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ATPase Activity of Pigment Granule and Stentorin 128 

VI. CONCLUSIONS 131 

LIST OF REFERENCES 133 

V 



LIST OF TABLES 

1. Average Phase and Modulation Lifetimes (in ns) of 
Stentorin in H.O Buffer and D O Buffer at 293 K 96 

2. Resolved Lifetimes (in ns) of Stentorin in Ĥ O Buffer 
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CHAPTER I 

INTRODUCTION AND STATEMENT OF PURPOSE 

Introduction 

Stentorin is a photoreceptor protein that is responsible for the 

step-up photophobic response and the negative phototaxis of an aneural 

unicellular ciliate protozoan, Stentor coeruleus. Stentors are found 

in large, permanent ponds or lakes (1). When they are cultured in 

large bottles lying on a dimly lit laboratory bench, they tend to move 

to the dark side of the bottle and stick themselves to the glass wall 

away from the room light. 

Its cilia are classified into two categories: cilia on the body 

(somatic cilia) and cilia around the membranelle of the oral zone (1). 

The organism rotates its front end clockwise when it swims by the 

propeller motion coming from the beat of membranelle cilia. When a 

swimming Stentor cell encounters a light stimulus (step-up stimulus), 

it swims backward a little, reversing the beat of body cilia and 

stopping the membranelles while pointing them forward, turns toward the 

aboral side and swims forward again (Fig. 1). 

The investigation of the signal transduction from the light 

stimulus to the ciliary reversal in an aneural Stentor coeruleus cell 

has been one of the challenging research fields in photobiology. In 

terms of the photosensory transduction in Stentor cell, little was 

known until Song and his colleagues began to investigate the mechanism 

of the photosensory transduction in S. coeruleus (2,3,4,5,6). They 

identified the chromophore of the photoreceptor as a hypericin molecule 

which is covalently linked to the apoprotein (Fig. 2). 





Figure 1. The step-up photophobic response of Stentor coeruleus, as 
it encounters the lighted area (center) (740 W/m^). The position of 
cells has t>een traced every 1/6 s from a video recording (redrawn from 
Song et al., 1980, ref. 5). 
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Based upon several lines of evidence from the various 

spectroscopic observations for the photoreceptor protein and the 

physiological data for the photomovement of S. coeruleus, Song proposed 

a working hypothesis for the photosensory transduction as illustrated 

in Fig. 3. 

The essence of this working hypothesis involves the proton 

dissociation from the chromophore as a primary signal for the 

photosensory transduction. This proton release model was h>ased on 

several indirect observations including (a) anionic fluorescence of 

stentorin iri vivo and ̂  vitro, (b) fluorescence lifetime and (c) 

inhibitory effect of protonophores and antibiotics (2, 4, 7). While 

conducting the picosecond pulse fluorescence lifetime study on 

stentorin the observation of the fluorescence rise and decay profile of 

highly concentrated stentorin sample led Song et̂  al. to suggest that 

the proton dissociation rate of the neutral chromophore at the excited 

state is considerably faster than the diffusion-controlled rate (7). 

This suggestion again postulated the existence of the conjugate acid-

base network in the apoprotein of stentorin to explain the ultrafast 

proton transfer. 

2+ 
The involvement of Ca influx in the proposed model was the 

consequence of the numerous physiological photomovement data obtained 

2+ 2+ 

by using various Ca blocking agents and Ca ionophores (6, 8, 9). 

Whether or not ATP is involved in the ciliary rever.3al upon 

photoexcitation has been another interesting and important subject to 
2+ 

investigate because influxed Ca ion has to be removed (pumped) from 

the cytoplasm and/or cilia in order for Stentor to resume normal 





Figure 3. The working hypothesis of the -chanism of the photosensory 
transduction in S. coeruleus (redrawn from Song, 1981, ref. 9). 
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2+ activity. If excess amount of Ca ion has to be pumped out by the 

2+ 
action of Ca -ATPase, it is really plausible to get ATP level 

variation in Stentor cell upon the onset of photostimulus. Chang's 

preliminary experiment for the cellular ATP level variation as a 

function of illumination pioneered to unveil the possibility of ATP 

synthesis by light in animal (10). Min et al̂ . (11) reported basically 

same observation as Chang's except the fact that the peak of ATP 

synthesis occurred at 3 s illumination as coupared to 10 s illumination 

for the highest ATP level in Chang's report. They suggested that the 

cellular ATP level variation as a function of illumination might be due 

2+ 
to the action of Ca -ATPase and the light adaptation mechanism in S. 

coeruleus. Interestingly, Chen et al̂ . observed that isolated pigment 

granules from Stentor cells showed the fluence-dependent ATP level 

variation only when they were illuminated in the presence of 

exogenously added excess amount of ADP and inorganic phosphate (12). 

They also reported that the control experiment using the mitochondrial 

preparation ruled out the possibility of mitochondrial involvement in 

the light-induced ATP variation in Ŝ . coeruleus. 

Statement of Purpose 

Even though the photoreceptor protein, stentorin, was isolated in 

various methods and characterized accordingly, only little is known 

concerning to the nature and the properties of stentorin. Moreover, 

there is no known assay method for stentorin to identify its biological 

integrity except for an indirect method using the formation of the 

anionic emission spectrum at its high concentration on the basis of 
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assumption that the high concentration of intact stentorin forms huge 

aggregate to result in reconstitution of its native environment. 

Thus, It is desirable to isolate stentorin in biologically intact form 

and to establish proper assay method for its relevant biological 

activity. 

The proton release model was based on very limited amount of 

experimental data such that more supporting experimental evidence 

should be collected for the validity of this model. Especially the 

investigation of deuterium solvent isotope effect on the fluorescence 

lifetime nature of stentorin is necessary to investigate the existence 

of conjugate acid-base network in the apoprotein of stentorin. 

The ATP synthesis by light illumination in non-phototrophic 

ciliate protozoan Stentor coeruleus is a striking phenomenon if such a 

system really exists. In our laboratory, these experiments have been 

done by no less than three different persons at different time using 

different experimental designs and tools. All the data obtained from 

different investigators agree in favor of ATP synthesis by light, even 

though there are some differences in detail probably due to different 

experimental designs and procedures. However, in order to verify this 

interesting phenomenon, the development of more reliable and accurate 

ATP assay method and more direct evidence such as the incorporation of 

radiolabelled inorganic phosphate into ATP by the action of light are 

highly desirable. 



CHAPTER II 

LITERATURE REVIEW 

The term, stentorin, was first used by Ray Lankester to denote the 

blue-green pigment isolated from Stentor coeruleus in 1873 (13). His 

absorption spectrum of stentorin measured by a Sorby-Browning 

microscope showed two major absorption maximum at 662 nm and 562 nm. 

No other spectroscopic information of stentorin had been available 

until Max Miller published an article containing the absorption spectra 

of two groups of pigments from Stentor coeruleus in 1962 (14). These 

pigments are classified and named according to their fluorescent nature 

and solubility property toward the specific solvents by him. One is 

stentorin I which is red-fluorescent and ethanol extractable. The 

other one is stentorin II which is non-fluorescent and ethanol non-

extractable. He proposed that the structure of stentorin I might be a 

hydroxy-derivative of meso-naphthodianthrone because its spectral 

changes and reactivity with some chemical reagents were very analogous 

to hypericin. In the case of stentorin II, he also suggested that it 

would belong to the same naphthodianthrone family, but existing in 

polymeric form or in combination with carbohydrates, nucleic acids or a 

lipoprotein. Interestingly, he reported that stentorin I could be 

extracted only from the certain species of Stentor coeruleus (so called 

"fluorescent animal") by ethanol while stentorin II could be extracted 

from both fluorescent and non-fluorescent animals by the acetone-water 

mixture (80:20 vol). According to Max Mpller, the fluorescent animal 

shows fluorescence only after they are dead. In other words, live 

Stentor cells do not show strong fluorescence. However, the 

11 
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non-fluorescent animals reportedly do not develop any fluorescence even 

after they are dead. 

Weisz reported that all these blue-green pigments are located in 

the pigment granules lying in the so-called "Rippenstreifen" or sub-

pellicular ectoplasm (15). Max Miller speculated that the pigments 

could be intimately bound to some protein (or carbohydrate) structures 

in the granules so that light energy is channeled into these. His 

speculation continues that in the case of dead animal some bonds might 

be broken in favor of the release of fluorescence quenching. 

Regarding to the biological function of these stentorins/ he suggested 

the following possibilities: 

1) some electron carrier function or some other connection with 

respiration or oxygen storage: 

2) photosynthetic function: 

3) orientation of the organisms in a light gradient. 

For the possibility 1/ Weisz already claimed that pigment granules 

in S. coeruleus are of mitochondrial nature because the pigment 

granules were selectively stained, Jri vivo, with Janus Green and the 

tests with nadi reagents for the identification of cytochrome oxidase 

were positive (15). However/ these results and speculations have been 

criticized by other investigators for several reasons. First of all, 

Tartar indicated that it might be difficult to rr̂ ke distinctions in 

staining a green boc3y green(l). More technically, the 

electronmicrographs of Faur^-Fremiet et_ aĴ . (16) and Randall and 

Jackson (17) clearly revealed the mitochondria in Stentors. However, 

Tartar (1) speculated that the pigment granules in Stentors might be a 
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new type of oxidation center different from mitochondria, located next 

to the ciliary rows to assist in their energy metabolism, if pigment 

granule indeed contains an oxidase as Weisz observed . And he also 

emphasized that the degree of pigmentation in ̂ . coeruleus is a 

delicate indicator of the physiological state of the cell. An 

evidence for this speculation is the prolonged survival ability of 

well-colored cells in the extreme condition as compared to poorly-

colored ones. 

In Parameciums high concentrations of mitochondria are localized 

immediately beneath the fibrillar bundles under the pellicle where they 

are near both cell surface and basal bodies of cilia (18). Naturally, 

the abundance of mitochondria around the ciliary motor system should be 

interpreted as to the efficient energy supply for the constant beating 

of cilia. 

Tartar reported that the shedding of the pellicle and pigment 

granules was achieved by treating the Stentor cells with a number of 

salts or chemicals (19). Interestingly, sinple cold water also gave 

rise to the pigment granule shedding (1, 20, 21). This simple cold 

shock method for pigment granule shedding is to be applied for the 

pigment granule isolation for both the stentorin isolation and the 

light-induced ATP synthesis experiment because of its sinplicity in 

nature. 

After, Max Miller's pioneering work on the characterization of 

stentorins, almost nothing has been reported regarding to the 

photoreceptor pigments of S. coeruleus until Walker et aĴ . isolated and 

characterized stentorin from S. coeruleus (3). They also used the 
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term, stentorin, to designate the blue-green pigmented substance 

isolated from S. coeruleus. 

Wood (22) first reported the action spectrum of the photo-induced 

ciliary reversal of ̂ . coeruleus ever since the light avoidance 

phenomenon of this organism was discovered by Jennings (23). Song et 

al. also built the action spectra for both step-up photophobic response 

and negative phototaxis of Ŝ . coeruleus (2). These action spectra 

resemble the absorption spectra of Stentor cells and r^x MyJller's 

stentorin preparation. 

Therefore, one of the Max Miller's speculations for the possible 

roles of stentorin - orientation of the organisms in a light gradient -

was proved by these action spectrum experiments. 

Walker et_ al̂ . confirmed the chemical structure of the chromophore 

of stentorin as hypericin (3). They also classified the stentorin 

preparations into stentorin I and stentorin II, but in a different way 

from the Max M(^ller's original classification (14). Thus, their 

stentorin I and stentorin II are not necessarily identical to i-lax 

Miller's stentorin I and stentorin II, respectively. Basically, their 

stentorin I is an acetone extractable stentorin preparation while >!ax 

Miller's stentorin I refers to the alcohol extractable stentorin which 

has strong red fluorescence. Stentorin II is a sucrose density 

centrifugation preparation in Walker et al̂ .'s classification, while it 

is the non-fluorescent, alcohol non-extractable stentorin preparation 

in Max Miller's classification. It is interesting to note that 'Vax 

Miller's stentorin II was extracted by acetone-water mixture (80:20 

vol) after stentorin I was first exhaustively extracted with ethanol. 
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In the case of Walker et al.'s stentorin I, fresh Stentor cells were 

solubilized by acetone. It is also interesting to note that Walker 

et al̂ .'s stentorin I extracted by acetone shows strong red fluorescence 

while Max Mpller's stentorin II extracted by acetone-water mixture is 

not fluorescent. This prominent difference between these two 

stentorin preparations may be due to the different extraction 

procedure rather than the 20 % water content in Max Miller's extraction 

solvent for his stentorin II. From the fact that Walker et al.'s 

stentorin I is also ethanol soluble, it is considered that this 

stentorin preparation may be the mixture of alcohol extractable 

fluorescent stentorin and alcohol non-extractable non-fluorescent 

stentorin. Hereafter, to avoid possible confusion in the 

nomenclature of the stentorin preparations, stentorin I will be 

referring to the fluorescent stentorin and stentorin II to the non-

fluorescent stentorin in this current report unless otherwise noted. 

The most important property of stentorin observed by Walker eit al. 

is that pKa of one or more hydroxyl groups of the stentorin chromophore 

drops significantly at the excited state (3). This pKa difference 

between the ground state and the excited state and the fluorescence 

lifetime analysis of both stentorin and hypericin led them to suggest 

that the proton dissociation may be the primary signal for the 

photosensory transduction in Ŝ . coeruleus (4). Since their molecular 

topology stuc3y for stentorin revealed that the chromophore is deeply 

buried within the hydrophobic core of the protein, they postulated the 

possibility of the existence of conjugate acid-base network in the 

apoprotein responsible for the observed ultrafast proton transfer rate 
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beyond the diffusion-controlled rate constant limit (7). Generally, 

for the efficient operation of a photobiological transduction process 

in aneural organisms, the ultrafast primary reaction is one of the 

essential prerequisites to compete with other relaxation modes of the 

excited states. 



CHAPTER III 

MATERIALS AND METHODS 

Materials 

Stentor coeruleus culture 

The heavily-pigmented strain, "stella", of Stentor coeruleus was 

cultivated discontinuously in 26-liter glass bottles as described by 

Walker et_ aĴ . (1979). The growth medium consists of 1.0 mM Tris-HCl 

(pH = 7.8 + 0.2), 1.0 mM NaNO^, 0.1 mM KH2P0^, 1.0 mM MgSO^ and 2.5 mM 

CaCl . 50 grains of boiled wheat were added to the 2 liter of growth 

medium to maintain enough population of bacteria as the prey for 

Stentor. Once a week, the culture medium was replenished by adding 

200 ml of fresh growth medium and 10 grains of boiled wheat. The room 

temperature was strictly kept at 292 - 293 K because of the reason 

described by Chang (10). The cells were harvested before they reached 

the maximum population. Normally, cells could be harvested about 20 

times from one culture bottle. Then, the old medium was discarded and 

the new culture was restarted. 

Chemicals 

Tris(hydroxymethyl)aminomethane (commonly called Tris), 

dithiothreitol, 2-mercaptoethanol, ethylenediaminetetraacetic acid 

(tetrasodium salt), luciferase-luciferin (in tris-aspartate buffer), 

DEAE-Sepharose CL-6B fast flow, 3-[(3-cholamidopropyl)-

dimethylaiTnionio]-l-propanesulfonate (commonly called CHAPS), sodium 

chelate, sodium deoxycholate, Triton X-100, reduced Triton X-lOO, 

phenylmethylsulfonyl fluoride, deuterium oxide (D2^' ^^^^ label grade, 

17 
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99 atom % ) , adenosine 5'-triphosphate (ATP, disodium salt, crystalline, 

from equine muscle), adenosine 5'-diphosphate (ADP, sodium salt, grade 

I, from equine muscle) and apyrase (a soluble potato ATPase, grade I) 

were purchased from Sigma Chemical Company. Sodium dodecyl sulphate 

(SDS, electrophoresis grade) was obtained from BDH Chemicals Ltd. 

(Poole, England) and Bio-Rad Laboratories. Electrophoresis grade 

acrylamide, ammonium persulphate, tetramethylenediamine (TEMED), the 

molecular weight standard for electrophoresis and Bio-Gel A-1.5m were 

purchased from Bio-Rad Laboratories. Synthetic hypericin was 

purchased from ICN Pharmaceuticals (New York). Sulforhodamine B 

(laser grade), trifluoroethanol and electrophoresis duplicating paper 

32 
EDP were purchased from Eastman Kodak Company. P-monopotassium 

phosphate (specific activity: 1 Ci / mmole) was obtained from NEN / 

E.I. du Pont de Nemours Company. DEAE-Sephacel was purchased from 

Pharmacia Inc. (Piscataway, N.J.). Hydroxylapatite (dry powder, fast 

flow) was purchased from Behring Diagnostics (La Jolla, Ca). All the 

chemicals not listed here were reagent grade. 

Methods 

Pigment granule isolation 

Pigment granules of ̂ . ccperuleus were isolated by the cold shock 

method modified from Yoon's (21). The cold shock buffer consists of 

20 mM HEPES, pH 7.7, 200 mM sucrose and 5 mM Mg . The isolation 

procedure is as following. For a part of the stentorin isolation 

procedure, highly pigmented Stentor cells were harvested from thirty 

26-liter culture bottles. Harvested cells were kept in Mason jars for 
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12 h in the dark to ensure that most of Stentor cells secured 

themselves to the glass wall. After draining out the old growth 

medium, Stentor cells still remained attached to the glass wall. 

Whole cells were subjected to a "cold shock" with cold shock buffer at 

273 K. Then, the cell suspension was incubated in an ice bath for 10 

min. This suspension was centrifuged for 10 min at 12,000 x £ in an 

SS-34 rotor/Sorvall RC-5 refrigerated centrifuge at 275 K. After 

removing cell debris and other organelles, the supernatant containing 

the pigment granules was collected and centrifuged for 1 h at 90,000 x 

£ in a Ti 60 rotor/Beckman Model L5-65 Ultracentrifuge at 275 K. The 

colorless supernatant was discarded, then the pigment granule pellet 

was solubilized in the solubilization buffer described in next section. 

For the light-induced ATP synthesis experiments, the 

ultracentrifugation procedure was omitted and the supernatant after the 

first centrifugation step was directly used because iraximum freshness 

is required for these experiments. In this case, the entire procedure 

was done under a safe light (A > 720 nm) made by the combination of red 

and blue plexiglasses. 

Isolation of stentorin 

For the isolation of stentorin, the starting material is either 

pigment granule or Stentor coeruleus whole cell. Highly pigmented 

cells were harvested from thirty 26-liter culture bottles. 

Centrifugation with a GSA rotor/Sorvall RC-5 refrigerated centrifuge at 

23,500 X £ for 10 min yielded about 6 - 8 g of pellet. This pellet 

was then suspended in 70 ml of cold solubilization buffer (20 mM Tris 
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HCl, pH 7.0, 1 % reduced Triton X-lOO, 12.5 % sucrose, 1 mM 

dithiothreitol (DTT), 1 mM EDTA, 0.5 mM PMSF). This suspension was 

sonicated by a Model W-375 sonicator (Heat System-Ultrasonic, Inc.) at 

its 60 % power output, 50 % duty cycle for total 5 min with 1 min 

interval. The sample container was kept in an ice bath to dissipate 

the heat generated during the sonication. This suspension was 

incubated for 1 h at 273 K with occasional shaking. This suspension 

was then centrifugated at 30,000 x £ (SS-34 rotor/RC-5 centrifuge) for 

30 min at 277 K. Solid (NH.)pSO. was added to the supernatant to make 

40 % saturation. Resulting (NH.)pSO.-precipitated pellet was 

dissolved in the buffer which was used as a common elution buffer for 

gel filtration, hydroxylapatite chromatography, respectively. This 

buffer consists of 20 mM Tris-HCl, pH 7.0, 0.2 % reduced Triton X-lOO, 

10 % sucrose, 1 mM DTT and 0.5 mM PMSF. A 2 ml sample was loaded to 

the Bio-Gel A-1.5m (superfine) gel filtration column (1.5 x 75 cm) 

previously equilibrated with the elution buffer. The void volume 

fractions (stentorin II, blue-green color, no fluorescence) and the 

second peak fractions (stentorin I, red fluorescence) on the elution 

profile were pooled, respectively. Pooled stentorin I was loaded to 

the hydroxylapatite column (2.5 x 8 cm) previously equilibrated with 

the elution buffer. The passed-through fraction from the 

hydroxylapatite column was then loaded to the DEAE-sepharose CL-6B 

column (2.5 x 4 cm) previously equilibrated with 20 mM Tris-HCl, pH 

7.0, 6 mM CHAPS and 1 mM DTT. At this anionic exchange chromatography 

step, the detergent is changed from reduced Triton X-100 to CHAPS. 

After washing the column with 4 column volumes of the elution buffer. 
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NaCl linear concentration gradient was started (gradient slope: 24.5 

mM/cm, flow rate: 34 cm/h). 

If only stentorin I (red-fluorescent fraction) is to be isolated, 

(NH.)2S0. precipitation step and Bio-Gel A-1.5m gel filtration step can 

be omitted for the fast isolation. In this case, stentorin II is 

bound at the top of hydroxylapatite column. 

Fluorescence lifetime measurements 

Fluorescence lifetime measurements of stentorin were conducted by 

both phase-modulation method and picosecond pulse method. 

Phase-modulation method 

A SLM model 480 subnanosecond spectrofluorometer (SLM Instruments, 

Inc., Urbana, II) equipped with a 450 W Xe lamp, a state-of-the-art 

aberration-corrected concave holographic grating and two Amperex 56TVP 

photomultiplier tubes was used for the phase-modulation lifetime 

measurements. The sinusoidally modulated light was obtained by a 

Debye-Sears modulator (24) which consists of a quartz crystal and a 

gold-plated reflector. A standing wave forms between the oscillating 

quartz crystal and the reflector through a diffraction medium (19 % 

ethanol in water). Maximum modulation was obtained by adjusting three 

micrometers on the modulation tank. It was verified by the decent 

diffraction pattern on the entrance slit to the sample compartment and 

the maximum modulation value on the digital display of the main 

console. The fluorescence lifetime data are processed by the Hewlett-

Packard Model 10 calculator which is interfaced with the main console 
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of SLM 480. The heterogeneity of fluorescence lifetimes was analyzed 

by the two component system analysis according to ̂ feber (25). Since 

SLM Model 480 can generate only two fixed frequencies (10 MHz and 30 

MHz), the measured fluorescence lifetime can be resolved into two 

components regardless of the number of lifetime component in reality. 

In order to avoid the photomultiplier tube artifacts caused by the 

timing errors and imaging errors (26), the fluorescence lifetime 

standards with homogeneous fluorescence lifetime were used instead of 

the scatterer like glycogen. 

Picosecond pulse method 

Fluorescence lifetime measurements using the direct fluorescence 

rise and decay were conducted by a synchronously pumped, cavity-dumped 

dye laser and a time-corrected single photon counting system in the 

Institute for Molecular Science, Okazaki, Japan. 

-4 2 
Excitation laser power was 1.4 x 10 W/cm at 800 KHz 

7 2 

corresponding to 5 x 10 photons/cm /pulse. Excitation pulse width at 

580 nm was shorter than 10 ps: 6 - 7 ps for most runs. Emission was 

detected at 610 nm, 620 nm, 630 nm, 660 nm, 690 nm and 720 nm, 

respectively, using a microchannel-plate photomultiplier (R1564U: 

Hamamatsu Corp., Middlesex, NJ), which gives an instrument function 

with 50-ps pulse width for the scattered laser light. 

Fluorescence decay curves of stentorin samples were analyzed by 

the non-linear least squares method for three-exponential fits. 
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Absorption spectrum measurements 

Absorption spectra of stentorin preparations were recorded by 

Gary 118-C spectrophotometer (Varian Instrument Group, Sunnyvale, CA), 

Lambda-3B spectrophotometer (Perkin-Elmer Corp., Instrument Div., 

Norwalk, CT) and HP 8451 A diode array spectrophotometer equipped with 

a single beam optics (Hewlett-Packard Co., Palo Alto, CA). 

Fluorescence spectrum measurements 

For the steady state, uncorrected fluorescence spectrum 

measurements, Perkin-Elmer MPF-3 spectrofluorometer and Aminco-Bowman 

spectrofluorometer (American Instrument Co., Silver Spring, MD) were 

used. 

In the case of highly concentrated sample, the front surface 

excitation method was used to avoid the inner filter effect (27, 28). 

For the front surface excitation, a front surface viewing accessory 

originally designed for the solid sample fluorescence measurement was 

installed inside the sample compartment of Perkin-Elmer MPF-3 

spectrofluorometer. This front surface viewing accessory allows the 

ideal front surface excitation geometry such that the amount of stray 

light caused by the direct specular reflectance is minimum (Fig. 4 ). 

The surface of sample cuvette forms a 60 degree angle with the incident 

beam. In the case of triangular cuvette for the front surface 

excitation, the incident beam forms a 45 degree angle with the surface 

of cuvette such that the emitted beam contains the direct specular 

reflectance of the excitation light. Generally, the classically-ruled 

gratings are considered to be less effective in eliminating the 
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Figure 4. Optical diagram of the front surface excitation accessory 
(redrawn from the Perkin-Elmer Fluorescence Spectroscopy-Applications 
Data Bulletin). 
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stray light caused by strong reflectance than the holographic gratings 

(29). 

Circular dichroic (CD) spectrum measurements 

CD spectra of stentorin preparations were recorded by a JASCO-J20 

CI>-CRD automatic recording spectropolarimeter modified by replacing 

Pockels cell and signal amplifier by a sophisticated Morvue 

photoelastic modulator and a lock-in amplifier (Ithaco Model 3941 

equipped with preamp P-51A, Ithaca, N.Y). 

The instrument was calibrated with the stanĉ ard samples of known 

molar ellipticities so tliat the molar ellipticity of unknown sample can 

be obtained accordingly. 

Sodium dodecyl sulfate (SDS) 
polyacrylamide gel electrophoresis 

SDS polyacrylamide gel electrophoresis was conducted mainly using 

the Laemmli's discontinous buffer system (30). The visualization of 

stentorin band was done by either its own red fluorescence or Coomassie 

blue R250 staining method. In the case of low acrylamide 

concentration gels ( below 10 % ) , Coomassie blue R250 staining did not 

work out because stentorin tends to form diffused bands and to be 

easily removed from the gel during the staining procedure. 

The apparent molecular weight of stentorin was estimated from the 

calibration curve of the known molecular weight standards (Bio-Rad 

Laboratories, Richmond, CA). 

In the case of non-denaturing polyacrylamide gel electrophoresis, 

the miniature concentration gradient (8 - 25 %) gels obtained from 
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Pharmacia Inc.(Piscataway, NJ) were run on a PhastSystem 

electrophoresis apparatus (Pharmacia Inc.). 

Isoelectric focusing 

Isoelectric focusing of stentorin was performed by using the 

PhastGel lEF gels purchased from Pharmacia Inc. These gels were also 

run on a PhastSystem electrophoresis apparatus. The isoelectric point 

(pi) of stentorin was estimated from the calibration curve ( pl vs. 

distance from the cathode) of the known pl standards obtained from 

Pharmacia Inc. 

HPLC steric exclusion chromatography 

For this experiment Perkin-Elmer Series 4 liquid chromatography 

equipped with a Perkin-Elmer LC-85 spectrophotometric detector and a 

Varian TSK 3,000 SW column (0.5 x 75 cm) was used. The apparent 

molecular weight of stentorin was estimated from the calibration curve 

obtained from the Bio-Rad gel filtration standards. 

Light-induced ATP synthesis assay 

Boiling water-extraction method 

The highly pigmented cells were harvested in the Mason jars and 

kept in the dark overnight. Since most of cells stuck to the glass 

wall of Mason jar, it was easy to change the old growth medium with the 

fresh growth medium. A 1 ml aliquot of the cell suspension 

(approximately 1,300 cells/ml: A = 0.2) m 1 x 1 cm cuvette was 

illuminated by a 300 W tungsten projector lamp as a light source. 



28 

Illumination time was varied from 0 s (the dark control) to 40 s. 

After each illumination, 1 ml of boiling distilled water was added to 

the cell suspension in order to quench the light-induced and metabolic 

reactions, and this cell suspension was then immediately immersed in a 

boiling water bath for ATP extraction for 40 s. The cell suspension 

was centrifuged at 15,600 x £ for 5 min using an Eppendorf 

microcentrifuge. 0.5 ml aliquots were assayed for ATP by the 

luciferase-luciferin bioluminescence method (80 pl of 4 % (W/V) enzyme 

solution) using a modified Aminco-Bowman spectrofluorometer equipped 

with a Hamanatsu R928 photomultiplier tube. 

Trichloroacetic acid (TCA)-extraction method 

The sample preparation procedure for TCA-extraction method was 

same as that of the boiling-^water extraction method to the illumination 

step. 1 ml of cold 10 % TCA was added to 1 ml of the cell suspension 

immediately after the illumination was ceased. This resulting mixture 

was incubated for 1 h in an ice bath. Then, TCA was extracted by 

diethyl ether 3 times because TCA interferes the firefly luciferase 

enzymatic activity. Ether was removed by a nitrogen bubbling for 2 

min. Then, sample was diluted 10 times with a dilution buffer which 

consists of 0.25 M Tris-HCl, pH 7.75, 1.5 mM Triton X-100 (average 

molecular mass: 646) and 10 m MgSO^. A 960 pl aliquot of final 

sample preparation was injected to a cuvette which already contained 40 

111 of 4 % (W/V) luciferase-luciferin solution for the immediate rise of 

bioluminescence. 
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Quantum yield calculation of 
ATP synthesis in S. coeruleus 

The quantum yield of light-induced ATP synthesis was calculated 

from the data such as the amount of ATP synthesized by Stentor cells in 

a given volume of cell suspension, the absorbance of cell suspension at 

the stimulating wavelength and the number of photons absorbed by 

Stentor cells in a given volume of cell suspension. 

Light intensity measurement 
by chemical actinometry 

The light intensity of the stimulating light was measured by the 

ferrioxalate chemical actinometry according to Hatchard and Parker 

(31). 

A 450 W Xe arc larrp was used as a light source. Monochromatic 

actinic light was obtained by using an interference filter (515 nm). 

The light beam was cooled by water circulation and a heat absorbing 

filter in front of the interference filter. 1 ml aliquot of 0.075 M 

K_Fe(C^O.)_ solution in a 1 x 1 cm cuvette was irradiated by 515 nm 

actinic light for 1 min, 5 min and 10 min, respectively. After each 

exposure, 0.2 ml of 0.1 % (W/V) 1,10-phenanthroline aqueous solution 

and 1 ml of the buffer solution (1 N NaO^CCH^, 1 N H2SO.) were added to 

the irradiated ferrioxalate actinometer solution to make total 2.2 ml 

solution. This solution was mixed well and allowed to stand for 1 h. 

Absorbance of this solution was measured against an identical but 

unirradiated solution as blank at 510 nm. 

2+ 
From these data the number of Fe ions formed during the 

photolysis can be calculated using the following equation. 
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nFê "*" = 6.023 x 10^°v^V3log(iyi) / V2l^ 

where V^ = the volume of actinometer solution irradiated (ml), 

V2 = the volume of aliquot taken for analysis (ml), 

V^ = the final volume to which the aliquot V is diluted (ml), 

log (I /I) = the measured optical density of the solution at 510 nm, 

1 = the path length of the spectrophotometer cuvette used (cm), 

zi 2+ 4 
cr = the molar extinction coefficient of the Fe complex, 1.11 x 10 

1i ters/mole-cm. 

2-1-
By using the number of Fe ion obtained from above equation, the 

2+ quantum yield of Fe ion formation at a given actinic wavelength (31), 

the irradiation time and the fraction of light absorbed by the length 

of actinometer solution employed, the light intensity incident just 

inside the front window of the photolysis cell can be calculated from 

the following equation 

I = nFe^V i:^ 2-K (1 - lO""'-̂ -'"̂ ) quanta/second 
01 Fe 

where ̂ [A]l is the absorbance of actinometer solution at the actinic 

wavelength. 

Calculation of the number of actinic 
photons absorfc>ed by Stentor cells 

The number of absorbed photons can be calculated by the following 

equation. 

X = I . (1 - 10 *" ) quanta/second 
abs 01 

where ^[S]l is the absorbance of the Stentor cell suspension at the 

actinic wavelength. Finally, the quantum yield of light-induced AT? 

synthesis can be calculated from the following equation. 
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no. of moles of ATP synthesized 

no, of moles of photon absorbed 

In the case of the 610 nm irradiation, the light intensity 

measured by a Yellow Spring Radiometer was converted to the number of 

photons by using the following formula 

2 24 
no. of quanta/m s = 5.03 x 10 x 'X(nm) x power (Watt) 

where "X = 610 x 10 . 

For 515 nm actinic light irradiation 1 ml of Stentor cell 

suspension (Ac-ic = 0.22) in a 1 x 1 cm cuvette was irradiated for 1 s: 
—8 

the number of quanta absorbed was 3.85 x 10 moles/s. 

In the case of 610 nm irradiation, 1 ml of cell suspension (Â-.̂^ = 

2 
0.56) was irradiated for 0.5 s (fluence rate = 30 W/m ). The number 

-9 of quanta determined by the radiometry was 5.54 x 10 moles/s. 

For this quantum yield experiment, ATP was extracted by the 

boiling water-extraction method. The quantum yields determined at 515 

nm and 610 nm were the averages of 4 and 3 multiplicates, respectively. 

All the procedures were carried out under the safelight (A>720 nm). 

Safe light was made by the combination of a sheet of red and a sheet of 

blue plexiglasses mounted in a Kodak darkroom safe light housing with a 

100 W incandescent lanp. 

32 Incorporation of Pi into 

ATP m pigment granules 

1 ml aliquots of pigment granule solution (Â -.̂ . =0.7) containing 

0.25 mM ADP, 0.1 mM inorganic phosphate (final concentration) and 0.28 
32 

mmol or 280 pCi P-monopotassium phosphate (specific activity 1 Ci/ 
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mmol: NEN/E.I. du Pont de Nemours Co.) were irradiated for 1 s by white 

2 

light with 100 W/m fluence rate. Then, ATP was extracted by the 

boiling water method. 400 ul aliquots were loaded on a DEAE-Sephacel 

column (1.5 x 6 cm) previously equilibrated with 0.1 M Tris-HCl buffer, 

pH 7.6 at room temperature. After loading the sample, the column was 

extensively washed with ten column volumes of the equilibration buffer 

to remove excess radioactive inorganic phosphate. The NaCl linear 

concentration gradient (0 - 0.15 M) was started after ADP was 

completely eluted out. The elution was monitored at 254 nm by an ISCO 

Model UA-5 UV monitor (Instrumentation Specialties Co., Lincoln, NE). 

A 400 pl aliquot was taken from each fraction (3.75 ml/4 min) and mixed 

with 4.5 ml of scintillation cocktail (9.0 g of PPO, 0.6 g of POPOP 

dissolved in 750 ml of Triton X-lOO and 2,250 ml of toluene). The 

radioactivity was measured by a Beckman LS-700 Liquid Scintillation 
32 

Counter. The identification of P-ATP was made by comparing the 

elution profile of standard ATP with the radioactive ATP fraction and 

by measuring absorbances of ATP fractions at 254 nm. To further 

establish whether or not the peak on the elution profile obtained from 

the scintillation countings arises from the radioactive ATP, the 

irradiated reaction mixture of pigment granules (1 ml) and the pooled 

ATP fraction (26 ml) from the DEAE-Sephacel elution were treated 

respectively with 10 units of apyrase (a soluble ATPase from potato) 

dissolved in 10 ml of succinate buffer, pH 6.5, and 4 mM CaClp. The 

enzyme mixtures were incubated for 30 min at room temperature prior to 

reloading them on a DEAE-Sephacel column. 
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ATPase activity in pigment granules 

ATPase activity of the pigment granule was measured by using the 

bioluminescence method in that the bioluminescence intensity is 

proportional to ATP concentration. 1.0 ml aliquots of pigment 

granule solution (Ag,Q = 0.32) were mixed with 1.0 ml of 2 pM ATP 

solution and incubated for 30 min at room temperature. ATP was 

extracted by TCA as described in other sections. As a control 

experiment, pigment granule solution was boiled for 2 min prior to 

mixing with ATP solution. 

ATPase activity of stentorin 

ATPase activities of stentorin II (void volume fractions from the 

Bio-Gel A-1.5m column) and stentorin I (purified, red-fluorescent 

stentorin) were also measured by using the bioluminescence method. 

Details are same as in pigment granule ATPase activity measurements. 



CHAPTER IV 

RESULTS 

Isolation of Stentorin 

The first column chromatographic step (gel filtration on Bio-Gel 

A-1.5m column) separated the red-fluorescent fractions (stentorin I) 

from the non-fluorescent blue-green fractions (stentorin II) which 

eluted with the void volume of the column (Fig. 5). Since stentorin 

II tenaciously binds to either hydroxylapatite column or any anionic 

exchanger (3), only stentorin I was loaded on a hydroxylapatite column. 

Stentorin I did not bind to the hydroxylapatite column so that this 

step could be completed within 20 min. In the case of DEAE-Sepharose 

CL-6B fast flow anionic chromatography, stentorin I was tightly bound 

at the top of the column. Then, stentorin I was eluted at 1 M NaCl 

ionic strength (Fig. 6.A). A good Gaussian distribution for stentorin 

I on the elution profile implies a high purity of stentorin. If 

hydroxylapatite chromatography was omitted for stentorin I isolation, a 

shoulder band before the stentorin I peak was always found as shown in 

Fig. 6.B. 

SDS-Polyacrylamide Gel Electrophoresis 

The void volume fraction (stentorin II) from a Bio-Gel A-1.5m 

column was electrophoresed on a 3 -15 % linear concentration gel (Fig. 

7). A number of b>ands appeared throughout the gel, but most of the 

blue-green pigment could not even enter the stacking gel (3 % ) . This 

sample was centrifuged by an Eppendorf microcentrifuge, then filtered 

through a millipore HA filter (pore size: 0.45 pm) to remove solid 

34 
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Figure 6. The elution profile of stentorin I from a DEAE-Sepharose 
CL-6B anionic exchange column: 
A. Elution profile of stentorin I previously purified by gel 
filtration and hydroxylapatite chromatography: 
B. Elution profile of stentorin I previously purified by only gel 
filtration. 
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Figure 7. The Coomassie blue staining profile of the void volume 
fraction containing stentorin II (separated by SDS-PAGE on a 3 - 15 % 
linear pore gradient gel). Molecular weight markers are (top to 
bottom): myosine (200,000): 3- galactosidase (116,250): phosphorylase B 
(92,500): BSA (66,200): ovalbumin (45,000): carbonic anhydrase 
(31,000). 
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particles prior to electrophoresis run. Thus, the blue-green pigment 

(stentorin II) may be either huge protein aggregate which is resistant 

to strong dissociating action of SDS (32, 33, 34) or membrane fragment 

which is sometimes found in the supernatant even after the 

centrifugation at 100,000 x £ for 1 h (35). 

In the case of stentorin I, this protein was visualized by means 

of its strong red fluorescence prior to staining. However, stentorin 

I behaves anomalously on the SDS-gels like some other membrane proteins 

(36, 37, 38). The low acrylamide concentration gels (T < 10 %) 

typically resolved stentorin I into two tands as shown in Fig. 8.A: one 

sharp fluorescent band and one diffused but strong fluorescent band. 

Judging from their shapes, these two fluorescent bands may correspond 

to the first two bands (130 kDa and 65 kDa) among four fluorescent 

bands (130 kDa, 65 kDa, 16 kDa and 13 kDa) previously reported by 

Walker £t al̂ . (3). As to their low molecular weight fluorescent bands 

(16 kDa and 13 kDa), one sharp but weak fluorescent band comigrated 

with tracking dye found in only crude sample lane (Fig. 8.B) in this 

current investigation may be the same one as those two. Kim et_ al. 

(39) also reported three fluorescent bands with different molecular 

assignment (39 kDa, 30 kDa and 8 kDa) from the crude acetone-extracted 

stentorin. Since this sharp fluorescent b>and having low molecular 

weight always comigrates with tracking dye regardless of gel 

concentration, it may be either degraded small peptide still possessing 

a chromophore or free chromophore itself, hypericin. 

On the low concentration acrylamide gels, the Coomassie blue R 250 

staining method did not work. A possible reason for this failure is 
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Figure 8. The microheterogeneity of stentorin shown on the SDS-gels. 
Stentorin bands were visualized by fluorescence: 
A. Purified stentorin I was resolved into two bands with very weak 
background atop the sharp band (10 % gel). The apparent molecular 
weights for the upper sharp and the lower diffused bands are 68.6 kDa 
and 66.2 kDa, respectively: 
B. Pigment granules solubilized by the sample buffer (2 % SDS) showed 
three bands on a 12 % gel. A sharp but relatively weak fluorescent 
band comigrated with a tracking dye. The apparent molecular weights 
for the upper sharp and the lower bands are 55.4 kDa and 51.0 kDa, 
respectively. 
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that the diffused band is likely to be removed easily from the gel 

during the Coomassie blue R 250 staining and destaining procedures. 

Moreover, stentorin I is quite soluble in methanol which is a component 

of the staining and destaining solutions, respectively. The sharp 

fluorescent band (R^ = 1.0) was stained by Coomassie blue R 250 and 

resistant upon a prolonged extensive destaining, presumably because of 

its tightness and compactness on the gel. 

However, the migration ratio (R^) of these fluorescent bands 

varies as the acrylamide concentration is varied except the sharp one 

at R^ 1.0 (Fig. 9). Thus, the apparent molecular weights of these 

bands become lower as the acrylamide concentration increases. On the 

high concentration acrylamide gels (T>12 % ) , as shown in Fig. 10.A, the 

two bands merges into one sharp band with slight backgrounds at both 

upper and lower sides of it such that this band is visible by naked 

eyes. These background bands are more clearly seen when they are 

visualized by fluorescence (Fig. 10.B). The apparent molecular weight 

of stentorin I obtained from 13 % gel was 46.6 kDa. 

Polyacrylamide Gel Electrophoresis under 
the Non-Denaturing Condition 

A non-denaturing gel electrophoresis was done by using 8 - 25 % 

linear concentration gel. A single band was obtained at an apparent 

molecular weight of 570 kDa for purified stentorin I (Fig. 11). 

Isoelectric Focusing 

Stentorin I was focused at pi 6.3 on a PhastGel lEF gel as shown 

in Fig. 12. 
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Figure 9. Acrylamide concentration dependent molecular weight 
variation of resolved stentorin bands on SDS-gels. 
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Figure 10. The electrophoretic pattern of stentorin I and stentorin 
II on a 13 % gel: 
A. Visualized by naked eyes. The apparent molecular weight for the 
visible band is 46.6 kDa. Note that stentorin II stayed on the bottom 
of sample loading well. 
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Figure 10. Continued 
B. Visualized by fluorescence. The diffused fluorescent backgrounds 
at both upper and lower sides of a sharp band were easily visualized in 
this case. The apparent molecular weight for the upper weak 
fluorescent band is 52.0 kDa. Stentorin II did not show fluorescence 
on the gel. 
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Figure 11. The densitometric trace of stentorin I run on a 8 - 25 % 
linear pore gradient gel under the non-denaturing condition. 
Molecular weight markers are (left to right): thyroglobulin (669,000): 
ferritin (440,000): catalase (232,000): lactate dehydrogenase 
(140,000): albumin (67,000). The apparent molecular weight for the 
stentorin I band is 570,000. 
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Figure 12. The isoelectric focusing profile of stentorin I. 
Isoelectric point narkers are (top to bottom): amyloglucosidase (3.50): 
soybean trypsin inhibitor (4.55): p-lactoglobulin A (5.20): bovine 
carbonic anhydrase B (5.85): human carbonic anhydrase B (6.55): 
myoglobin-acidic band (6.85): myoglobm-basic band (7.35): lentil 
lectin-acidic band (8.15): lentil lectin-middle band (8.45): lentil 
lectin-basic band (8.65): trypsinogen (9.30). The stentorin I band is 
indicated by an arrow. The isoelectric point of stentorin I obtained 
from the calibration curve is 6.3. 
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HPLC Steric Exclusion Chromatography 

Stentorin was analyzed on a TSK 3,000 SW molecular exclusion 

chromatography column in an attempt to verify its homogeneity and its 

apparent molecular weight under non-denaturing conditions. Fig.13.A 

shows the chromatogram of purified stentorin I monitored at 280 nm. 

Stentorin I was eluted as a single peak but the peak shape was not 

symmetric. The retention time for this peak corresponds to 411 kDa 

molecular mass calculated from the calibration curve. The strong 

peak at the high retention time was due to the elution buffer itself. 

Stentorin II was eluted at the void volume of this column (Fig. 

13.B). 

Absorption Spectra of Stentorin 

The absorption spectra of stentorin I and stentorin II are shown 

in Fig. 14 and Fig. 15, respectively. In the absorption spectrum of 

stentorin II, there are five peaks at 620 nm, 570 nm, 529 nm, 480 nm 

and 350 nm in the visible region. In the c:ase of stentorin I, the 

first three peaks from the long wavelength occurs at 608 nm, 562 nm and 

525 nm, respectively. Thus, these are all blue-shifted as conpared to 

the corresponding peaks in stentorin II. The most distinct difference 

between stentorin I and stentorin II occurs from 400 nm to 500 nm 

region. In stentorin II, a medium intensity peak is at 480 nm and a 

shoulder of that peak occurs at 456 nm. In stentorin I, a medium 

intensity peak is at 450 nm and a shoulder of that peak occurs at 488 

nm. There is a common strong peak at 355 nm for both stentorin I and 

stentorin II. However, the shoulder structure at 335 nm only occurs 
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^ -1 -̂F o i -^nror in from a HPLC TSK 3,000 SW 

the stentorin I band is 411,000. 
B. rucro"p.ofUror3;:;;ro;i; n . Stento.xn H elutea at the vo.a 

volume of the column. 
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in stentorin I. Stentorin I shows a peak at 274 nm with a shoulder at 

286 nm which are remmescent of the tyrosyl residue(s). 

Fluorescence Emission Spectra of Stentorin 

The fluorescence emission spectrum of stentorin I shows an 

emission maximum at 618 nm and a shoulder band at 660 nm as shown in 

Fig. 16. The emission maximum of stentorin II is red-shifted to 626 

nm. As its another name, non-fluorescent stentorin implies, its 

relative quantum efficiency is only 1.4 % of that of stentorin I. 

Both stentorin I and stentorin II have another emission maximum at 

304 nm which is attributable to the tyrosyl residue(s) (Fig. 17). The 

excitation spectrum shows two peaks at 272 nm and 286 nm (Fig. 17). 

Concentration-Dependent Emission 
Spectrum of Stentorin 

For this experiment stentorin samples were prepared according to 

Walker et al.(4). Thus, detergent was not used for the sample 

preparation. Fig. 18.A shows the formation of the red-shifted 

emission spectrum as the concentration increases. However, it should 

be noted that the sample cuvette used for this set of experiment was a 

regular 1 x 1 cm cuvette, in other words, the right-angle geometry was 

used. Fig. 18.B shows the emission spectra of same set of samples, 

but contained in a triangular cuvette for the 45 degree - 45 degree 

front surface geometry. In this case, the red-shifted emission 

spectrum completely disappears. But, the overall spectral shape for 

the concentrated sample is still different from that of the dilute 

sample measured with a right-angle excitation geometry. 
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Figure 16. The fluorescence emission spectra of stentorin. 
upper spectrum: stentorin I (A-̂ j-̂  = 0.054). 
lower spectrum: stentorin II (A-̂c--̂  = 0.053). In this case, the 
instrument sensitivity was 30 times higher than for stentorin I. 

'X = 350 nm, BP = 10 nm, BP = 5 nm for both stentorin I and 
•̂  ex . ^^ ex em 

stentorin II. 
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Figure 17. The corrected fluorescence emission and excitation spectra 
of stentorin I at ultraviolet region. ^cQa ~ 0.046. For the 
emission spectrum, > = 234 nm: BP = 15 nm: BP = 3 nm. For the 

^x ^x ©m 
excitation spectrum, \ = 306 nm: BP = 3 nm: BP = 10 nm. ^ -' em ex em 
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Figure 18. The excitation geometry dependent emission spectral change 
of stentorin (in 0.01 M sodium phosphate buffer at pH 7.4). For all 
the measurements, '1 = 560 nm: BP = 8 nm: BP = 8 nm. A^,^ for 

ex ex em 610 
sample I, II and III are 0.135, 1.25 and 1.77, respectively. 
A. Fluorescence emission spectra of sample I, II and III measured on a 
right-angle excitation geometry. 
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Figure 18. Continued 
B. Fluorescence emission spectra of sample II and III measured on a 
front surface excitation geometry. In this case, a triangular cuvette 
was used. 
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Another front surface excitation geometry was tried. In this 

excitation geometry, a 2 mm path-length cuvette was located such that 

the excitation beam forms a 60 degree angle with the front window of 

the sample cuvette and the emitted beam forms a 30 degree angle with 

the cuvette surface (Fig. 4). With this excitation geometry the 

direct specular reflectance of the excitation beam may be well away 

from the slit toward the emission monochromator. Fig. 18.C shows the 

undistorted emission spectrum of stentorin sample prepared after Walker 

et al̂ . even at the very high concentration range. 

pH-Dependent Emission Spectrum of Stentorin I 

For this experiment, purified stentorin I was used instead of 

crude stentorin. The medium pH was raised by adding 5 pl aliquots of 

concentrated NaOH to a 2 ml of stentorin I solution (A^^Q ~ 0.051). 

The emission spectrum of stentorin I up to pH 11.0 was almost identical 

to the one in neutral pH region except a little intensity increase at 

660 nm (data not shown). As pH was raised to 11.91 (Fig. 19), the 

overall fluorescence intensity was increased as compared to at pH 7.0. 

The shoulder at 660 nm increased more than the peak at 616 nm. 

Further raising the pH gradually, the intensity of 660 nm shoulder 

increased accordingly, while losing its structure. At pH 12.62 (data 

not shown) the shoulder began to restore its structure around 645 nm 

rather than 660 nm. Further raising the pH to 13.02, the original 

shoulder band now became a main peak with a new shoulder at 616 nm. 

This progressive emission spectral change caused by alkaline pH was 

reversible by adding small volume of hydrochloric acid. Thus, this 
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Figure 18. Continued 
C. Fluorescence emission spectra of sample IT and III measured on a 
front surface excitation geometry depicted in Fig. 4. 
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Fiaure 19. The pH effect on the emission spectrum of stentorin I 
(A = 0 051). Buffer: 20 mM Tris-HCl, 6 mM CHAPS, 1 mM DTT. 
Me§?§m pH was raised by adding 5 ul aliquots of concentrated NaOH 
A = 560 nm, BP = 10 nm, BP^^ = 5 nm. I: pH 7.0, II: pH 11.91, 
II!? pH 12.56, Ivf^pH 13.01. 
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pH-dependent fluorescence emission spectrum of stentorin I may 

represent the degree of dissociation of hydroxyl groups in stentorin 

chromophore. 

The Effect of Divalent Cation on the 
Emission Spectrum of Stentorin I 

2+ 
The excess amount of Mg ion (12.4 mM, final) did not alter the 

emission spectrum of stentorin I (Â -.̂  = 0.051) at the neutral pH range 

until the medium pH was raised to about 9.5. At pH 9.51 the emission 

maximum shifted to 622 nm with significant intensity decrease (20 % 

decrease). And the fine structure at 660 nm was markedly smoothed 

(Fig. 20). As pH was increased further to 10.06, the fluorescence 

intensity was gradually increased with further red shift to 630 nm. 

2+ This red shifted emission spectrum caused by Mg at the alkaline pH is 

quite different from the emission spectrum of stentorin I at the high 

alkaline pH range in the absence of any added divalent cation (Fig. 

18). Beyond pB. 11.0, stentorin I was precipitated out in the 

presence of Mg 

2+ Ca ion (12.4 mM, final) also induced a red-shifted emission at 

2+ 
alkaline pH. However, Ca required more alkaline pH, about 1.5 pH 

2+ 2+ 
unit higher than Mg in order to be able to show same effect as Mg 

Stentorin I was not precipitated in the presence of Ca at the high pH 

such as 12.0. 

Circular Dichoism (CD) Spectra of Stentorin 

The visible CD spectrum of stentorin varies from pigment granule 

solution to purified stentorin I. Fig. 21 shows the CD spectrum of 
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Figure 20. The effect of Mĝ "̂  ion on the emission spectrum of 
stentorin I ( A ™ = 0^051). Buffer: 20 mM Tris-HCl, 6 mM CHAPS, 
1 mM UTT, 12.4^mM Mg"̂  . Medium pH was raised by adding 5 ul aliquots 
of concentrated NaOH. \ = 560 nm, BP^ = 10 nm, BP^^ = 5 nm. I: pH 
7.0, II: pH 9.51, III: pH 9.78, IV: pH 10.06. 
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stentorin II solubilized by sodium chelate. The relative intensities 

are: -0.15 (632 nm): 1.00 (618 nm): 0.54 (570 nm): -1.11 (491 nm): 

-0.55 (460 nm): -0.32 (426 nm): -0.43 (365 nm): 0.29 (351 nm). In the 

case of Triton X-100-solubilized stentorin II (Fig. 22), the negative 

peak at 632 nm disappears and the first peak occurs at 620 nm. The 

relative intensities are: 1.00 (620 nm): 0.44 (570 nm): -1.36 (487 nm): 

-0.70 (460 nm): -0.38 (426 nm): -0.84 (365 nm): 0.74 (350 nm). The 

CHAPS-solubilized crude preparation (Fig. 23) shows a small negative 

peak at 632 nm as in the sodium cholate-solubilized preparation. The 

relative intensities are: -0.10 (632 nm): 1.00 (617 nm): 0.49 (568 nm): 

-1.14 (493 nm): -0.51 (365 nm): 0.74 (349 nm). The strong negative 

peak (493 nm) does not have a shoulder iDand around 426 nm unlike both 

scxilium chelate- and Triton X-100-solubilized preparations. Fig. 24 

shows the CD spectrum of the CHAPS-solubilized crude preparation which 

was previously frozen at 253 K, then thawed prior to solubilization. 

The relative intensities are: -0.5 (630 nm); 1.00 (617 nm): 0.7 (570 

nm): -1.64 (493 nm): 1.04 (440 nm): 0.58 (405 nm): -0.28 (366 nm): 1.7 

(351 nm). In this case, the negative peak at 630 nm is stronger than 

one in the other CHAPS-solubilized sample without freezing and thawing. 

The negative peak at 630 nm becomes more or less symmetric and there is 

a new positive signal at 440 nm with a shoulder around 405 nm. The 

negative peak at 366 nm becomes smaller as compared with other 

preparations while the positive peak at 351 nm becomes much stronger 

than in any other preparation. However, stentorin II obtained after 

gel filtration of this crude preparation showed normal CD spectrum of 

stentorin II as shown in Fig. 23. Fig. 25 shows the CD spectrum of 
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non-detergent-treated crude preparation which contains 50 mM caffeine. 

The relative intensities are: -0.48 (630 nm): 1.00 (617 nm): 0.42 (572 

nm): -1.09 (495 nm): -0.29 (425 nm): -0.36 (367 nm): 0.27 (352 nm). 

Fig. 26 shows the CD spectrum of pigment granule solution prepared 

by the cold shock method. The relative intensities are: -1.83 (631 

nm): 1.00 (597 nm): 1.26 (566 nm): -4.39 (498 nm): -1.26 (460 nm): 

-0.83 (426 nm): -1.09 (368 nm). The negative peaks at 631 nm and 498 

nm are almost identical to those in non-detergent-treated crude sample 

while two positive peaks at 597 nm and 566 nm are severely distorted as 

compared to 617 nm peak and 572 nm peak, respectively, in non-

detergent-treated crude sample. It should be noted that every 

stentorin preparation procedure includes the sonication step in order 

to break down the membrane of pigment granule. Therefore, the 

breakdown of pigment granule membrane by sonication gives rise to the 

well defined CD spectrum around 560 - 620 nm region. 

In the c:ase of purified stentorin I, the CD signal strength is 

very weak and the overall CD spectral shape (Fig. 27) is cjuite 

different from that of crucfe extract or stentorin II. Two negative 

peaks occur at 608 nm and 564 nm with relative intensities of -1.00 and 

-0.41, respectively. There is a strong but broad positive band at 450 

nm (relative intensity: 1.43) with a shoulder-like band at 490 nm 

(relative intensity: 0.89). A positive peak at 353 nm (relative 

intensity: 1.14) still occurs in the CD spectrum of stentorin I as in 

stentorin II and crude preparations. The negative peak at 365 nm of 

stentorin II completely disappears in the stentorin I CD spectrum. 

Thus, the CD signals of stentorin I are more or less opposite to those 
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of stentorin II except one at 353 nm. It is noted that the fourth and 

fifth absorption bands induce the strong CD signal while these bancis do 

not show strong absorption in both stentorin II and stentorin I. 

Fluorescence Lifetime Analysis of Stentorin 

The average phase and modulation lifetimes obtained at various pH 

and pD are given in Table 1. Since SLM Model 480 generates only two 

fixed modulation frec^uencies (10 MHz and 30 MHz), the measured 

lifetimes were analyzed by using the two component system analysis 

(25). The resolved lifetimes calculated from the data in Table I are 

shown in Table 2. It is noted that the lifetime values of the long 

component and the short component are pH-independent constant values 

within experimental error range. Only their fractional weights 

(amplitudes) vacy according to pH. The amplitude of long lifetime 

component increases as medium pH is raised. In D^O buffer, the 

overall trend is same as in H2O buffer. 

The average lifetimes of the long lifetime component and the short 

lifetime component through the pH range are 6.34 + 0.26 ns and 1.71 + 

0.12 ns, respectively. In the case of the D^O buffer, the former is 

9.47 + 0.22 ns and the latter is 2.56 + 0.05 ns. Thus, in going from 

H O buffer to D O buffer, the long lifetime component value and the 
2 ^ 

short lifetime component value increase 48.7 % and 49.9 %, 

respectively. The amplitude of the long lifetime component in D^O 

buffer (pD 7.4) is 0.485 while that is 0.336 in H2O buffer. This 

means that the population of the long lifetime component in D^O buffer 

at pD 7.4 is 1.443 times greater than in H2O buffer at pH 7.4. 
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Table 1 

Average Phase and Modulation Lifetimes (in ns) of Stentorin in H O 
Buffer and D2O Buffer at 293 K 

pH 10 MHz 30 MHz 

7.4 3.497 2.756 
4.395 4.021 

9.8 4.091 3.392 
4.711 4.489 

12.0 4.392 3.839 
5.165 4.858 

pD 10 MHz 30 MHz 

7.4 5.574 4.021 
7.584 6.001 

9.8 5.751 4.381 
7.216 6.078 

12.0 7.517 6.102 
8.627 7.863 

Upper figure for each pH (D) value : phase lifetime 

Lower figure for each pH (D) value : mocJulation lifetime 
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Table 2 

Resolved Lifetimes (in ns) of Stentorin in H O Buffer and D O Buffer 
Employing the Data in Tam.e 1 

pH 

7.4 

9 .8 

12.0 

pD 

7.4 

9.8 

12.0 

^1 

6.766 

6.469 

5.867 

^1 

9.924 

9.267 

9.268 

h 

0.336 

0.446 

0.710 

h 

0.485 

0.515 

0.789 

^2 

1.652 

1.930 

1.553 

^2 

2.479 

2.649 

2.536 

f2 

0.664 

0.554 

0.290 

^2 

0.515 

0.485 

0.211 

f : fractional amplitude of each lifetime component 
n̂ 
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In the case of the picosecond pulse method, the fluorescence ciecay 

of stentorin (Fig. 28) was analyzed by the three-exponential fit. The 

resolved lifetime components and their amplitudes are summarized in 

Table 3. As in the two component lifetime analysis from the phase-

modulation c3ata, the lifetime value of each corrponent is pH-independent 

within experimental error range. The average values of lifetime 

components through the pH range are 16.5 ps, 1.45 ns and 5.64 ns, 

respectively. The shortest lifetime component is the major 

contributor to the fluorescence decay, while the longest lifetime 

component has the smallest amplitude at pH 7.4. The fluorescence 

decray of stentorin at each pH does not seem to show any distinct 

emission wavelength-dependent variation. 

As medium pH is raised from 7.4 to 12.0, the shortest lifetime 

component and the longest lifetime corrponent show significant changes 

in their component amplitudes while the medium lifetime component shows 

a relatively small change in component amplitude. The amplitude 

difference of the shortest lifetime component between pH 7.4 and 12.0 

is -0.402. In the case of the longest lifetime component, this value 

is +0.338. Then, the medium lifetime component has the value +O.064 

as a component amplitude difference between pH 7.4 and 12.0. 

Therefore, the amplitude of the medium lifetime component is relatively 

pH-insensitive while both the amplitudes of the shortest and longest 

lifetime components show strong pH-dependence. 

Since the two components system analysis from the phase-modulation 

data and the three component system analysis from the picosecond pulse 

method data agree in the significant anplitude increase of the long 
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Figure 28. Fluorescence decay and best-fit curves of stentorin (in 10 
mM sodium phosphate buffer) monitored at 610 nm. 100 channels are 
corresponding to 2.56 ns. Excitation pulse wavelength was 580 nm. 
A. Fluorescence decay and best-fit curves at ipH 7.4 



100 

CO 

200 TO 600 

C II A N N E L N 0, 

800 



101 



Figure 28. Continued 
B. Fluorescence decay curve at pH 9.8 
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Figure 28. Continued 
C. Fluorescence decay curve at pH 12.0 
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Table 3 

Resolved Lifetimes (in ns) and Their Fractional Anplitudes 
(in Parenthesis) of Stentorin by Three-Exponential Fit 

from the Fluorescence Decay Curves at Various 
Emission VJavelengths (in nm) and pHs 

pH 

7.4 

9.8 

12.0 

Wavelength 

610 
620 
630 
660 
690 

X 

610 
620 
630 
660 
690 

720 
X 

610 
620 
630 
660 
690 

'x 

h 

0.14 
0.16 
0.16 
0.17 
0.20 

0.17 

0.16 
0.16 

0.17 

0.16 

0.17 

0.17 
0.16 

0.17 

1̂ 

(0.610) 
(0.565) 
(0.544) 
(0.521) 
(0.467) 

(0.541) 

(0.422) 
(0.435) 

(0.410) 

(0.422) 

(0.067) 

(0.114) 
(0.235) 

(0.139) 

^2 

1.25 
1.35 
1.33 
1.30 
1.30 

1.31 

1.47 
1.55 

1.55 

1.52 

1.50 

1.55 
1.55 

1.53 

'2 

(0.268) 
(0.322) 
(0.342) 
(0.365) 
(0.421) 

(0.344) 

(0.367) 
(0.348) 

(0.369) 

(0.361) 

(0.420) 

(0.432) 
(0.373) 

(0.408) 

-̂ 3 

5.60 
5.50 
5.40 
5.61 
5.65 

5.52 

5.56 
5.20 
5.43 
5.30 
5.25 

5.44 
5.36 

6.25 
6.11 
5.95 
5.95 
5.70 

5.99 

^3 

(0.122) 
(0.113) 
(0.144) 
(0.114) 
(0.112) 

(0.115) 

(0.211) 
(0.217) 

(0.221) 

(0.217) 

(0.513) 

(0.454) 
(0.392) 

(0.453) 

f : fractional amplitude of each lifetime component 
n 

X : average of the values on each column at the given pH 
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lifetime component as medium pH is raised, it is suggested that the 

long lifetime component is due to the anionic (or at least partially 

anionic) chromophore. 

Therefore, the population of the anionic chromophore in D^O buffer 

is 1.44 times greater than in H-O buffer at pD 7.4. 

Light-Induced ATP Synthesis in Stentor coeruleus 

Fig. 29 shows the variation of boiling water-extractable cellular 

ATP level in ̂ . coeruleus as a function of irradiation. The ATP level 

reached the highest at 0.5 s irradiation. Then, it decreased 

gradually even below the dark control (0 s irradiation) level. Fig. 

29 inset shows the fluence rate-response curve for the ATP level 

variation at 1 s irradiation. This fluence-response curve indic:ates 

that the initial ATP synthesis depends on the fluence rate. Quantum 

yields of light-induced ATP synthesis at apparently saturating fluence-

rate (Fig. 29) were 0.10 at 515 nm and 0.22 at 610 nm. 

Since trichloroacetic acid (TCA) is known to be the most powerful 

ATP extraction reagent (40, 41), this method was applied to Stentor 

cells. As indicated in Table 4, this TCA method gave 2.9 times higher 

ATP level than the boiling water method. Table 5 shows the TCA-

extractable cellular ATP level as a function of irradiation. Unlike 

the boiling water-extraction method the ATP level was almost constant 

regardless of irradiation except 60 s irradiated group. Table 6 

summarizes the result from another set of light-induced ATP level 

variation experiments with the TCA-extraction method. In this case, 

the trend for the cellular ATP level variation as a function of light 
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Table 4 

Comparison of ATP Extraction Efficiency between the Boiling Water 
Method and the TCA Method 

Sample 

Boiling water-1 

Boiling water-2 

Boiling water-3 

TCA-1 

TCA-2 

TCA-3 

Relative Luminescence Ag,Q ATP(nmol/A) 

1.30 

0.90 

1.00 

3.30 

3.10 

2.80 

0.448 

0.413 

0.390 

0.417* 

37.2 

27.8' 

32.8 

101.7 

95.4 

85.8 

* : The optical density for the TCA samples was assumed to be the 
average value of the boiling water samples. 

a : Since samples were boiled for 5 min, extracted ATP level was about 
2 times higher than that of 40 s boiled samples (14.9 nmol/A for dav< 
controls in Fig.28) 
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Table 5 

ATP Level of the Irradiated Stentor coeruleus Sanples (I) 

Sample 

Dark control-
Dark control-
Dark control-

1 
1 
1 

10 
10 
10 

60 
60 
60 

180 
180 
180 

s-1 
s-2 
s-3 

s-1 
s-2 
s-3 

s-1 
s-2 
s-3 

s-1 
s-2 
s-3 

-1 
-2 
-3 

Relative Luminescence 

5.5 
5.8 
5.7 

5.8 
5.9 
5.8 

5.8 
5.8 
5.8 

5.4 
4.6 
4.4 

5.7 
5.6 
5.5 

Average ATP(nmol/A) 

114.5 

116.5 

116.5 

96.4 

112.5 

The average absorbance of cell suspension at 615 nm was 1.04, 

ATP was extracted by the TCA method. 
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Table 6 

ATP Level of the Irradiated Stentor coeruleus Samples (II) 

10 
10 
10 

20 
20 
20 

30 
30 
30 

60 
60 
60 

s-
s-
s-

s-
s-
s-

s-
s-
s-

s-
s-
s-

-1 
-2 
-3 

-1 
-2 
-3 

-1 
-2 
-3 

-1 
-2 
-3 

"̂̂ •••̂  Relative Luminescence Average ATP (nmol/A) 

Dark control-1 3.5 
Dark control-2 3.5 
Dark control-3 3.3 

108.4 

3.4 
3.4 111.6 
3.6 

3.6 
3.6 111.6 
3.5 

3.7 
3.4 111.6 
3.4 

2.4 
2.6 86.1 
3.2 

The average absorbance of cell suspension at 615 nm was 0.655, 

ATP was extracted by the TCA method. 
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irradiation was almost same as the previous set of experiment shown in 

Table 5. 

32 
The Incorporation of Pi into 

ATP in Pigment Granule 

Fig. 30 shows the incorporation of the radiolabelled inorganic 

phosphate into ATP synthesized in pigment granules of S. coeruleus by 
32 

light. Since the amount of synthesized P-ATP was too small to be 

detected by a conventional UV monitor at 254 nm, non-radiolabelled ATP 

was coeluted through a DEAE-Sephacel column to locate the fractions 

containing ATP. Then, every fraction was scintillation-counted with 

32 
respect to Pi. The peak on the elution profile obtained from the 

scintillation-counting data exactly matched with the ATP peak on the 

ATP elution profile monitored at 254 nm. As shown in Fig. 30.b, the 

dark control did not show any peak on the scintillation elution 

profile. The samples treated with apyrase (soluble ATPase from 

potato) did not show any peak on the scintillation elution profile as 

shown in Fig. 30.c and d. 

ATPase Activity of Pigment Granule and Stentorin 

Incubation of 1 ml pigment granule solution (Â -Ĵ Q = 0.51) and 1 ml 

of 2 uM ATP solution mixture for 30 min at room temperature resulted in 

85 % hydrolysis of the total ATP in the control sample (including the 

pre-boiled pigment granule). ATP content was measured by using the 

bioluminescence method after extracting ATP by TCA method. 

ATP hydrolyzmg activity was also found in stentorin II. When 1 

ml of stentorin II (Ag20 = ̂ -^2) was incubated with 1 ml of 2 pM ATP 
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Figure 30. Elution profiles for radioactively labelled ATP from DEAE-
Sephacel anionic exchange column: (a) reaction mixture containing 
0.25 mM ADP, 0.1 mM Pi and 0.28 nmol (280 pCi) Pi irradiated for 2 s 
at 40 W/m : (b) same as (a) but without irradiation (dark control); (c) 
same as (a) but treated with apyrase prior to the chromatography: and 
(d) the pooled ATP fraction from (a) rechromatcDgraphed after apyrase 
treatment. Open circles indicate fractions with absorbance at 254 nm 
due to cold ATP chroma tog raphed with the reaction mixtures (solid 
arrows correspond to the absorbance maximum). (This work was done in 
collaboration with K. Iwatsuki.) 
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solution for 10 min at room temperature, 91 % of total TCA-extractable 

ATP m the control sample was hydrolyzed. After 1 h incubaticxi, 100 

% of total TCA-extractable ATP was hydrolyzed. 

When purified stentorin I (Â -̂, = 0.50) was tested for ATPase 
ouo 

activity by incubating the equivolume mixture of this stentorin I and 2 

pM ATP solution for 10 min, 30 min and 1 h, the bioluminescence 

intensity of incubated samples were same as that of control (including 

pre-boiled stentorin I). Thus, ATPase activity was not detected in 

purified stentorin I. 



CHAPTER V 

DISCUSSIONS 

Protein Nature of Stentorin I 

As mentioned earlier, the nomenclature for the stentorin 

preparations in this current report is rather close to the Max M̂ iller's 

original designation in that stentorin I and stentorin II refer to the 

fluorescent stentorin and non-fluorescent stentorin, respectively. 

Concerning Walker et a]̂ .'s stentorin II (3), it is considered that this 

stentorin II preparation is either a mixture of the fluorescent 

stentorin and the non-fluorescent stentorin or a partially solubilized 

membrane fragment from the fact that this preparation shows red 

fluorescence and well-defined CD signal in the visible region. The 

void volume fractions from the Bio-Rad A-1.5m gel filtration step does 

not show any fluorescence but has the exactly identical CD signal to 

Walker £t al.'s stentorin II preparation. Another supporting evidence 

is that Walker et_ al̂ . 's stentorin II (not to be confused with stentorin 

II of current report) was tenaciously bound to the top of the anionic 

exchange column, DEAE-Sephacel, such that there was no way to elute it. 

The tightly bound stentorin is the non-fluorescent stentorin without 

any doubt since the fluorescent stentorin c:an be eluted by the ionic 

strength gradient. They might have missed to monitor the elution of 

the fluorescent stentorin mainly because of very low concentration of 

this stentorin as a consequence of not employing any c3etergent in the 

sample preparation. Their SDS gel electrophoresis result for 

stentorin II revealed red fluorescent bands (3). This can be 

interpreted as the further solubilization of stentorin by SDS in the 

116 
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sample buffer. Therefore, Max Miller's original nomenclature for the 

stentorin preparations in terms of fluorescence nature is more 

suitable for the characterization of stentorin preparations in this 

report. 

The apparent molecular weight of stentorin II (not to be confused 

with Walker et al̂ .'s stentorin II) is greater than 1.5 million because 

it elutes out with the void volume of the Bio-Rad A-1.5m gel filtration 

column equilibrated with 2 % SDS. This result suggests that stentorin 

II is either a large protein aggregate or membrane fragment which a 

strong dissociating detergent like SDS could not disintegrate. As the 

void volume fraction was examined under the cpticial microscope (2,000 

times magnification) equipped with a phase contrast device, the blue-

green particles were actually observed. Thus, it is natural that the 

stentorin II can not enter the even stacking gel when subjected to SDS 

gel electrophoresis. Stentorin I elutes at the elution volume 

corresponding to about 230 kDa to 325 kDa molecular mass from the Bio-

Gel A-1.5m column as shown in Fig. 5. This value agrees with 

Walker's 250 kDa to 350 kDa (42). The apparent molecular mass of 

stentorin I analyzed by HPLC molecular exclusion chromatography was 411 

kDa as compared to Bio-Rad gel filtration standards. When stentorin I 

was subjected to the non-denaturing electrophoresis, it showed a single 

band at apparent molecular mass of 570 kDa as compared to the Pharrracia 

gel electrophoresis molecular weight stanc3ards. Since the migration 

of proteins depends upon the charges on the proteins as well as the 

molecular sizes and shapes in the case of gel electrophoresis under the 

non-denaturing condition, the large difference between the 
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electrophoresis result and the HPLC molecular exclusion column 

chromatography result may be understandable. 

The anomalous behavior of stentorin I on the SDS polyacrylamide 

gels can be attributed to the unusual high hydrophobicity of this 

protein. The lipid analysis of various stentorin preparation done by 

Yoon (21) suggests that stentorin I is solubilized as a proteolipid 

which contains both polar and nonpolar lipids. Hydrophobic membrane 

proteins are often solubilized as proteolipids such that complete 

delipidation can not be achieved even in the presence of excess amount 

(much beyond critical micellar concentration) of detergent (43, 44). 

The common property of the proteolipids is their solubility in various 

organic solvents. The hydrophobicity discrimination function (Z) for 

the acetone solubilized stentorin determined by Kim et_ al.(39) was 

0.867. They claimed that this is the highest value among the known 

proteolipids. In this context, stentorin I is indeed proteolipid so 

that it has both protein and lipid characteristics. 

The molecular weight determination by SDS-PAGE is based on the 

assumption that the protein is saturated 1.4 g of SDS per g of protein 

(45). For the hydrophobic membrane proteins, especially proteolipids 

this assumption is not valid (32, 36). The apparent molecular 

weight variation of membrane proteins as a function of polyacrylamide 

concentration is a well-known characteristic of membrane proteins (37, 

38). For the close molecular weight to true value the use of high 

concentration gels has been recommended because the molecular sieve 

effect is predominant over the charge migration effect in the highly 

pored gels (37/ 38). The diffused stentorin bands on the low 
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concentration gel (T<10 %) may reflect the microheterogeneity coming 

from the micro-difference in lipid content of stentorin I. On the 

high concentration gel, stentorin bands merges into one as shown in 

Fig. 10.A, but with weak background fluorescence on both upper and 

lower sides of a strong intensity band in the middle as shown in Fig. 

10.B. The broad Gaussian band for stentorin I in the elution profile 

of DEAE-Sepharose CL-6B anionic exchange chromatography shown in Fig. 

6.A is also suggestive of the charge microheterogeneity probably c:aused 

by small difference in the polar lipid concent in stentorin. 

Stentorin does not show any tryptophan fluorescence emission but 

tyrosine fluorescence emission with emission maximum at 304 nm as shown 

in Fig. 16. Thus, stentorin I can be categorized into "class A" 

protein. The amino acid analysis of stentorin preparations done by 

Walker (42) agrees with this point because there is no tryptophan 

residue in the amino acid analysis data. 

Membrane Fragment Nature of Stentorin II 

As discussed earlier, it is certain that stentorin II is large in 

size. Therefore, it could be either the membrane fragment containing 

unsolubilized stentorin I or a protein (containing hypericin as a 

chromophore) aggregate which even SDS can not dissociate. It is known 

that the chromophore of various stentorin preparations is hypericin 

(3). And stentorin II shows tyrosine fluorescence emission like 

stentorin I. To support former possibility, it is necessary to 

collect more evidence in addition to the two facts. A careful 

examination of the visible CD spectra of various stentorin preparations 
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may give the possible clue to solve this problem. A series of study 

for the visible CD spectrum has been done with very fresh acetone-

extracted stentorin, sucrose density gradient stentorin preparation 

(3), and aqueous buffer-extracted stentorin preparation withcxit any 

detergent (46). As indicated by Walker et al. (3), hypericin does not 

have CD activity due to the lack of intrinsic or extrinsic optical 

activity. 

Thus, the visible CD signal of stentorin preparation must be due 

to the induced or the extrinsic optical activity by the intrinsic 

optical activity of the bound peptic3e residue(s). Prusti et al.(46) 

suggested that the split signal at 600 - 640 nm region may arise from 

an exciton coupling due to chromophore-chromophore interactions while 

Walker et, al.'s interpretation is not in favor of the exciton coupling 

but the stabilization of a fraction of stentorin by the bound peptide 

residue(s). According to Walker et. al̂ ., there was no concentration-

dependent CD signal change in stentorin preparations. However, since 

stentorin forms large aggregate even at very dilute concentration in 

the mild <3etergent solution, it is natural that stentorin does not show 

any concentrationnfependent CD spectrum. Therefore, it is possible 

that the exciton coupling due to chromophore-chromophore interaction 

having a particular chromophore topography gives rise to the band 

splitting at longer wavelength region. 

The previous authors did not discuss the other signals such as a 

large negative signal at 494 nm, a negative signal at 360 nm and a 

sharp positive signal at 353 nm. As described in the result chapter, 

the mid-wavelength CD signals resemble the absorption bands of the 
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corresponding wavelength region. The negative signal at 360 nm and 

the positive signal at 353 nm may arise from either the exciton 

coupling or the stabilization by the bound peptide residue(s) like the 

splitting in the long wavelength region because there is no absorption 

band around 360 nm in any stentorin absorption spectrum. There is a 

prominent absorption band at only 350 nm. This splitting may be also 

interpreted as the exciton coupling due to chromophore-chromophore 

interaction with the same reason as the long wavelength band splitting. 

Whatever the origin for this band splitting is, this splitting may 

give a possible clue to understand the relationship between stentorin 

I and stentorin II. First of all, it is important to note the 

interesting nature of the CD signal of acetone-extracted stentorin. 

As discussed by Walker (42), it shows the well-defined CD spectrum with 

strong band splitting at the long wavelength region only when this 

preparation is very fresh. Walker indicated that this preparation 

lost its CD signal after the overnight incubation. Moreover, when 

fresh acetone-extracted stentorin preparation was dissolved in ethanol 

there was no band splitting but a negative band at long wavelength 

according to Walker. Therefore, the strong CD signal in the fresh 

acetone-extracted stentorin iray reflect an incomplete solubilization. 

The CD spectrum of pigment granule solution shows severe band 

distortion around 560 - 620 nm region as compared to that of non-

detergent-treated crude sample. Sonication of pigment granule gives 

rise to the well-defined CD signal around 560 - 620 nm. Therefore, 

this CD signal distortion of pigment granule solution may arise from 

the absorption flattening due to the high local concentration of 



122 

stentorin in the membrane of pigment granule. The severe noise below 

350 nm in pigment granule CD spectrum may be due to the scattering 

effect by pigment granule itself. When detergents are used to 

solubilize stentorin, the negative signal at the longest wavelength 

gets smaller as shown in Fig. 20. The chelate- or CHAPS-treated 

stentorin II retains the negative signal at the 630 nm but its signal 

intensity is only 10 - 15 % of the positive signal at 617 nm. In the 

case of stentorin II in Triton X-100 solution, the negative signal at 

630 nm completely disappears. This gradual disappearance of the 

negative peak around 630 nm may be interpreted as the alteration of the 

chromophore topography possibly caused by the detergent interaction 

with either chromophore or its environment. 

The CD spectrum of the crude stentorin preparation in CHAPS 

solution from the frozen and thawed Stentor cells is cjuite different 

from either that of fresh acetone-extracted stentorin or that of 

stentorin II. However, the split bancis at long wavelength region and 

the strong positive peak at 351 nm reseiitole those found in the fresh 

acetone-extracted stentorin. Its negative peak at 493 nm does not 

have any shoulder band and its broad positive band around 440 nm can 

not be found in either stentorin II or fresh acetone-extracted 

stentorin. It is interesting to note that the CD signal intensity 

ratio of 350 nm to 365 nm (-̂A at 350 nm//iA at 365 nm) varies from 

preparation to preparation. It is summarized with increasing order as 

following: stentorin II by cholate-solubilization (0.67): caffeine 

treated crude extract in aqueous buffer (0.75): stentorin II by Triton 

X-100-solubilization (0.89): crude extract by CHAPS-solubilization 
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(1.43): fresh crude extract by acetone solubilization (2.90): crude 

extract by CHAPS-solubilization with freezing-thawing pretreatment 

(6.07): stentorin I (&o). 

It is certain that the presence of the negative shoulder bands at 

460 nm and 426 nm is indicative of the less-solubilized membrane-bound 

stentorin preparation. The high value of the intensity ratio of 

signal intensity at 350 nm to that at 365 nm again may indicate the 

degree of solubilization. Likewise, the split bands at long 

wavelength region may be an indication of the degree of solubilization. 

The retention of a strong negative peak around 490 nm is a good 

indication of more or less similar chromophore topography and/or its 

microenvironment in the stentorin sample preparation to that in the 

pigment granule. 

Since every crude stentorin preparation is considered as a mixture 

of completely solubilized stentorin, partially solubilized one and 

membrane-bound one until and unless purified to the homogeneous state, 

the measured CD spectrum of the crude stentorin preparation represents 

the weighted average CD spectrum of the individual components. 

Therefore, this series of CD spectral variation of the stentorin 

preparations along with other lines of evidence such as the identical 

chromophore (hypericin) in both stentorin I and II, and tyrosine 

emission spectra in both stentorin I and II suggests that stentorin II 

is membrane fragment containing stentorin I. 
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Primary Signal in Photosensory Transduction 

Measurement of the fluorescence spectra of highly concentrated 

Stentor photoreceptor protein preparations with a proper front surface 

excitation geometry revealed that the red-shifted emission spectrum 

with emission maximum at 660 nm was due to an artifact of using the 

wrong excitation geometry. Unfortunately, Walker et al. did not 

specify which excitation geometry was used for the highly concentrated, 

but optically clear samples (4). Regardless of this uncertainty, what 

is important is that the right angle geometry had to be used in order 

to reproduce Walker et̂  al̂ .'s red-shifted emission spectrum with the 

sample preparation as described by them. 

In terms of the _in vivo red-shifted emission spectrum by live 

Stentor cells. Walker et al. clearly indicated that the front surface 

excitation geometry was used for the measurement. Since a triangular 

cuvette was used for highly concentrated cell suspension, the emission 

spectrum might have distorted by strong specular reflectance from the 

cuvette window. There is another uncertainty in this spectrum 

regardless of the spectral distortion. The main reason is that live 

Stentor cells does not show strong red fluorescence, as first indicated 

by Max Mciller (14). This was confirmed by illuminating the Stentor 

cells in a culture bottle or collected in a test tube by a long 

wavelength mineral light (366 nm) in dark room. Only dead call debris 

showed strong red fluorescence. Swimming cells showed red color due 

to the dichromatism of the Stentor cell (14). Max Miller also 

indicated that this red color from Stentor cells due to strong 

dichromatism sometimes has been mistaken for fluorescence. Thus, 
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the fluorescence emission spectrum of live Stentor cell measured by 

Walker et al. might be mainly due to the lysed dead cell debris or the 

pigmemt granules possibly shedded during packing so many cells into a 

triangular cuvette. 

Even though the red-shifted emission spectrum was due to an 

artifact, the other experimental evidences such as the inhibitory 

effects of protonophores and antibiotics on the photoresponse of 

Stentor cells (4) and the pH drop inside the cytoplasm upon 

illumination (42) are suggestive of the involvement of proton release. 

Since stentorin fluorescence emission has at least two lifetime 

components attributable to either different chromophore environments or 

partial dissociation of the hydroxyl groups of the chromophore in the 

excited state, the fluorescence lifetime stuc3y varying the medium pH is 

a proper tool to investigate the ionic nature of each lifetime 

component in the excited state. The pH-dependent steady state 

emission spectrum of stentorin as shown (Fig. 18) implies the 

involvement of several pKa values which are responsible for stepwise 

dissociation of hydroxyl groups of the chromophore according to pH. 

In the previous chapter, the long lifetime component was suggested to 

be due to the anionic (at least from partial dissociation of the 

hydroxyl groups of the chromophore) chromophore of stentorin since its 

amplitude increased as pH was raised. The solvent isotope effect of 

D O on the amplitude of the long lifetime component resulted in 44 % 

increase of the long lifetime component of HpO buffer at neutral range. 

The proton release rate from the excited state of the neutral 

chromophore has been suggested to be faster than the diffusion 



126 

controlled rate by Song et al (7). They suggested that fast proton 

transfer is facilitated by conjugate acid-base network of the 

apoprotein of stentorin, then reassociation of released proton(s) may 

be slowed down through a conformational change of the protein for the 

effective photosensory signal transduction. 

The slow mobility of deuteron (1.4 times slower than that of 

proton: 47) may give rise to a lower amplitude of the anionic lifetime 

component if deuteron(s) from the deuterated chromophore of stentorin 

is transferred to the basic group on the apoprotein. Since the 

deuterated stentorin has more anionic population than the non-

deuterated stentorin at the excited state, the proton disscx:iation from 

the hydroxyl group(s) of the chromophore may not be the rate limiting 

step. The increased population of the anionic chromophore at the 

excited state in deuterated stentorin could be due to the retardation 

of deuteron reassociation to the anionic chromophore through the 

deuterated conjugate acid-base network on the apoprotein. The unusual 

abundance of aspartate and glutamte in stentorin (42) is also 

suggestive of the possible existence of the conjugate acid-base network 

in stentorin. 

Iwatsuki and Song reported that both the induction tim^ for the 

step-up photophobic response and the duration of ciliary reversal of S. 

coeruleus are longer in D2O (50 % V/V) containing media-n than in H^O 

medium (48). The photosensitivity in D2O containing medium was 

reportedly increased 10 times as compared to that in H^O medium. 

Thus, the increased anionic chromophore population at the excited state 

in deuterated stentorin (in other words, the enhanced primar̂ / process) 
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nay be correlated to the enhanced photosensitivity of Stentor cells in 

the D^O containing medium. 

The divalent ion-caused emission spectral change of stentorin I 

only at the alkaline pH implies that the divalent ions can bind to the 

anionic chromophore generated from the neutral chromophore in the 

excited state resulting in the conforrrational change in the vicinity of 

chromophore which may play an important role for the retardation of 

proton reassociation to the anionic chromophore in the excited state. 

At current stage, the stoichiometry of divalent ion binding to 

stentorin I is not known. 

Light-Induced ATP Synthesis in S. coeruleus 

The boiling water-extractable ATP level variation of Stentor cell 

32 
caused by the light irradiation and the incorporation of Pi into ATP 

in pigment: granules upon irradiation suggest that ATP is synthesized by 

^. coeruleus which does not possess any chlorophyll-related substance. 

Control experiments including the apyrase (soluble ATPase from 

potato) indicate that the identity of synthesized radiolabelled 

substance is clearly ATP. However, when ATP was extracted from the 

irradiated cells by TCA, the ATP level was almost constant regardless 

of the exposure time. The ATP extraction efficiency of TCA is 3 times 

higher than that of the boiling water method in the case of S. 

coeruleus. The TCA method has been considered as the most reliable 

ATP extraction method for the wide variety of ATP containing cells or 

organelles (40, 41). Then, ATP extracted from Stentor cells by TCA 

may represent the total cellular ATP content. It seems that ATP 
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extracted by boiling water fnr zin ̂  

g water for 40 s may represent ATP localized in the 

ectoplasm of Stentor cell. 40 s boiling tin. was chosen on the basis 

of the complete abolishment of ATPase activity after boiling ^re than 

30 s. Extracted ATP is readily hyrolyzable by any ATPase present in 

the preparation unless ATPase is inactivated. Thus, the 40 s boiling 

time is considered to be enough to rupture the n^mbranes localized in 

the ectoplasm of Stentor cell and to abolish the ATPase activity 

present in the extract. 

The ATP level increase by irradiation as shown in Fig. 28 can be 

considered as the amount of free ATP synthesized by light irradiation. 

And the quantity of this free ATP synthesized by light nay be smaller 

or much smaller than that of total cellular ATP which can be measured 

by the TCA-extraction method. According to the data shown in Fig. 28 

and Table 4, the quantity of ATP synthesized by 0.5 s irradiation is 

less than 10 % of total cellular ATP level. Then, it is reasonable 

that the ATP assay method employing TCA-extraction and bioluminescence 

may not distinguish the variation of ATP level which is lower than 10 % 

of total value. 

ATPase Activity of Pigment Granule and Stentorin 

The ATPase activity in Stentor pigment granule was first observed 

by chance as the exogenously added ATP was hydrolyzed in the pigment 

granule preparation. The possibility of mitochondrial contamination 

was ruled out because there was no succinate dehydrogenase (a marker 

enzyme for mitochondria) activity m the pigment granule preparation. 

In the case of stentorin II (the void volume fraction from Bio-Gel 
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A-1.5m gel filtration column), there was no succinate dehydrogenase 

activity, either. Thus, the ATPase activity in both pigment granule 

and stentorin II preparations is due to an ATPase which does not 

originate from mitochondria. 

Since stentorin I does not show any ATPase activity, it is 

considered that the ATPase in stentorin II preparation is some other 

protein than stentorin I. However, if stentorin II is an integral 

membrane protein rather than membrane fragment and the ATPase activity 

in stentorin II preparation is hypothetically due to stentorin, then 

stentorin I nay be biologically degraded form of stentorin. Anyway, 

whatever the identity of the ATPase in stentorin II preparation is, 

this ATPase may be responsible for the light-induced ATP synthesis in 

the pigment granules of ̂ . coeruleus. 

. ̂  2+ . 
Photic stimulus results in an increased Ca ion concentration in 

S. coeruleus cell. Then, in order to resume nornal ciliary beating 

2+ 
activity this accumulated excess Ca ion must be pumped out, possibly 

by Ca2+-ATPase. It is known that ATPase involved in ATP-hydrolyzing 

ion pumps synthesizes ATP when the conditions for ATP synthesis are 

satisfied (49). ATP can be synthesized by non-ion pump ATPase such 

as dynein. Recently, Holzbauer and Johnson reported that dynein 

isolated from Tetrahymena cilia synthesized ATP when it was incubated 

with exogenously added high concentrations of ADP and inorganic 

phosphate (50). Webb and Anders observed the ATP synthesis by rat 

liver microsomal Ca^-'-ATPase (51). In this case, ATP synthesis was 

coupled to Ca^-' efflux from the microsome to the medium. From this 

context, the light-induced ATP synthesis in S. coeruleus nay be due to 
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Ca^'^-ATPase. In order to confirm this possibility, it is desirable to 

conduct the light-induced ATP synthesis experiment in the presence of 

mitochondrial ATPase inhibitors such as oligomycin, sodium azide and 

diethylstilbestrol to exclude the involvement of F, F -ATPase from 
1 o 

mitochondrial origin. 

Another possibility is that the ATPase in pigment granule may be a 

2+ 
Mg -ATPase which generates the proton gradient through membrane (52). 

2+ 
Tsuchia and Rosen reported that the energized membrane by Mg -ATPase 

in inverted vesicle of E^. coli shows an inward flow of protons coupled 

2+ 
with Ca efflux (53). In the case of _E. coli whole cell, the proton 

extrusion is coupled with Ca influx such that Ca "*" transport is 

inhibited by proton conductors (54). If the light-induced proton 

gradient across the pigment granular membrane in S. coeruleus is 

2+ 
originated from the hydrolysis of ATP by Mg -ATPase and stentorin 

interacts with this enzyme, the primary reaction involving the 

chromophore and its environments may be responsible for the functional 

direction (hydrolysis or synthesis) of this enzyme. 



CHAPTER VII 

CONCLUSIONS 

The aim of t h i s research was to charac te r ize the photoreceptor 

prot ien in u n i c e l l u l a r , aneural c i l i a t e Stentor coeruleus which shows 

well-known s tep-up photophobic response. Invest igat ion of l i g h t -

induced ATP l e v e l change in conjunction with the photophobic response 

was another important aim of t h i s research . Based on the experimental 

r e s u l t s and observa t ions of cur ren t inves t iga t ion , the conclusions can 

be summarized a s fol lows: 

1 . S t en to r in I i s a so lub i l i zed mentorane protein from the membrane 

of pigment g ranules in Stentor coeruleus . 

2 . S t e n t o r i n I i s considered as a pro teo l ip id ( l ipoprote in) as juc3ged 

from i t s s o l u b i l i t y in organic so lvents and anonalous behaviors on 

SDS-gels. 

3 . S t en to r in I shows the microheterogeneity on SDS-gels which nay be 

due to a d i f fe rence m l i p i d content . 

4 . S t en to r in I ' s t rue molecular weight nay not be obtainable from 

SDS-PAGE. However, 46.6 kDa from 13 % gel nay represent close to 

t r u e va lue . 

5 . S t en to r in I e x i s t s as aggregated form (400 - 600 kDa) in the mild 

de te rgen t s o l u t i o n . 

131 
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6. S ten to r in I I i s considered as membrane fragment which SDS can not 

d i s i n t e g r a t e . 

7. The long l i f e t i m e component of fluorescence l i fe t ime of s t en to r in 

may be due to the an ion ic (a t l e a s t from p a r t i a l d i ssoc ia t ion of 

hydroxyl groups of the chromophore) s t a t e of the s t en to r in 

chromophore. 

8. The increased amplitude of the long l i fe t ime component in D̂ O 

buffer suggests the ex is tence of a conjugate acid-base network on the 

apoprotein for u l t r a f a s t proton t r ans f e r . 

9. S ten tor coeruleus synthes izes ATP upon l i gh t stimulus within 

very sho r t time period (shor ter than I s ) . 

10. The loca t ion of l ight - induced ATP synthesis i s pigment granule . 
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