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PURIFICATION OF THE AmGTPase

Specific nucleotide

Protein Nucleotide binding binding capacity

Fraction (mg) capacity (nmol) (nmol/mg protein)
Sealed rod outer segments 114 52 0.47
Outer segment soluble protein 308 - 41 1.4¢
Purified AmGTPase 0.50 3.2 6.4

® Lowry method; this is the vield from approximately 20 retinas.

 Dye-binding method: for soluble protein extracted in the absence of mercaptoethanol,
Lowry values are 0.9 times the dye-binding values. )

¢ For comparison, values for membranes from disrupted and intact ROS (assaved with-
cut added soluble protein) were 0.08 and 0.18 nmol/mg protein, respectively.

(Coomassie Brilliant Blue staining) on SDS-polyacrylamide gel electro-
phoresis. These bands are of approximately equal intensity and corre-
spond to molecular weights of 41,000 and 37,000. The purified protein is
stable for 3—4 hr in reaction buffer at 0°, but 30-50% of the nucleotide
binding capacity is lost on standing (or dialysis) for 18 hr. Even more ca-
pacity is lost on freezing and thawing of the purified protein (though the
nucleotide binding capacity of crude soluble protein is quite stable to
freezing). If mercaptoethanol is not present, the AmGTPase loses nucleo-
tide binding capacity with a half-time of approximately 2 hr at 0°.

[78] Detection and Properties of Rapid Calcium Release
from Binding Sites in Isolated Rod Outer Segments upon
Photoexcitation of Rhodopsin

By U. BENjaMIN KAUPP and WOLFGANG JUNGE

Introduction

The suggestion that calcium is the transmitter between photoexcited
rhodopsin and voltage transients at the plasma membrane of retinal rods
has stimulated intensive research on calcium metabolism in vertebrate
photoreceptors, especially under illumination conditions (for reviews, see
Refs. 1, 2). After almost a decade of intensive research it is only fair to
note that experimental evidence in favor of a transmitter role for calcium

'H. G. Smith, Jr., R. S. Fager, and B. J. Litman, Biochemistry 16, 1399 (1977).

?U. B. Kaupp, P. P. M. Schnetkamp, and W. Junge, in “Detection and Measurement of
Free Calcium in Cells™ (C. C. Ashley and A. K. Campbell, eds.), p. 287. Elsevier/North-
Holland Publ., Amsterdam, 1979,
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S only circumstantial and no unequivocal concl },j)ns have been
reached.? ko

The present article is mainly concerned with the technical aspects of
time-resolved and quantitative measurements of calcium release in vari-
ous preparations of cattle rod outer segments. Calcium release was fol-
lowed by means of flash spectrophotometry with the calcium indicator ar-
senazo I11.

Sample Preparation

Intact cattle rod outer segments are isolated on a continuous su-
crose/Ficoll 400 density gradient? (see also Schnetkamp and Daemen, this
volume, Article [17]). The final stock suspension of intact rod outer seg-
ments contains 150200 uM rhodopsin and can be stored for at least three
days at 4° without any detectable loss of the calcium release capacity. For
release experiments in a flash spectrophotometer, the stock suspension is
diluted 40-fold with standard medium, containing sucrose, 600 mM: Fi-
coll-400, 5% w/w; Tris-HCI buffer, 20 mM at pH 7.4. Calcium release ca-
pacity and calcium binding in cattle rod outer segments are very sensitive
to the presence of monovalent cations®® and therefore the sucrose/Ficoll-
400 medium has been passed over a mixed-bed ion-exchange column. The
final rhodopsin concentration in the cuvette is 3—6 pM. The free calcium
concentration of a diluted sample is usually 2-6 uM introduced by the
stock suspension of rod outer segments. In a subsequent step 30 uM ar-
senazo I1I and 10 uM of the divalent cation ionophore A23187 are added
to the suspension. The A23187-induced calcium efflux from rod outer seg-
ments is monitored spectrophotometrically. Normally, cattle rod outer
segments contain 1-2 calcium/rhodopsin. The calcium content depends,
however, on the calcium concentration of the isolation medium.? On addi-
tion of A23187, endogenous calcium is released. The free calcium concen-
tration in the cubette increases (by the A23187-mediated calcium efflux)
to about 5-10 uM. When the free calcium concentration rises above the
sensitivity range of arsenazo III (= 15 M), it has to be adjusted to an ap-
propriate level by addition of small aliquots of an EDTA or EGTA solu-
tion.

*W. L. Hubbell, and M. D. Bownds, Annu. Rev. Neurosci. 2, 17 (1979).
‘P. P. M. Schnetkamp, A. A. Klompmakers, and F. J. M. Daemen, Biochim. Biophys.
Acta 552, 379 (1979).

* U. B. Kaupp, P, P. M. Schnetkamp, and W. Junge, Nature (London) 286, 638 (1980).
* P. P. M. Schnetkamp, Biochim. Biophys. Acta 598, 66 (1980).
" P. P. M. Schnetkamp, Biochim. Biophys. Acta 554, 441 (1979).
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Detection of, Rapid Calcium Release

After the suspension has reached a stable absorption at 635 nm, which
is indicative of complete equilibration of calcium and recovery from the
pipetting step, the cuvette is placed into a kinetic flash spectrophotome-
ter. The sample is excited by a short flash of light and transients of the free
calcium concentration are followed via the absorption changes of arsen-
azo Il at 655 nm. The methodology and instrumentation of time-resolved
flash spectrophotometry have been reviewed elsewhere and the interested
reader may refer to this source.?

Iumination of rod outer segments induces a photochemical reaction
of rhodopsin and causes structural changes both of rhodopsin and of the
disk membrane. This is indicated by true and apparent (because of light-
scattering changes) absorption changes, which are also superimposed on
calcium-indicating absorption changes of arsenazo III at 655 nm. Misin-
terpretations arising from apparent calcium-indicating absorption changes
of arsenazo III may be caused by the following:

1. Changes of adsorption of the dye by disk membranes following exci-
tation by light

. Superposition of absorption changes of the dye by those resulting
from rhodopsin photochemistry

3. Light-scattering transients mistaken for true absorption changes

4. The response of arsenazo Il to ions other than calcium (e.g., H)

5. Direct photochemical reactions of arsenazo 111 proper

We observed that the latter three (light scattering, pH transients, and pho-
tochemistry of arsenazo III) are the most important sources of artifacts.
Appropriate controls are given in the following.

(8]

Light-Scattering Transients

Apparent absorption changes due to an angular redistribution of scat-
tered light can be minimized by placing the cuvette in front of the cathode
window of the photomultiplier to capture as much scattered light as possi-
ble. Either of the following measures can be employed to evaluate possi-
ble contributions of light-scattering changes to the apparent calcium-indi-
cating absorption changes of arsenazo 111 at 655 nm.

1. Recording of flash-induced absorption changes at 575 nm (isosbestic
point of arsenazo III at pH 7.0) or at wavelengths > 710 nm, where the
differential sensitivity of arsenazo III dA/dCa?" is virtually zero.

* W. Junge, in **Chemistry and Biochemistry of Plant Pigments'’ (T. Goodwin, ed.), Vol. 2,
p. 233, Academic Press, New York, 1976.
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- Inclusion of calcium buffers [e.g., nitrilotriaceti~ acid (NTA) or
GTA] in the suspension. The free calcium concentra f]] of the buffer
has to be adjusted to the same value as for light-stimulated calcium re-
lease measurements.

3. Saturation of arsenazo I with calcium (only arsenazo I1] —calcium
complex present) such that it is no longer responsive to changes in free
calcium. However this procedure may fail if light-scattering signals are
strongly calcium dependent.

Correction of calcium release signals for contributions from light scat-
tering can be achieved by dual-wavelength spectrophotometry. Calcium-
indicating absorption changes are recorded at 655 nm and simultaneously
at a wavelength at which arsenazo 111 does not respond to calcium. The
smooth wavelength dependence of scattering changes created by flash ex-
citation makes the correction straightforward. According to UhL*® the
ratio of apparent absorption changes because of light-scattering transients
at 650-700 nm is approximately 1.1, However, this procedure is not eas-
ily applied to any cell suspension. For example, chloroplast Suspensions
show a more complicated spectrum of light-stimulated scattering changes
and quantitative assessments may not be as easy as with rod outer seg-
ments. Calcium-indicating absorption changes in intact and fragmented
rod outer segment suspensions are stable and highly reproducible even
when samples from different batches are compared. Thus it is even possi-
ble to record absorption changes due to calcium release and apparent ab-
sorption changes resulting from light-scattering transients in succession.
If both signals are stored on a signal averager, they can be subsequently
subtracted from each other by a data reduction program.

In our most intact rod outer segments, no light-initiated scattering
changes were detected. However, after freeze-thawing of rod outer seg-
ments or treatment with 100 mM Tris buffer, some light-scattering signals
could be observed. Under these conditions apparent absorption changes
due to light scattering made up maximally 309 of the calcium-indicating
absorption changes at 655 nm. In sonicated disk vesicles a small light-
scattering transient was observed (5—-109% of calcium-indicating absorp-
tion changes) that probably arises from a change of the refractive index of
disk membranes associated with rhodopsin bleaching.?

pPH Changes

Light-stimulated pH changes in rod outer segment suspensions
created by rapid proton uptake of rhodopsin during the metarhodopsin

® R. Uhl, Doctoral Thesis, Freiburg (1976).

e L T Do o e o R

I/metarhodops’ 1 transition' can give rise to a pH-indicating absorpti_on
change of arsesi.zo 111. However, light-triggered p'H char}ges are easily
suppressed by appropriate buffering of the suspension. thh bfomcreso[
purple, a pH indicator more sensitive than arsenazo 111, lt.was found that
2 mM of any buffer (e.g., MOPS, HEPES at pH 6.%6.5}_:5 usually sufﬁ—
cient to suppress the pH-indicating absorption changes of arsenazo I in
a rod outer segment suspension. However, the buffering capz}mlly has to
be increased under some conditions. For example, the sensitivity lo‘ pH
changes of the arsenazo I1I-magnesium complex is larger than that of the
calcium complex." When aiming at calcium release in the presence of
magnesium, higher buffer concentrations are required for suppression of
pH signals.

Photochemistry of Arsenazo II1

Arsenazo 111 solutions undergo a flash-induced absorption change that
has been attributed to a photochemical reaction of arsenazo 111 propf;r.2
An example of this photochemistry is given in Fig. 1. The apsorpllon
change has a half-time of decay T2 = 5 msec and is fully reversible: even
after repetitive excitation with YAG laser pulses (100 ﬁashes: flash energy
7 mJ, excitation wavelength 530 nm, half-duration of the Ilghf pulse 10
nsec) flash-induced absorption changes were unchanged. This demon-
strates that no photo damage of the dye has occurred. _

In intact rod outer segments the rapid photochemical reactlop of ar-
senazo III is not disturbing because the rate of calcium release is more
than one order of magnitude slower than the decay of the phot(‘)chemlca!
signal (even at high concentrations of A23187, where thf‘, veloglty of c'al—
cium release saturates'?). This differs from the situation in somcs.ned (ysk
vesicles where calcium release becomes more rapid (half-rise t'1m'e
Tz = 10 msec at 20° and pH 7%). If use is made of a sngrna] averager, it is
possible to subtract the intrinsic arsenazo 111 response from the: response
to calcium released by retinal disks. An example of this cprrectlon proce-
dure is given in Fig. 2. The upper trace represents ﬁ_ash-n:lduced absorp-
tion changes of arsenazo II from sonicated disk vesicles in the presence
of A23187. This signal is a composite of a calcium signal and an.mt‘nnsw
signal. The small deflection occurring immediately afler‘the flash lpdncates
the photochemical reaction of arsenazo 111 proper (Fig. ‘2A). Then the
flash-induced absorption changes were recorded again but in the presence

' H. M. Emrich, Z. Naturforsch., B: Anorg. Chem., Org. Chem., Biochem., Biophys., Biol.
26, 352 (1971).

" J. T. Russell and A. N. Martonosi, Biochim. Biophys. Acfa 544, 418 (1978).

' U. B. Kaupp, P. P. M. Schnetkamp, and W. Junge, Biochim. Biophys. Acta 8§52, 390

(1979).
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Fic. 1. Time course of absorption change at 565 nm after excitation of an anarsenazo 111
solution by a flash at t = 0. Medium:arsenazo 1L, 6 wM; Tris-HCI buffer, 20 mM at pH 7.4;
EGTA, I mM. Cuvette pathlength, 20 mm: energy of flash, 7mJ cm2; excitation wavelength,
530 nm; half-duration of flash, 10 nsec.

of 0.5 mM calcium (Fig. 2B, here the calcium indicator is saturated). The
difference of both absorption changes (A — B) is also shown (Fig. 2A-B).
All signals were obtained by averaging from one sample over 16 repeti-
tions. Although the photochemistry of arsenazo 111 is somewhat calcium
sensitive,? the difference can be neglected here. When the photo-
chemistry of arsenazo 11 is recorded in the presence of calcium buffers or
in a sample in which rhodopsin has been completely bleached, similar re-
sults are obtained. In order to obtain accurate results, the photochemistry
of arsenazo II1 has to be recorded at the same wavelength at which cal-
cium release is followed because the flash-induced intrinsic signal exhibits
a complicated spectrum.?

Sensitivity and Time Resolution

Addition of calcium to a suspension of rod outer segments, yielding a
change of the total calcium concentration by | uM, causes a change in the
relative transmission (mainly arsenazo III) at 655 nm Al/T = 3 x 102
(other conditions: rhodopsin, 3.5 mM; arsenazo III, 30 uM; A23187, 10
M pH 7; free calcium concentration 3-4 #M). The flash-induced ab-
sorption change in the lower part of Fig. 2 (Al/I = 1.4 x 1079 then indi-
cates a change in the calcium concentration of ACa= 5 x 10% M, Ap-
proximately 3% of the rhodopsin molecules were bleached per flash (16
repetitions). The signal-to-noise ratio in Fig. 2A-B is 7.5 (peak-to-peak
noise). The time resolution as limited by the averaging computer is
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FiG. 2. Time course of light-induced absorption changes at 655 nm after excitation of
sonicated rod outer segments by a flash at t = 0 in the presence of arsenazo 111 and iono-
phore A23187. Suspension medium: (A) sucrose, 600 mM; HEPES, 2 mM; Tris, 0.5 mM at
pH 6.45; arsenazo [11, 30 M A23187, 10 wM: free calcium concentration, 3-4 uM; and
rhodopsin 3.5 uM. (B) same as in (A) but 0.5 mM calcium present. Fraction of calcium
bleached per flash, 3%. Cuvette pathlength, 10 mm. Temperature, 20°C. Excitation condi-
tions as in Fig. 1. Signals were obtained by averaging over 16 repetitions from one sample at
a frequency of 1 Hz. (A — B) represents subtraction of signal (B) from signal (A) by means
of a signal averager (Nicholet 1072) with a data reduction program. The trace (A — B) repre-
sents the time course of Ca** release in sonicated rod outer segments.

200 psec. This very high sensitivity at reasonably high time resolution
is obtained while the samples are exposed to rather low measuring
light (intensity 50— 100 W c¢m~2). The relative bleaching of the sample by
the measuring light is less than 1075, (This is concluded from the follow-
ing considerations: In the presence of arsenazo H1(30 uM), a laser flash of
10 mJ em~# at 530 nm bleaches 10-20% of rhodopsin. The absorption of
rhodopsin at the wavelength of the measuring light (655 nm) is approxi-
mately 0.3% of the one at 530 nm. The measuring light is applied to the
sample only for 300 msec per sampling event. Since the recorded trace re-
sults from averaging over 16 repetitions with the same sample, the relative
bleaching was only =< 10-5,)
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Results Obtained with This Technique -

I. On illumination calcium is released from binding sites at the lumen
side of the disk membrane.

2. The release stoichiometry is 0.5 mol calcium released per mol rho-
dopsin bleached at a free calcium concentration of 4-5 M. In frag-
mented material the stoichiometry is about 70% of that in intact rod outer
segments.

3. The release kinetics are highly susceptible to the structural integrity
of rod outer segments. In intact rod outer segments the half-rise time is
Ty = 300 msec, whereas in sonicated disk vesicles 7,,, = 10 msec, at 20°,
pH 7 and A23187, 10 uM.

4. Most likely the metarhodopsin I/metarhodopsin 11 transition is in-
volved in the release mechanism.

These results were presented in Refs. 2, 5, and 12.

Conclusions

Flash spectrophotometry with the calcium-indicating dye arsenazo II1
is a sensitive tool for the investigation of rapid calcium fluxes in verte-
brate photoreceptor preparations. Emphasis in this article was put on
demonstrating that absorption changes of arsenazo I11 that are indicative
of calcium release can be separated from those caused by other events.
The calibration of absorption changes into changes of the free calcium
concentration (see Refs. 2, 13) allows a quantitative assessment of the re-
lease stoichiometry. Arsenazo III is superior to calcium-sensitive elec-
trodes with respect to time resolution, comparable with regard to sensitiv-
ity, and unaffected by electrophysiological events. However, it requires
exposure of rods to an interrogating light, which may saturate the system
in terms of electrophysiological responses.
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Bovine Disk Vesicles

By ROGER S. FAGER, BURTON J. LITMAN,
and H. GiLBERT SmiTH, JR.

Hagins and Yoshikami' suggested that calcium ions might serve as the
principal intracellular messenger linking the visual pigment that absorbed
the light with the plasma membrane sodium pores that produced the re- i
ceptor potentials. More explicitly, the hypothesis stated that in rod cells
that calcium was sequestered in the disk lumen and was released to the
extra discal space on light absorption. For cone cells the light-induced cal-
cium flux was from the extracellular space to the cytoplasm. This hypoth- i
esis also required a calcium pump mechanism to return the cell to the
dark-adapted state.

The hypothesis has stimulated development of many experimental ar-
rangements to demonstrate interactions of photoreceptor membranes
with calcium. In the approach to be outlined here we started with ex-
tremely pure photoreceptor disk membranes prepared by the Ficoll flota-
tion method of Smith et al.? Calcium-45 of known specific activity was
trapped in disk membrane vesicles by sonication and the light-driven cal-
cium fluxes were measured in a flow system.? This enabled us to observe
both stoichiometry and time course of calcium fluxes, in a system free of
other contaminating cellular organelles. The advantage of such a system
is that it is chemically and physically well defined and homogeneous. Its
potential drawback is that the cell structure has been so heavily disrupted
and rod outer segment cytosol components have been lost.

Other approaches that have been used to observe calcium fluxes have
employed efflux from sonicated vesicles centrifuged after light exposure,*
efflux from reconstituted photopigment membranes, * binding differences
from whole photoreceptors,”® osmotic shock after light exposure,'® and
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