at higher light
intensities were not evident in the report of Harari et al. Figure 17
also shows that the PDE inhibitor, IBMX had a profound effect on the
waveform and kinetics of the latter two phases of the scattering
response. In fact, these components were seen at lower flash
intensities in the presence of the inhibitor. The rapid phase of the
scattering response seemed relatively insensitive to IBMX. Figure 20
shows that the effect of IBMX was reversible. MB22968, another PDE
inhibitor, also produced a similar effect on the light scattering
response (data not shown). We believe these experiments indicate that
there is a relationship between the in vitro and in vivo signals since
these drugs are reported to change the level of cGMP in the rod.

Figure 21 shows that after application of dinitrophenol and 2-
dz2oxyglucose (a treatment which will lower the nucleotide
concentrations in the rod) the scattering signal decayed. The first
effect of this treatment was to block the slow phase of the scattering
change. With time, the initial rapid phase appeared to be isolated
until it finally decayed and the entire signal was lost. The rapid
signal in the retina appears similar to the 'dissociation signal'’
recorded from rod outer segments, which has its origin in the GTP-
induced release of G-protein from the disk membrane. Since rod
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photoreceptors contain millimolar concentration of GTP and micromolar
concentration of cGMP, the changes in the scattering signal would be
readily explained if cGMP depletion occured before GTP depletion. Thus,
in the absence of cGMP the component of the signal which corresponded
to the in vitro c¢GMP and PDE signal was eliminated. The signal which
remained corresponded to the G-protein 'dissociation' signal. As GTP
was depleted, this aspect of the signal was lost. More definitive
experiments are necessary to confirm this interpretation.

The plasma membrane of the rod outer segment of rod photoreceptors
contains a cGMP-modulated cation conductance. This conductance is
thour' © to be involved in phototransduction. While two polypeptides
which mediate cGMP-activated cation fluxes when reconstituted into
liposomes have been identified (Matesic and Liebman, 1987; Cook et al.,
1987), the identity of the light-sensitive conductance remains a
mystery. We report here recordings of cGMP-activated single channel
currents observed in patches excised from phospholipid vesicles
containing purified (>99%) bovine opsin. Two elementary conductances,
of 32 and 17 pS, were observed in the presence of 10-200 uM c¢cGMP. Both
individual channel openings {(mean open times, 1.6 ms for the 32 pS
conductance and 1.0 ms for the 17 pS conductance) and bursts of
openings (mean burst duration 2-3 ms for large events) were observed.
The cGMP-~activated channel activity could be observed in the presence

or absence of Ca2*  These results suggest that rhodopsin, in addition
to performing as the receptor in the rod, is the light sensitive pore
as well,

Figure 22 shows the silver-stained SDS electrophoretic pattern of
stripped bovine rod outer segment membranes (lane a) and the purified
(>99%) opsin contained in the phospholipid vesicles used for the patch-
clamp experiments (lane b). A dimer (64 kd) of the 37,000 kd opsin
monomer is faintly visible (Fig. 22, lane b). Immunoblots using a
polyclonal anti-rhodopsin antibody showed staining patterns identical
to those observed in Coomassie-stained gels of opsin (i.e. identical
monomer/dimer etc. staining ratios; data not shown). Figure22, lane c
shows the polypeptide(s) purified by the method of Cook et al., which
is thought to mediate cGMP-activated cation fluxes. In this Laemmli
gradient gel system their partially purified protein migrated with an
apparent molecular weight of 54 kd. Figure 22, lane d shows purified
opsin to which the protein(s) shown in lane c were added.

Figure 23 shows the current recorded from a patch excised from an
opsin-phospholipid vesicle and held at +60m mV. In the absence of cGMP,
or in the presence of 1 uM cGMP no significant current fluctuations
were observed. Addition of 10 uM cGMP resulted in current fluctuations
which resembled individual ion channel events. The most easily observed
events had a mean amplitude of 1.9 pA, corresponding to a conductance
of 32 pS. These were sometimes accompanied by smaller events, events
with a mean current amplitude of 1.0 pA (conductance 17 pS), roughly
one-half that of the large events (see Figure 25). Removal of cGMP
resulted in a cessation of the fluctuations, showing that they were not
the result of seal breakdown. Addition of increasing (100-200)
concentrations of cGMP caused a reversible increase in the frequency of
single channel events, leading to stacked events, longer bursts, and
summing to give noisy currents, many times the magnitude of that
characterized by a single event. The normalized dose-response relation
for three patches analyzed was well fit by the Hill equation, giving
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Fig. 22 Silver-stained SDS 6-12% Laemmli® polyacrylamide gel of
stripped bovine rod outer segment membranes (a), phospholipid
vesicles containing purified bovine opsin (b), protein isolated
according to the method of Cook et al. (c),% and purified opsin
combined with Cook protein (d). All lanes are from the same gel,.
The opsin was determined to be >99%X pure by gel densitometry of
Coomassie~-stained gels(data not shown).

Methods. Stripped bovine outer segment membranes from 200 fresh
calf eyes were solubilized in 18 mM CHAPS, 100 mM NaCl, 0.5 mM
CaCl2, 10 m™ Tris, 5 mM DTT, pH 7.4, containing 1.0 mg ml-!
(Buffer A) &and centrifuged at- 39,000 g for 30 min. The
supernatant was loaded onto a Con-A Sepharose column (1.6 x 20
cm, Pharmacia) and washed with Buffer A. Pure opsin was then
eluted with Buffer A containing 0.5 M 1-O-methyl eo-p-
glucopyranoside.? Fractions containing opsin were dialysed
agsirst 100 mM NaCl, 0.5 mM CaCl,, 10 mM Tris, 5 mM DTT, pH 7.4
iBuffer B) and the resulting opsin-phospholipid vesicles were
cer trifuged at 15,000 g, resuspended in 100 ml of Buffer B, and
certrifuged three more times. Vesicles were resuspended in
Buffer B, maliquotted, and stored at -80°C. Freeze-Thaw-Liposomes
(FTLs) ccontaining opsin were prepared by sonicating a mixture of
phosphatidyl ethanolamine (PE), phosphatidyl serine (PS), and
phosphatidyl choline (PC) at a ratio of 5:2:3, respectively, in
Buffer C at a concentration of 20 mg ml-?!, adding opsin-PC
vcsicles and quickly freezing the aliquotted suspension.1?
Aliquots were stored at -80°C and thawed just before use. Fatch
experiments were performed in visible light at room temperature
(22-25+°C). The phospholipid:opsin molar ratio (600:1) was
determined by gel densitometry and confirmed by regeneration to
isorhodopsin with 9-cis-retinal and analysis by difference
spectrophotometry (Aiso/Asse = 1.5). The estimate of number of
(properly oriented) opsins per patch assumes a 10 A diameter for
each phospholipid pair, giving -1.3 X 10% phospholipid pairs per

0.4 um diameter patch. Assuming that 50% of the opsin molecules
are correctly oriented and correcting for the surface area
contribution of the opsin, approximately 200 opsin molecules

should be contained in each patch at the above lipid:opsin ratio.
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Fig 2% cGMP~-activated single channels recorded from a patch
excised from an opsin-phospholipid vesicle during application of
cGMP in the bath solution. Isotonic solution (150 mM NaCl, 0.5
oM CaCli, 10 mM Tris, 1 mM DTT, pH 7.4; Buffer C) was present on
both sides of the patch. Calibration bars to the right of each

trace represent +2 pA. Traces are (non-continuous) 313 msec
records taken from a continuous experiment. Holding potential
was +60 mV (pipette negative). All records were low-pass

filtered at 2 kHz. 1In this experiment 50 uM cAMP was applied to
the patch between the control (trace 8) and the application of
100 uM cGMP (trace 9). The cAMP did not activate single channel
activity (data not shown). Phospholipid:opsin molar ratio in
this patch was 600:1. Methods. The fire-polished patch
pipettes, containing Buffer C, were made from 1.2 mm I.D. thick-
walled borosilicate glass capillaries and had lumens of ¢ 0.4 um.
The exterior of the pipette was coated with Sylgard to reduce

electrical noise,. About 1 ul of the FTL suspension was lavered
onto the bottom of a 250 uxl chamber containing Buffer C.10.11
The chamber was mounted on an inverted microsope (Zeiss

Invertoscope D) and gigaohm seals were made on an FTL. The patch
was excised by a gentle tap on the micromanipulator used to
position the pipette. The pipette was then passed through the
Buffer-air interface to ensure that if a vesicle was formed it
was disrupted.!? Seal resistances ranged from 30 to 300 gigaOhm.
Current was measured with a WPI S-7450 patch amplifier in the
voltage-clamp mode. The current and clamped voltage were stored
on analog tape and subsequently digitized for analysis.
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- slopes of 1.7-1.9 and Ky,; of 30-45 uM (data not shown). The apparent

o unit conductance, a, calculated from the slope of the relation between

4 the mean current, r, and the variance, s2, for five patches was 2.0+

N 0.2 pA at 60 mV (See Fig. 23, legend). Saturating current for those

; patches at 200 uM cGMP was 35+6 pA. Taking the single channel current

N to be 1.9 pA, the number of channels conducting current for 50% of the

W’ time in a typical patch can be estimated as 37. Alternatively, there

s could be 70 channels per patch if the small unit conductance is

- assumed. The number of properly oriented opsin molecules contained in

j# these patches was estimated to be 200 from gel densitometry aad

spectrophotometric analysis of isorhodopsin regenerated by adding 9-

. cis-retinal to opsin/phospholipid vesicles (See Figure 2z, legend). In

v order to account for the number of observed channels, a contaminant

> protein would have to constitute at least 19% of the total protein in

! the purified opsin. Three patches excised from vesicles containing 9

3 times less opsin/phospholipid (22 opsin molecules per patch) had

R saturating currents of 8+ pA, corresponding to an estimated 8 channels
® per patch for the large unitary events. This would require an even

f‘ larger (40%) contamination to account for the channel activity

> observed.

3 Figure 24 summarizes the amplitude and kinetic distributions of

channel activity elicited by 50 uM cGMP from the experiment in Figure
- 23. Figure 23a compares the current amplitude distribution observed in

{ the presence of cGMP (open sgquares) with that observed in the absence

of cGMP (open circles). The control plot was scaled to the same height

as the zero centered peak of the cGMP plot. The cGMP plot, in addition

to a peak centered at zero, has another peak of mean amplitude 1.9 pA.

This appears to correspond to the ampitude of the large unitary events.

Figure 23b and 23c analyze the open times and burst times of events

selected by a window of 1.4-2.5 pA. The open times of the events were

AR
‘.l-.

N5 G
PR A

O

1] exponentially distributed and had a time constant of 1.6 ms

@' (uncorrected for 2 kHz filtering). The burst durations were also

[~ roughly exponentially distributed, with a time constant of 2.6ms. These
f}: time constants are similar to those observed by Haynes et al. for the
o kinetics of cGMP-activated single channel events in patches excised

!, from the plasma membrane of amphibian rod outer segments. Analysis of
- amplitude and kinetics of data from five other patches gave similar

"o meann unit amplitudes (1.9-2.4 pA) as well as open time and burst time
eﬁ constants (mean open time 1.2-2.4 ms, burst durations of 1.9-3.5 ms).
Yo Analysis of 50 uM cGMP-activated channel activity from three patches in
Vo low divalent solutions (150 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 10 mM

@ Tris, 1 mM DTT) yielded comparable amplitude (1.9-2.5 pA) and kinetic
£ (mean open time 1.4-1.6 ms, burst duration 2.1-3.4 ms) parameters.

! Indeed, the only apparent effect of Ca2t on patches was to increase the
o likelihood and stability of seals. Thus, its inclusion in most

a% experiments.

o Accompanying the more prominent 32 pS events were smaller events

>: usually observed at low cGMP concentrations. Figure 25a shows a burst
O of these small events elicited by addition of 10 uM cGMP. Figure 25b

T compares the current amplitude plot of this burst (open squares) with
» that of a control plot (open circles). The non-zero peak nas an

j} apparent mean of 1.0 pA, corresponding to a unit conductance of 17 pS;
S the plot generated by the difference of the cGMP and control plots

.ﬂ could be fitted with a gaussian with mean of 1.0 pA and standard

& |
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Fig. 24 Analysis of the experiment shown in Fig. 2. &, Current
probability function of multiple records obtained in the absence
(circles) and presence of 50 uM cGMP (squares). The data were

obtained from 20 8 records of 40,000 points each. The control
plot was fitted by a gaussian distribution with mean of 0 pA and
standard deviation of 0.15 pA. The plot taken from the

difference between the control and cGMP plots (not shown) could
be fit by a gaussian with a mean of 1.9 pA and a standard
deviation of 0.31 pA. b, Plot of open times for events with
amplitudes between 1.4 and 2.5 pA for the same 50 uM cGMP record
described above. Events for open times of less than 1 ms were
not included to ninimize artifact due to 2 kHz filtering. The
solid line 1is a single exponential with time coure 1.6 ms fit to
the copen time data. c, Plot of burst durations for the large
events (between 1.4 and 2.5 pA). A burst was defined as a
single-channel opening or a coliection of consecutive openings
separated by closed periods (2 ms,. The solid line indicates a
single exponential with time constant of 2.3 ms.

Fig. 25 Characteristics of the 1less prominent s8mall events
observed in 50 uM cGMP. a, A 625 ms record showing a number of
small amplitude events.?® The bar to the right of the trace
represents +2 pA. b, amplitude plot of +the record shown in a
(squares) compared with a control plot (circles). The non-zero
peak hes an estimated mean of 1.0 pA. ¢, Open time distribution
of events from the record in a, selected by a window of 0.5-1.4
PA. The so0lid 1line is an exponential fit to the data with time
constant of 1 ms,.

-’I-FI\J*IIIJ“&‘I.,
o0 BSOS S 0.




> ara
'-‘;. A
Nt

FARCAY
LN

N

e
ANY

.
AN

v,
X

FOTITR

10

“.t.
b

24
flil‘fl:

£

v
X

2

[

Burst Durstion (ms)
G
aalns

Open Time (ms}

4
w
R RGY
LN, Wy

2
e

o

o

-
x

b
[+]
2
[+
A N
I N

o]
100
50
0
e
A
e

n"’
<

-1
200
150

.

g & °

tlueal jo ON

o
[=]
o~

sjueal |0 ON

SlUGA] O "ON

300

100

SR
et

Taxalnt

A

B.

C
e

5‘4‘ : o

Lol
Aty
% ST

<" P,
SN

A

B RERRAGN . RS S I NS A TS
..\lMuTu..w\mM\ AN .v.nﬂ......&.u.;.... AR ;«-\m % mm.. s




-35-

‘:\chc 25

wJWAi&'»W‘J”MMM‘W]

henrdd
TN Y
<

',
A ta e
Datet

200 -

1
No of Events
.}

A
L
(o]
-
~n

)
.

.

l‘x‘.n.',.

-

~.l"}PI

1

]
}
a

o
o 200
.};
"'- [
ot €
. ®
. >
w
]
g 100
4

0 2 4 6 8

Open Time (ms)




-36-

N deviation of 0.27 pA. The open time distribution is shown in Figure

< 26C. The distribution could be fit with an exponential with time course
i of 1 ms (uncorrected for 2 kHz filtering). It is not clear, at this

iﬁ point, why we do not observe a contribution by this small event to the
.- (2 pA) apparent unit conductance. It is possible that further
experimentation and analysis at low cGMP concentrations may reveal a
contribution cf small events in these areas.

Our results demonstrate that opsin, when reconstituted into
phospholipid vesicles, exhibits cGMP-activated single channel activity.
In these experiments opsin exhibits cGMP sensitivity and specificity
similar to that reported for the cGMP-gated channel studied in patches
excised from rod outer segment plasma membrane (Fesenko et al., 1985).
o The single channel amplitude and kinetic characteristics observed for
S purified, reconstituted opsin are almost identical to those of the
N plasma membrane conductance (Haynes et al., 1986; Zimmerman and Baylor,
T 1986; Matthews, 1987). The only characteristic of the plasma membrane
,f}: conductance which we have failed to observe in opsin-phospholipid
° vesicles is a Ca2?+* blockade (Haynes et al., 1986; Bodoia and Detwiler,
o 1984). Possible explanations for this discrepancy include species

difference (bovine versus amphibian), difference in lipid environment,

or an effect of DTT on the protein.

The opsin used in these patch experiments does not appear to have

‘ been contaminated with the protein(s) purified by Cook et al. (cf.
{ ’ Figure 22). While contamination with the "39 kdalton" protein of
- Matesic and Liebman cannot be ruled ocut, the fact that this '"39
- kdalton" protein can only be resolved from opsin monomer in SDS gels
- containing sufficient KCl to precipitate a significant amount of the
SDS contained in the gel coupled with the finding that two different
anti- rhodopsin polyclonal and two different anti-~ rhodopsin monoclonal
:)_ antibcdies specifically bind to the '"39 kdalton" protein (D. Matesic,

.-
»Tx
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personal communication) strongly support the hypothesis that opsin or
an opsin multimer can function as a cGMP-activated conductance.
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