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Summary 

1. Live Stentor coeruleus exhibits a substantially red-shifted fluorescence 
maximum, corresponding to the anionic species of the photoreceptor chromo- 
phore. No change was observed in either the absorption or fluorescence excita- 
tion spectrum, indicating an efficient deprotonation of the photoreceptor pig- 
ment upon excitation by light. 

2. Changes in external pH exhibit a dramatic effect on the photosensory 
response of Stentor. Phototaxis is specifically inhibited at pH < 6, with loss of 
photosensory perception which is restored when the pH is returned to pH > 6. 

3. Fluorescence changes of 9-aminoacridine in suspensions of live Stentor 
indicate the generation of a pH gradient upon irradiation with light. Both pH 
gradient and phototaxis were inhibited by the addition of nigericin and p-tri- 
fluoromethoxy carbonyl cyanide phenylhydrazone (FCCP). 

4. Incorporation of the Stentor photoreceptor protein into artificial lipo- 
somes demonstrates the ability of the system to generate pH gradients across 
model membranes as monitored by the quenching of 9-aminoacridine fluo- 
rescence. The effect of external pH on net proton movement in the model 
system is strikingly similar to the pH dependent photomovement of the live 
Stentor, thus lending support for transient proton flux being an important 
mode of light signal processing for photosensory transduction. 

Introduction 

Stentor coeruleus responds to an increase in light intensity and change in 
light direction by stopping (ciliary reversal), turning and swimming away from 
the source of light [1,2]. These photoresponses (photophobic response and 

* To w h o m  c o r r e s p o n d e n c e  should  be  addressed. 
Abbrev iat ions :  DMPC, dimyristoyl phosphatidylcholine; DMSO, dimethylsulfoxide; FCCP, p-trifluoro- 
methoxy caJcbonyl cyanide p h e n y l h y d r a z o n e .  
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negative phototaxis)  are mediated by a photoreceptor  pigment which has an 
absorption maximum at 610 nm [3]. The pigment is enclosed in pigment gran- 
ules, which are in ordered rows near the cilia. Each of  the spherical granules is 
surrounded by a membrane and appears to be held tightly against the inside of 
the cytoplasmic membrane,  near the surface of  the organism [ 4 - 6 ] .  

A recent s tudy in our laboratory has established the identity of the chromo- 
phore in the S t e n t o r  photoreceptor  pigment (stentorin) as hypericin [3]. How- 
ever, the pigment in S t e n t o r  is covalently bound to a protein complex. Based 
upon the lowering of  the pKa of one or more hydroxyl  groups of the chromo- 
phore in the excited state, a mechanism for the primary photoprocess was pro- 
posed [3]. 

Wood [7] suggested that  ciliary reversal of  the S t e n t o r  organism was due to 
an intracellular photic receptor  potential generated in the vacuoles. A similar 
photic potential was recorded in the cytoplasm by means of a KCl-microelec- 
t rode across the cell membrane of  S t e n t o r  [1]. 

We initiated the s tudy to ascertain whether or not  such a membrane poten- 
tial results directly or indirectly from light-induced proton release from the 
photoreceptors .  We have also investigated the generation of  a proton gradient 
by  light in phospholipid liposomes and in the suspension of  live S t e n t o r  as a 
function of  pH. In order to determine the pH gradient, the fluorescent pH 
indicator, 9-aminoacridine was employed,  since fluorescence quenching of 
9-aminoacridine is an excellent probe to measure pH gradients developed across 
membranes [ 8]. 

Materials and Methods 

Materials  
S t e n t o r  coeruleus  was grown as described previously [3]. Synthetic phospho- 

lipid, dimyristoyl L-a-phosphatidylcholine (DMPC) was obtained from Sigma 
Chemical Co. Its purity was checked by observing single spot  on thin-layer 
chromatography coated with Silica Gel GFDC (Woelm) in the solvent mixture, 
CHC13/MeOH/H20 (65 : 2 5 : 4 ,  v/v) [9]. Sepharose 4B-200, 9-aminoacridine, 
Trizma and phosphate buffers were also obtained from Sigma Chemical Co. 
9-Aminoacridine was recrystallized three times from aqueous acetone in the 
presence of  charcoal. Nigericin was obtained from the Eli Lilly Lab., and spec- 
troquali ty acetone from Eastmann Organic Chemical Co. was used. Dimethyl- 
sulfoxide (DMSO), certified grade, was from Fisher Scientific. 

Me thods  
Absorption,  fluorescence and fluorescence lifetimes were measured as 

described previously [3]. Emission spectra of  whole, living S t e n t o r  were mea- 
sured in a triangular cuvette, as were highly concentrated samples to avoid 
internal filtering and scattering effects at high absorbances. Analysis of  the 
fluorescence lifetimes was accomplished by utilization of  an algorithm (Weber, 
G., personal communication).  

Preparation of  the S t e n t o r  photoreceptor  complex was carried out  by am- 
monium sulfate fractionation and differential centrifugation [3],  yielding a dis- 
t inct blue-green colored band on the isoelectric focussing column with an iso- 
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electric point  of 5.1. Concentration of the photoreceptor  complex was accom- 
plished by means of membrane ultrafiltration in an Amicon Ultrafiltration cell, 
utilizing a Diaflo PMI0 membrane. Concentration of the photoreceptor  com- 
plex was monitored by absorbance at either 610 nm or at the excitation wave- 
length of  560 nm. 

In order to quantitate the pH dependence of photoresponses in Stentor to an 
external light source, two different methods of analysis were used. The first 
method followed simultaneous determination of  the rate of response and the 
total response of a population of  Stentor to either white light or light of a 
desired wavelength. A large number of  Stentor, approx. 100 to 1500 in 2.0 ml 
of growth medium, were placed in a 10 X 0.5 X 1 cm gel-scanning cuvette 
(ultraviolet glass from Matheson Scientific) and allowed to equilibrate to an 
even population throughout  the cuvette over a period of about 2 min in the 
dark. The light stimulus (fluence rate 28 W/m 2) from a Nicolas microscope 
illuminator was presented from a distance of eight inches away and two inches 
above the plane of the cuvette, through appropriate filters. 

The responding Stentor swam away from the light toward the far end of the 
cuvette, where their accumulation was monitored by an infrared light beam 
(Stentor does not  respond to wavelengths of  light greater than 700 nm [1,7]). 
The infrared light source was a 40 W tungsten light bulb, filtered by an 
infrared-passing plastic filter. The filtered beam was delivered to the far end of 
the cuvette via a fiber optic bundle (Oriel Optics) of high transmission charac- 
teristics such that  it traversed the cuvette perpendicular to the stimulating light. 
After passing through the solution of  Stentor, the monitoring light was again 
filtered by an identical infrared-passing filter, before impinging on a cadmium 
sulfide photocell. Since the stimulating beam was always filtered by an 
infrared-absorbing filter (Oriel), very little if any scattered light reached the 
photocell. 

The CdS photocell was chosen as the sensor, due to its sensitivity in the 
infrared region of the spectrum and its 'slow' response time, compared to a 
photomultiplier  tube. The small size of the photocell is also an advantage in 
such an experimental device. A diffuser plate was also used in front  of the 
photocell to help eliminate 'noise' in the signal, due to Stentor swimming 
randomly through the beam. As more Stentor swam away from the stimulating 
light into the infrared beam, less light reached the photocell, and a drop in the 
output  voltage of the amplifier is recorded. The decrease in light reaching the 
photocell is a direct measure of  the number of Stentor responding to the 
stimulating light. 

The second method of quantitating the response involved a similar channel, 
which was cut into a plexiglass block. The channel was cut 9.0 mm deep, 6.2 
mm wide and 75 mm long, and fitted on one end with a hinged lid. Four thin 
pieces of  glass were inserted into the clear plexiglass lid, such that  when the lid 
was closed the channel was divided into five sections, each measuring 15 mm 
in length. Each section represented 20% of the total volume of the channel. 
One end of  the channel was covered with a quartz, non-birefringent plate. The 
light stimulus was presented through this plate directly into the suspension of 
Stentor, after passing through appropriate filters. After free swimming Stentor 
had responded to the light for a given amount  of time, the lid was closed and 
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the plexiglass block containing the sectioned channel was placed under the 
stereomicroscope, where the number of Stentor in each compartment  was 
counted.  Each of  the five channels was identified by a letter A through E, with 
A being the compartment  furthest  away from the light. For each experiment, 
at least five determinations were made with fresh Stentor for each experiment 
before a data point  was recorded. Approximately 2 min were needed to com- 
pletely randomize the Stentor in the dark before the light was turned on. A 
longer period than this resulted in Stentor attaching themselves to the wall or 
bot tom of the channel, thus being not  free to respond to the light. To insure 
reproducibility of light intensity, the entire apparatus was mounted on a plexi- 
glass frame, and the removable channel was steadied by two pins on the main 
frame, which fit into the bot tom of the channel block and held it firmly in 
place. Excellent reproducibility was obtained with this method over many 
weeks of experiments. 

Although the apparatus is well suited to variable wavelengths of light, only 
wavelengths of 575 to 750 nm were used to stimulate the response (a combina- 
tion of Coming CS2-63 colored glass filter and an infrared-absorbing heat 
filter). The light intensity was varied by using the three voltage settings on the 
Nicolas illuminator and a number of Oriel neutral density filters. The light 
intensity was measured with a Y.S.I. Kettering Radiometer, Model 65A. 

In all experiments, where either pH was varied or a new substance was added 
to the medium, the solution of Stentor was allowed to equilibrate for 20 to 30 
min before they were introduced into the channel for the experiment, p-Tri- 
f luoromethoxy carbonyl cyanide phenylhydrazone (FCCP) or nigerin was dis- 
solved in DMSO at 1.0 mg/ml. Microliter aliquots of this solution were added 
to the Stentor suspension at pH 7.8. Equal amounts of DMSO without  iono- 
phores were added to controls, to ensure that  the concentration of DMSO used 
to dissolve ionophores had no effect on the photoresponse. 

Oxygen consumption experiments were carried out with a Y.S.I. Model 53 
oxygen monitor  on a 5.0 ml suspension of Stentor (7000 cells/ml}. Oxygen 
concentration was set at appropriate levels by gently streaming a small flow of 
oxygen through the suspension of Stentor just prior to sealing them in the 
monitoring cell. Light stimulus was provided by the Nicolas Illuminator, 
which was filtered only for infrared light. The fluence rate of the incident 
white light was 30 W/m 2 at the surface of the cell. The solution was gently stir- 
red by a magnetic stirbar in the bot tom of the cell. The output  from the 
oxygen monitor  was plotted vs. time on an HP 7045A X-Y-recorder. 

Preparation of  Stentor photoreceptor-entrapped and imbedded liposomes. 
These preparations were performed by modification of Huang's method [10]. 
For the preparation of Stentor photoreceptor-entrapped DMPC liposome, a pig- 
ment  protein preparation was evaporated to dryness in a rotary evaporator at 
room temperature under nitrogen at reduced pressure, and redissolved in 2 ml 
of 150--200 mM KC1 solution or 10 mM phosphate buffer, which was adjusted 
to the desired pH by adding 0.01 M HC1. The aqueous suspension was sonicated 
in Bransonic 12 Sonifier for 1 h at room temperature. The thin film of DPMC 
lipid was prepared by evaporating chloroform solution of 10 mg of DMPC to 
dryness under reduced pressure at room temperature. The sonicated suspension 
of Stentor photoreceptor  was centrifuged at 1000 × g  for 10 min at room 
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temperature,  and then the supernatant was added to the DMPC thin film, fol- 
lowed by sonication in the Bransonic 12 Sonifier again for 90 min under nitro- 
gen atmosphere at temperatures between 25 and 30 ° C. The resonicated disper- 
sion was subjected to molecular sieve chromatography on Sepharose 4B column 
(2.5 X 20 cm) at room temperature. The absorption of column effluent at 280 
nm was continuously recorded by using an ISCO Model UA-5 absorbance moni- 
tor. 

For the preparation of  photoreceptor-imbedded liposomes, acetone-ex- 
tracted Stentor photoreceptor  was dried, followed by redissolving in chloro- 
form with 10 mg of DMPC lipid. This mixture was evaporated to dryness at 
room temperature under reduced pressure, yielding thin film. The thin film in 
150--200 mM KC1 solution was sonicated in the same manner as the resonica- 
tion step above. All samples were handled under dim light or in darkness. 

Determination o f  phase transition temperature o f  liposomes. Lipid phase 
transition temperatures of  the photoreceptor-entrapped and -imbedded DMPC 
liposomes were determined by measuring the changes in fluorescence intensity 
of  the pigment on the Perkin-Elmer Spectrofluorometer Model MPF-3, as a 
function of  temperatures. 

Determination o f  transmembrane pH gradient. Light-induced pH gradients 
across the membrane in the suspension of photoreceptor-entrapped liposome 
and live Stentor (2000 cells/2.5 ml) were determined by measuring the 
9-aminoacridine fluorescence emission. Actinic light from an American Optics 
microscope lamp was passed through an infrared absorber and a Coming CS2- 
63 filter. Intensities of the actinic light were controlled by the combination of 
neutral density filters. The light intensity was measured with an Y.S.I. Ketter- 
ing Radiometer.  

The pH indicator probe, 9-aminoacridine (4 /~M), was excited at 400 nm, 
and fluorescence quenching was monitored at 450 nm synchronously with the 
actinic beam. 

The light-induced fluorescence quenching of  9-aminoacridine in photorecep- 
tor-entrapped liposomes was converted to ApH by using the standard curve, 
which was obtained by measuring the quenching of 9-aminoacridine (4 #M) 
fluorescence as a function of ApH in the liposome without  Stentor photorecep- 
tor, as described in the literature [8,11]. 

Results 

Stentor in normal growth medium at pH 7.8 responds to the light stimulus, 
swimming away from the light towards the far end of the channel. When moni- 
tored with the fiber-optic system, the response was complete in 2 min, with a 
well defined time-response curve as shown in Fig. 1. It was occasionally noted 
that  if too many Stentor were in the cuvette and a large fraction swam to one 
end, a very dense population (cells/cm 3) was observed. This high concentration 
of  Stentor was evidently not  a favorable situation for some of the cells, since 
some began to swim away from the high concentration after the Stentor had 
congregated in the far end of the cuvette for one or two minutes. It is possible 
that  the oxygen concentration was severely depleted in the immediate vicinity 
and the Stentor responded by swimming against the light gradient to an area of 
higher oxygen concentration. Oxygen consumption experiments indicated that 
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Stentor at this high population density quickly deplete the oxygen supply in 
their immediate vicinity. 

When the pH of  the medium was suddenly lowered more than 0.5 pH units, 
the shock caused initial cessation of the normal swimming behaviour and 
response to the light in a large majority of  the Stentor. However, maximum 
response to the light is recovered in about 15 min, and for this reason a short 
incubation period of  20 to 30 min in the dark was used before each experi- 
ment. 

Monitoring the movement away from the light was easily accomplished with 
the infrared-monitoring beam, since both time-dependent and total response 
could be monitored simultaneously. Since initial portions of  the curve are good 
indications of  the velocity of  the responding Stentor, an increase in light inten- 
sity should yield a steeper curve if the swimming velocity increased with light 
intensity. However, under a wide range of  light intensities, no change in swim- 
ming velocity was observed. Observation of the velocities of  individual cells 
under the microscope was difficult to quantitate accurately due to three-dimen- 
sional movement and the different velocities of  individual cells. It was noted, 
however, that under our experimental conditions, some individual cell veloci- 
ties were in excess of 10 cm/min. 

This method had some drawbacks, however. To reproduce the same response 
curve, it was critical to have exactly the same number of cells in the cuvette for 
each determination. Due to the large number of cells needed to efficiently 
block the infrared beam this was extremely difficult to do, and consumed large 
numbers of  cells. Also, dead or damaged cells were not accounted for. It was 
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Fig. 1. Time-dependent phototactic response of Stentor as monitored by the intensity of the infrared 
beam reaching the CdS photocell (see Methods). Ste'ntor responding to the actinic light swim into the 
infrared beam and decrease the amount of light reaching the photocell. The corresponding voltage drop is 
proportional to the number of cells responding to the light. The y-axls is inverted for comparison to the 
second method of analysis. The cuvette contained 1500 Stentor in 1.0 ml of growth medium at pH 7.8. 
and the actinic light intensity was 2.8 W/m 2 (575 nm< ~ ~ 750 nm). 

F i g .  2 .  T i m e - d e p e n d e n t  p h o t o t a x i s  a s  m o n i t o r e d  b y  t h e  a c t u a l  n u m b e r  o f  S t e n t o r  s w i m m i n g  i n t o  c o m -  
p a r t m e n t  A o f  t h e  c h a n n e l  d e s c r i b e d  in  M e t h o d s .  % R e s p o n s e  i s  d e f i n e d  i n  t h e  t e x t .  L i g h t  i n t e n s i t y  w a s  
1 . 6  W / m  2 at  t h e  p o i n t  w h e r e  l i g h t  e n t e r e d  t h e  c h a n n e l .  T h e  w a v e l e n g t h  o f  t h e  l i g h t  s t i m u l u s  w a s  5 7 5  t o  

7 5 0  n m .  
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therefore  necessary to incorporate  the second method of  quanti tat ion,  the 
channel with compartments ,  where individual cells could be counted  and 
examined. The few dead or damaged cells present were naturally not  included 
in the populat ions of  each compar tment ,  while this was impossible with the 
other  method.  The t ime-dependent  response of  the S t e n t o r  was consistant with 
the previous method and the fraction of responding cells was the same. Fewer 
cells were used in the second method,  averaging between 70 to 150 total cells 
per experiment,  while the infrared beam required 1000 to 1500 cells. Better 
day-to-day reproducibil i ty was noted for the second method also. 

As seen in Fig. 2, the increase in the number  of  cells in compar tment  A as a 
funct ion of  t ime is virtually the same plot as obtained with the infrared-moni- 
toring system. As is also seen, the populat ion in A is directly correlated to the 
number  of responding cells, as the number  of  cells in each of  the other  com- 
partments  decreases proport ionally.  Since the fraction of the total cells in com- 
par tment  A is more sensitive as a method  of  measuring the response than a 
corresponding decrease in another  compar tment ,  the fraction of cells in A was 
calculated and plot ted to analyze the response. At zero time the fraction of 
randomly distributed cells in compar tment  A equals 0.2. Therefore,  when cal- 
culating the percent  response, the cells in this compar tment  must  be subtracted 
from the total  cells at the end of  each determination.  Although these cells are 
responding, there is no way of  measuring their response within the compart-  
mental  area. The percent  response is therefore defined as 

( N a / g t  - -  0.2) 
% response = (NO~NO _ 0.2) X 100 

where N a and N t are the number  of  S t e n t o r  in compar tment  A and the total 
number  of  cells in the channel during the experiment,  and the denominator  is 
the control ,  where maximum response is observed. This was arbitrarily chosen 
to be the optimal growth medium conditions with pH 7.8 and was used as a 
control  on each experiment.  Normally the control  fraction in A (N~,/N~t) was 
0.75 to 0.80 after a 2-min light stimulus. The plot ted curves appear identical, 
when either the Fraction in A or %response is used. 

Very low thresholds of  light percept ion were observed for S t e n t o r s  at higher 
pH values. 10% response was noted as low as 0.1 W/m 2, while maximum 
response was reached at 0.8 to 1.0 W/m 2. Again, much higher light intensities 
did no t  result in faster swimming speeds, nor  was the total responding fraction 
significantly increased. 

On the other  hand, much higher light intensities were needed to evoke a 
response from the S t e n t o r ,  when pH was lowered below pH 6. The dose 
response curves at a number  of  pH values were determined, an example of 
which is shown in Fig. 3. First, a por t ion of the S t e n t o r  were subjected to light 
at pH 7.8 as is seen in the uppermost  curve. The pH was then carefully lowered 
to 5.1; and, after a short  incubation period, their dose-response curve deter- 
mined. The particular curves show the response to a stimulus of  2.00 min. It 
must  be stressed at this point  that  if the pH is lowered below 4.5 briefly, the 
vast majori ty of  the S t e n t o r  will die. As a control,  the pH is raised back to the 
original value of  7.8 after  the complet ion of  the experiment,  so as to assure 
that  the inhibition of  the response was temporary.  As is seen, restoration of  the 
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Fig. 3. A representa t ive  re sponse  curve  o f  l ight  in tens i ty  vs. % response  at  var ious  pH values.  Curve A is 
m e a s u r e d  a t  p H  7.8.  Af t e r  p H  was  l o w e r e d  t o  5 .1  w i t h  HC1, curve  B wa s  obta ined .  As a contro l ,  af ter  3 to  
4 h at  the  l ow e r  p H  value,  the  suspens ion  was  re turned  to  p H  7.8 b y  the  add i t i on  o f  Na OH.  The  restora-  
t i on  o f  p h o t o t a x i s  is s e e n  in curve  C. 

Fig. 4. p H - d e p e n d e n t  p h o t o t a x i s  o f  Stentor, c o n s t r u c t e d  f r o m  a series  o f  dose -response  curves  s imilar  to  
Fig. 6, w h e r e  % response  was  d e t e r m i n e d  at 1.6 W / m  2. The c o n f i d e n c e  bars represent  s tandard dev ia t ion  
on  the  resul ts  o f  at  least  five e x p e r i m e n t s  at  e ach  pH value.  

light response is virtually complete after as long as 3 or 4 h at the lower pH 
values. 

From a series of dose-response curves, the profile of pH-dependent photoaxis 
was constructed in Fig. 4. A sharp decrease in response is seen at pH values 
lower than 6.0, with the decrease centered at pH 5.5. Less than 5% response is 
observed at pH values below 5.0. Longer periods of irradiation at lower pH 
values did not  result in a larger number of responding cells. 

This dependence on external pH prompted the investigation of proton iono- 
phore effects on photomovement .  One of the better known proton ionophores, 
FCCP, was used to probe the photoresponse. FCCP inhibited the response at 
micromolar concentrations as seen in Fig. 5, while the mortali ty rate was quite 
low (less than 5%) at total inhibition. DMSO at similar concentrations had no 
effect on the swimming rate or response to light. 

Oxygen consumption by Stentor  did not  change if irradiated with white 
light, indicating no change in respiration rate. Only slight changes in the rate of 
oxygen uptake were observed in the presence of the proton ionophore at the 
concentrations used, indicating a greater effect on photoresponse than on respi- 
ration. 

In order to correlate the pH-dependent photoresponses described above and 
the mechanism of the Stentor  photoreceptor,  we closely examined the spectro- 
scopic properties of  the photoreceptor,  particularly as a function of pH. 

Healthy, living Stentor  exhibits a fluorescence emission spectrum of the 
photoreceptor,  which is much different from that  of the dilute solubilized pig- 
ment  complex. As seen in Fig. 6, the maximum is 660 nm, while the dilute pig- 
ment  complex exhibits a maximum at 610 nm, and only a small shoulder at 
660 nm. Since the emission of the liver cells was measured via front-surface 
emission (in a triangular cuvette), effects such as internal filtering and scatter- 
ing, which could alter the shape of the spectrum, are minimized. The predomi- 
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nant emission at 660 nm indicates the existence of  some process in the excited 
state, which yields the 660 nm-emitting species, as the excitation spectra with 
respect to 610 and 660 nm emissions were identical. The efficiency of the 
process must be relatively high based on the relative intensity of  the 660 nm 
and 610 nm emission peaks. 

As mentioned, the dilute aqueous solution of  photoreceptor (A < 0.1) 
exhibits a fluorescence maximum of 610 nm. If the concentration of  the 
photoreceptor is increased, an increase in fluorescence intensity is observed as 
would be expected; however, the red-shifted emission begins to predominate, 
with a distinct isoemissive point at 622 nm (see Fig. 7). 
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Fig .  6 .  F l u o r e s c e n c e  e m i s s i o n  s p e c t r u m  o f  w h o l e ,  l i v i n g  S t e n t o r  c o e r u l e u s ,  as m e a s u r e d  b y  f r o n t  s u r f a c e  
e x c i t a t i o n  i n  a t r i a n g u l a x  c u v e t t e .  E x c i t a t i o n  w a v e l e n g t h  w a s  4 6 0  n m  ( 5  n m  e x c i t a t i o n  b a n d p a s s  a n d  4 n m  
f o r  e m i s s i o n ) .  I n  a d d i t i o n ,  t h e  e m ~ o n  w a s  f i l t e r e d  f o r  s c a t t e r i n g  b y  a C o ~ i n g  C S 2 - 6 3  l o n g  pas s  f i l t e r .  
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F i g .  7.  F l u o r e s c e n c e  e m i s s i o n  s p e c t r a  o f  S t e n t o r  p h o t o r e c e p t o r  i n  0 . 0 1  M p h o s p h a t e  b u f f e r  a t  p H  7 .4 .  T h e  

e x c i t a t i o n  w a v e l e n g t h  w a s  5 6 0  n m  ( 1 4  n m  b a n d p a s s ) .  T h e  e m i s s i o n  s l i t  w a s  v a r i e d  b e t w e e n  6 a n d  7 n m  to  

n o r m a l i z e  i n t e n s i t y  w i t h  r e s p e c t  t o  t h e  1 6 0  n m  m a x i m u m .  A s  t h e  c o n c e n t r a t i o n  o f  t h e  p h o t o r e c e p t o r  w a s  

i n c r e a s e d ,  t h e  6 6 0  n m  m a x i m u m  e m e r g e d .  A b s o r b a n c c  a t  t h e  e x c i t a t i o n  w a v e l e n g t h  w a s  u s e d  t o  m o n i t o r  
c o n c e n t r a t i o n ;  A,  2 . 0  • 1 0  -6  M;  B, 4 . 7  • 1 0  -6  M;  C, 9 . 5  • 1 0 - 6  M;  D ,  1 .9  • 1 0  -5  M;  E ,  2 .9  • 1 0  -5  M.  
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F i g .  8.  F l u o r e s c e n c e  e m i s ~ o n  s p e c t r u m  o f  h y p e r i e i n  i n  m e t h a n o l .  A s  t h e  s o l u t i o n  i s  m a d e  b a s i c  b y  a d d i -  
t i o n  o f  N a O H ,  t h e  r e d - s h i f t e d  e m i s s i o n  a p p e a r s .  T h e  a p p r o x i m a t e  c o n c e n t r a t i o n  o f  N a O H  f o r  e a c h  c u r v e :  
A ,  n o n e ;  B,  0 . 1  M;  C,  0 . 5  M;  D ,  1 . 0  M.  S e n s i t i v i t y  o f  t h e  i n s t r u m e n t  w a s  t e n  t i m e s  g ~ e a t e r  w i t h  c u r v e s  B 
t h r o u g h  D .  R e - a c i d i f i c a t i o n  o f  t h e  s o l u t i o n  w i t h  H C I  y i e l d e d  a c u r v e  i d e n t i c a l  t o  c u r v e  A ,  b l u e - s h i f t e d  
w i t h  i t s  m a x i m u m  a t  5 8 3  n m ,  i n d i c a t i n g  t h e  a n i o n i c  f o r m  o f  t h e  c h r o m o p h o r e  is  f l u o r e s c i n g  a t  6 7 5  n m  

( ~ e x  = 5 6 0  n m ;  h y p e r i c i n  c o n c n .  1 .1  • 1 0  - 5  M) .  
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The ratio of  the intensity of 660 to 610 nm increases with increasing concen- 
tration, accompanied by a Concomitant decrease in relative quantum yield 
across the entire emission spectrum, due in part to the lower CF of the red- 
shifted species. 

Since the Stentor photoreceptor  protein is also soluble in acetone [3], an 
identical set of experiments were conducted in acetone. In this case, no pre- 
dominant  emergence of  the 660 nm band was noted. The ratio of I660nm/ 
I61onm never exceed 0.7. In aqueous solution, the 660 nm emission is more 
than twice as intense as the 610 nm band. This indicates that  the species 
responsible for the 660 nm emission is not  found in acetone solution. 

In all cases, the absorption maxima of the various concentrations were iden- 
tical, indicating no formation of ground-state complexes. There was also no ob- 
served change in the fluorescence excitation spectrum, upon increasing concen- 
tration or moving the monitoring emission wavelength across the emission spec- 
trum from 610 to 700 nm. This also indicates the species responsible for the 
660 nm fluorescence of light is being formed in the excited state, not  before 
absorption of light. 

To test the possibility of excimer interactions, the viscosity of the aqueous 
solution was increased with sucrose from 0 to 900 cP and no change in either 
shape or intensity of  the emission spectrum was noted. The CD spectrum also 
showed no change in shape or intensity over a 50-fold concentration range. 

Hypericin, the chromophore of the Stentor photoreceptor pigment [3], does 
not  give rise to a red-shifted emission, but addition of NaOH in methanol does 
give rise to an emission band at 667 nm, as seen in Fig. 8, which has a low 
quantum yield of  approx. 0.0004. 

The fluorescence spectrum of  the Stentor photoreceptor at higher concentra- 
tions and the fluorescence maximum of living Stentor suggest that  the predom- 
inant emitting species if the anionic form of the chromophore. Evidently, 
higher concentrations of  the receptor complex in aqueous solution result in 
reconsti tution of  its native environment. 

Fluorescence lifetimes were measured for both the live Stentor and the in 
vitro ' reconsti tuted'  anionic fluorescence; for comparison, the lifetime of syn- 
thetic hypericin in basic methanol was also included in Table I. Heterogeneity 
in the four lifetimes is seen, indicating more than one fluorescing component.  
Analysis of  the four lifetimes of each sample yields a short component  (TI) in 
every case, with a lifetime of approximately 1.2 ns. 

This short component  of the observed lifetimes indicates that  the lifetime of 
the anionic fluorescence is approx. 1.2 ns,  and the excellent correlation of  the 
short component  in all samples lends further evidence to the formation of the 
anionic species in the excited state. 

Although the fluorescence spectra of  hypericin and the Stentor photorecep- 
tor, either denatured or subjected to acetone, vary with pH, the fluorescence 
spectrum of  the native photoreceptor  is unaffected by pH. At first, this appears 
as a discrepancy in the postulated anionic fluorescence. This question will be 
discussed later, but apparently the chromophores of the photoreceptor  com- 
plex are not  exposed to the aqueous medium, since well known quenching 
agents such as KI, CsC1, and acrylamide, did not  quench the fluorescence of 
the native photoreceptor.  
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T A B L E  I 

F L U O R E S C E N T  L I F E T I M E  A N A L Y S I S  A T  R O O M  T E M P E R A T U R E  BY P H A S E  S H I F T  (0) A N D  BY 
M O D U L A T I O N  (cos  0) A T  B O T H  30 MHz A N D  10 MHz,  E X C I T I N G  A T  560  n m  

S a m p l e  a r F 30  MHz r F 10 M H z  A m p l i t u d e  ana lys i s  b 

By 0 By cos  0 By 0 By cos 0 1"1 ~1 T2 ~2 

1. H y p e r i c i n  c 5 .14  ± 0 .2  5 .24 ± 0.2 5.27 ± 0.2 5 .30 ± 0 .2  _ d _ 4 .98  0 .93  
2. H y p e r i c i n  

in 0.1 M N a O H  1.21 ± 0.1 1 .97 ± 0 .3  1 .40  ± 0 .2  2.37 ± 0.3 0 .91 0 .87 5 .15 0 .13  
3. P h o t o r e c e p t o r  

c o m p l e x  

2 • 10  -6 M 2.67 ± 0 .4  3 .30  ± 0 .4  3.01 + 0 .4  2 .00 ± 0 .4  1.31 0 .45  4 .55  0 .55  
4. P h o t o r e c e p t o r  

c o m p l e x  

2 • 10  - s  M 1 .84  ± 0.3 2 .32  ± 0 .4  1 .99 + 0.3 2 .56 + 0 .4  1.47 0 ,S2  4 .48 0 .18  

5. Live  S t e n t o r  1.42 ± 0 .4  1 .87 ± 0 .5  1 .54  + 0 .2  2 .13  ± 0 .3  1.21 0 .90  4 .95  0 .10  

a So lven t s :  1 a n d  2, m e t h a n o l ;  3 and  4, 10 m M  T r i z m a  b u f f e r ,  pH  7.4;  5, G r o w t h  m e d i u m ,  pH  7.8,  w i t h  
a p p r o x .  105 ce l l s /ml  in  a t r i angu la r  cuve t t e .  

b TI a n d  T2: long  a n d  s h o r t  l i f e t ime  c o m p o n e n t s ,  r e spec t ive ly .  (~1 and c~2: w e i g h t i n g  c o m p o n e n t s  of  res- 
pec t i v e  l i f e t ime  c o m p o n e n t s .  

c F r o m  p rev ious ly  p u b l i s h e d  d a t a  [3 ] .  
d C o m p o n e n t s  w h i c h  c o n t r i b u t e d  less t h a n  8% to  the  f l uo re scence  l i f e t i m e  were  c ons ide r e d  ins ign i f i can t .  

Fig. 9 shows a typical elution pattern of  DMPC dispersion on a Sepharose 4B 
column. Fraction I was eluted with the void volume of the column, and frac- 
tion II was eluted as a broad peak. The relative amounts of fraction II depen- 
ded on the sonication time, in agreement with work of Huang [10]. Fig. 9 
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Fig.  9. E l u t i o n  p a t t e r n s  o f  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e .  (A)  D i spe r s ion  o f  DMPC o b t a i n e d  f r o m  ultxa- 
son i c a t i on .  DMPC dispers ion (2  m l  o f  5% s o l u t i o n )  w a s  appl ied  t o  a 2 .5  X 2 0  c m  l ipid-treated Sepharose  
4B c o l u m n .  (B)  S o n i c a t e d  m i x t u r e  o f  D M P C  a n d  S t e n t o r  p h o t o r e c e p t o r  in  ( 2 0 0  m M  KC1 + 1 m M  E D T A )  

s o l u t i o n .  
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shows similar elution patterns of  Stentor photoreceptor-entrapped DMPC on a 
Sepharose 4B column. The elution profiles were identical except  for the frac- 
tion III peak in Fig. 9B. Fraction III exhibited the same elution volume as that 
of  aqueous of  acetone-extracted Stentor photoreceptor  alone, indicating that 
fraction III is due to free Stentor photoreceptor .  Fraction II was employed 
throughout  these experiments. 

In order to determine indirectly whether the Stentor photoreceptor  was 
entrapped in the liposome or not, measurement of  changes in fluorescence 
intensities of Stentor photoreceptor  at 620 nm with 560 nm excitation wave- 
length was carried out  with variation of  temperature. As shown in Fig. 10, frac- 
tion II did not  shown any phase transition temperature.  Instead, Stentor photo- 
receptor-imbedded DMPC liposome showed the phase transition temperature at 
23°C, which is in good agreement with that obtained by using parinaric acid- 
bound DMPC liposome [12]. Measurement of polarization vs. temperature 
showed the same result (data not  shown). These results indicate that Stentor 
photoreceptor  is definitely entrapped in the liposome. 

Fluorescence changes of  9-aminoacridine in suspensions of  live Stentor in 
growth medium solution were recorded during illumination. Fig. 11 shows the 
fluorescence quenching of  9-aminoacridine upon illumination of  suspensions of  
live Stentor. When the light was turned off, the fluorescence increased slowly 
and resumed its original value. Such a slow return to the original level might be 
due to the slow diffusion of  H ÷ across the cell membrane, and the light-induced 
fluorescence quenching depends upon the fluence rate of  actinic light (Fig. 12). 
These results indicate that intracellular pH of Stentor becomes lower than 
extracellular pH by  a release of  protons from the excited Stentor photorecep- 
tor, implying the generation of  a pH gradient. 

On the other hand, very low concentration of nigericin (1.07 pmol/1) com- 
pletely inhibited the light-induced fluorescence quenching of 9-aminoacridine. 
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Fig. 11. (A) Light - induced  f l u o r e s c e n c e  q u e n c h in g  o f  9 -aminoaer id ine  in the  suspens ion  o f  live Ste n to r  
(2 • 103 cells/2.5 ml). Init ial  pH 6 . 5 .  Final  c o n c e n t r a t i o n  o f  9 -aminoaer id ine  was  4.0 ~uM. I F wa s  m o n i -  
t ored  at  450 nm w i t h  act in ic  w a v e l e n g t h  b e t w e e n  5 7 5  and 7 5 0  w i t h  an Americs .n  Opt ics  m i n i  lamp.  
(Fi l ters  used:  C S 2 - 6 3  and IR;  l ight  in tens i ty :  100 W/m2). (B) 1.07 #tool/1 o f  nigeric in in 2.5 ml suspen-  
s ion e x h i b i t e d  inh ib i t ion  o f  I F quench ing .  Contro l s  (in d&rk) for  b o t h  m e a s u r e m e n t s  are s h o w n .  

This result is matched with the observation that the same concentration of niger- 
icin inhibited the photomovements of Sten tor  as shown in Fig. 13. These 
results strongly support the suggestion that photophobic behavior of the Sten- 
tor organism is triggered by proton movement across the cell membrane from 
the excited photoreceptor. 

Similarly, photoreceptor-entrapped liposome was illuminated in the presence 
of 9-aminoacridine to see the light-induced pH change. Fig. 14 also shows a 
typical light-induced quenching of 9-aminoacridine in the photoreceptor- 
entrapped liposome in phosphate buffer, indicating that internal pH decreased 
upon illumination. It showed about 7% quenching, which corresponds to ApH 
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Fig. 12 .  D o s e  r e s p o n s e  o f  l ight - induced  f l u o r e s c e n c e  q u e n c h i n g  o f  9 -aminoacr id ine  ( 9 - A . A . )  in suspens ions  
o f  Hve Sten tor .  A ct i n i c  l ight  i n t e n s i t y  was  c o n t r o l l e d  b y  using neutra l  dens i ty  f i l ters  in add i t i on  to  the  
c u t - o f f  and infra-red absorbing f i l ters.  Initial  pH 6 .5 .  
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Fig. 13 .  E f f e c t  o f  nigeric in o n  p h o t o t a x i s  o f  Sten tor .  3 g l  o f  n igeric in  s t o c k  so lu t ion  (1 .5 1  • 1 0  -3  mol /1  
in D M S O )  was  added to  3 . 5  m l  suspens ion  o f  Sten tor .  For c o n t r o l  3 p l  of  pure D M S O  were  added to  3 . 5  m l  

suspens ion  o f  Sten tor .  A ~, S t e n t o r  w i t h o u t  DMSO and nigericin;  o o S t e n t o r  w i t h  D M S O ;  

D S t e n t o r  w i t h  nigeric in.  The  data  po in t s  represent  fract ion  o f  S t e n t o r  cells  in respect ive  c o m p a r t -  
m e n t s ,  as s h o w n .  
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= 0.8, indicating the ratio of  moles of  released H ÷ to moles of  photoreceptor is 
0.26 on the basis of  calculation, assuming a molar extinction coefficient at 
605 nm of 50 000 and that the internal volume of  liposome is smaller than the 
external volume by a factor of  3.5" 103 [10].  The decreased fluorescence 
intensity returned to the original level when the light was turned off. It also 
showed fluence rate response as shown in Fig. 15. These results are similar to 
those of  live Stentor, suggesting the possibility of  vectorial orientation of the 
proton flux in the cell membrane. 

It is interesting that the magnitude of  light-induced fluorescence quenching 
of  9-aminoacridine in the photoreceptor-entrapped liposome changed with 
variation of  medium pH, indicating that formation of  the pH gradient across 
the bilayer is affected by medium pH (see Fig. 16). This result is similar to pH 
effect on phototaxis of  live Stentor, as shown in Fig. 4. 
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Fig. 14 .  L ight - induced  f l u o r e s c e n c e  q u e n c h in g  o f  9 -am in oa cr id ine  in p h o t o r e c e p t o r - e n t r a p p e d  l i p o s o m e .  
M e d i u m  s o l u t i o n ,  10  m M  p o s p h a t e  buf fer ;  init ia l  pH 5 .8 .  Moni tor ing  and irradiating m e t h o d s  are the  s a m e  
as in the  l egend  for  Fig. 11 .  Ac t in i c  l ight  i n t e n s i t y  was  2 0 0  W / m  2. 
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Fig .  15 .  D o s e  response  o f  l ight - induced f l u o r e s c e n c e  q u e n c h i n g  o f  9 -aminoacr id ine  ( 9 - A . A . )  in p h o t o -  
r e c e p t o r - e n t r a p p e d  H p o s o m e .  All  m e t h o d s  are the  s a m e  as in legend for  Fig .  12 .  Initial  pH 5.7.  A a t  6 0 5  

n m =  1 .0 .  

Discussion 

As may be seen from the data, pH plays a critical role in the photoreceptive 
process in Stentor  coeruleus. The pH dependence of photomovement indicates 
that external pH changes affect the cells' ability to sense the light. A number of 
possibilities exist to explain the drop in photoresponse below pH 6. 

A critical pKa involved in the photoresponse mechanism could be revealed 
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Fig. 16 .  Externa l  pH e f f e c t  o n  l ight - induced  f l u o r e s c e n c e  q u e n c h i n g  o f  9 -aminoacr id ine  ( 9 - A . A . )  in photo .  
r e c e p t o r - e n t r a p p e d  U p o s o m e .  Moni tor ing  and irradiating m e t h o d s  aze the  s a m e  as in l egend  for  Fig. 14 .  
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by the lowering of  external pH. Since the chromophore  is not  in direct contact  
with the aqueous solvent (demonstrated by at tempts to quench fluorescence 
and insensitivity to pH in aqueous solution}, it is difficult to say whether it is 
the PKa of the chromophore  which is responsible for inhibition or a subsequent  
residue in the sensory transduction mechanism. By virtue of  its pKa, histidine 
might be considered a candidate for the critical residue. Indeed, if the protein 
port ion of  the photoreceptor  complex is responsible for conduct ion of  protons 
away from the chromophore,  histidine could function in this respect. Prelimi- 
nary analysis of  the associated protein confirms the presence of  several histi- 
dine residues. 

Subsequent  disposition of  the ejected protons could well affect existing 
membrane potentials by altering proton concentrations. Naturally, if the pH 
gradient across the cytoplasmic membrane is critical for the response, higher 
proton concentrations outside the cell might cause a neutralization of  the pH 
gradient or a complete  inversion of  the gradient. 

The basis for proton ionophore action lies with the ability of FCCP to 
quickly dissipate proton gradients across membranes, resulting in a loss of  sub- 
sequent  transduction processes. Since FCCP does have such a dramatic effect  
on photomovement ,  it may be assumed that pH gradients form the foundation 
of  the photoresponse mechanism. 

As a control  in these experiments, oxygen consumption by S t e n t o r  was 
monitored in the presence of  the ionophores,  to insure any effects on photo- 
movement  were specific for this response only, and did not  affect respiration 
rate. If, for example, the velocity of  swimming increases in the light, one might 
expect  a higher respiration rate and faster oxygen consumption.  On the other 
hand, if ATP product ion is linked to a light-induced membrane potential, 
higher concentrations of  ATP might retard respiration and cause a decrease in 
the rate of  oxygen consumption.  However, only a slight increase in the rate of 
oxygen consumption was observed, at 4 pM FCCP, while total inhibition of 
pho tomovement  was seen. 

Inhibition of  phototaxis  by nigericin was shown to be similar to inhibition of 
the light-induced proton gradient in S t e n t o r .  This result and the light-induced 
proton gradient in photoreceptor-entrapped liposomes, further clarify that  a 
light-induced pH gradient is the primary triggering signal of  S t e n t o r  photo- 
movement .  

If the red-shifted emission (Fig. 7) is due to the anionic species formed in the 
excited state, one would expect  the shape of  the spectrum to be affected by 
pH, as is the case with hypericin, where the chromophore  is surrounded by 
water molecules. Standard quenching agents such as KI, CsC1, and acrylamide 
did not  quench fluorescence of  the chromophore  in the photoreceptor  com- 
plex, while free hypericin was quenched effectively by these reagents at similar 
concentrations. 

Since the environment of  receptor  complex inhibits direct interaction of  the 
chromophore  with the aqueous solvent, changes in the pH of the buffered solu- 
tion have no direct effect  on the chromophore  and the ratio of  protonated and 
anionic species is dictated solely by the immediate environment of  the receptor  
complex. 

It may well be that  the associated proteins serve to conduct  the ejected 
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protons to the solvent. Higher concentrations of the photoreceptor  complex 
results in reappearance of  the anionic emission, indicating a partial reconstitu- 
tion of  the environment of the chromophore,  favorable for deprotonat ion in 
the excited state. The nature of  this environment is still unknown;  however, a 
critical histidine residue might well be involved in transfering protons away 
from the chromophore  in view of the pH-dependence of phototaxis and the 
9-aminoacridine quenching in the model  system. In vivo the protein might also 
serve to orient the chromophore  properly in the granular membrane, so that 
subsequent  disposition of  the protons might yield membrane potentials 
required for photosensory transduction. 

In view of the anionic fluorescence from living Stentor, it appears that  the 
chromophore  is losing one or more protons after absorption of  light. The pre- 
viously proposed mechanism of a lower pKa in the excited state was contingent 
on the native pigment behaving in the same manner as the synthetic chromo- 
phore with respect to proton dissociation in the excited state [6]. Both the 
steady-state emission spectra and fluorescent lifetimes of  the photoreceptor  
complex substantiate this mechanism and shed light on the efficiency of  the 
process. Virtually all of  the pigment molecules are protonated in the ground 
state since both absorption and fluorescence excitation spectra remained un- 
changed at higher concentrations. Once excited by light, however, they are 
rapidly and efficiently deprotonated during the short interval of  time spent in 
the excited state. The ratio of  fluorescent intensities of  the two chromophore  
species in whole Stentor may be used to estimate the efficiency of  the photo- 
receptive process. Since the only form absorbing light is the neutral (protonated) 
form, all anionic species are formed in the excited state and the ratio of  anion 
to neutral chromophore  ( [S-*] / [SH*])  may be represented by 

[S -* ]  -- •660 (~SH 
[ SH" ] - I6,-  × 
where ¢ is the quantum yield of fluorescence and I is the steady-state fluores- 
cence intensity at the indicated wavelengths. When the fluorescence spectrum 
in Fig. 6 is resolved into the two fluorescing components,  the resulting intensi- 
ties indicate the ratio of [S-*] / [SH*]  = 36. The efficiency of deprotonat ion 
therefore exceeds 97%. This high efficiency explains the low-intensity thres- 
hold of  10% photoresponse attained with Stentor at only 0.1 W/m E (600 nm 
light). 

Fig. 17 provides a schematic diagram of light absorption and subsequent  
deprotonat ion of  the chromophore  in the excited state. It is seen that anionic 
fluorescence predominates when the proton is efficiently removed from the 
chromophore  in the excited state. To compete  effectively-with processes such 
as fluorescence, internal conversion and inter-system crossing, the rate constant  
for deprotonat ion must  be extremely large, exceeding the diffusion controlled 
rate limit. Such a process would of necessity require assisting groups, such as 
proper amino acid residues, to allow the diffusion-controlled rate limit to be 
exceeded. A proton conduct ion ne twork  composed of  one or more amino acid 
residues would not  only allow a faster than diffusion-controlled rate, but  could 
well serve to direct the released protons across its membrane. A picosecond 
spectroscopic measurement  of  the rise of the anionic fluorescence confirms 
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Fig. 17. S c h e m a t i c  d i a g r a m  of  the  p h o t o r e c e p t o r  p i g m e n t  (SOH)  absorb ing  light and  s u b s e q u e n t  loss o f  a 
p r o t o n  to  an  assisting ba~e ( :X") .  This causes  the  equi l ibr ium to  shif t  t o w a r d s  the  anionic  f o r m  ( S O - * )  in 
the  e x c i t e d  s tate  and thus ,  m o r e  an ion ic  f luorescence  is seen.  kf  is the  ra te  c o n s t a n t  for  f luorescence  of  
each  s ta te  and  k d represents  the  s u m  of  the  ra te  cons tan t s  descr ibing d e p o p u l a t i n g  radia t ionless  transi-  
t ions .  

that the proton dissociation in the photoreceptor complex (cf. Fig. 7) is at least 
two orders of magnitude faster than the diffusion-controlled rate (unpublished 
data). 

The model system presented, of course, has no asymmetry as prepared. The 
fluorescence quenching of the 9-aminoacridine reflects a larger pH drop inside 
the liposome, due to the smaller internal volume. 

Whether the photoreceptor complex is randomly distributed in the granular 
membrane in whole Stentor or if the photoreceptor complex is oriented and 
yields vectorial release of protons across the granular membrane is not yet 
known. The fact that the photoreceptor complex can generate proton gradients 
upon irradiation in a model system supports the proposed mechanism of the 
chromophore being a source of protons in its excited state. 

The excellent correlation between pH-dependent phototaxis of the whole 
cells and the pH-dependent proton gradient formation in the liposome model 
system indicates the complex itself is responsible for the observed drop of 
response below pH 6. It is therefore conceivable that a critical protein residue is 
assisting in proton ejection by communicating the protons from the chromo- 
phore to the surrounding aqueous environment. The similarity of both the 
model and intact systems precludes the possibility of the pH affecting other 
gradients which might be involved in subsequent transduction. No pre-existing 
gradients are present in the liposome model system and the only effect of 
external pH change is to limit the ability of the photoreceptor complex itself 
from creating pH gradients at lower pH. 
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Conclusions 

This work provides more evidence for the support  of the previously pro- 
posed mechanism of photosensory perception in Stentor. Medium pH values 
below 5.5 abolish the Stentor's ability to sense the light, ye t  light perception is 
restored when the pH is returned to a value above 6. Both steady state fluores- 
cence and fluorescence lifetimes of live Stentor and suspensions of  the photo- 
receptor  complex demonstrate that  protons are being removed efficiently from 
the chromophore  after absorption of  light. When the photoreceptor  complex is 
isolated and incorporated into artificial liposomes, pH gradients are formed up- 
on irradiation with light. These gradients are abolished by FCCP, nigericin or 
lowering the pH, as is the photoresponse of  Stentor. The photoreceptor  com- 
plex is acting as a source of protons in the light to change resting proton con- 
centrations across the granular membrane. This light-induced release of  protons 
from the photoreceptor  complex acts as the sensory signal for pho tomovement  
in Stentor coeruleus. Preliminary work indicates that  the proton release induces 
Ca 2. influx (to be published). 
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