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Abstract 

Stentorin serves as the primary photosensor in the single cell ciliate, Stentor corruhs, for its photophobic and phototactic responses 
to light of visible wavelengths. We separated two subunits. stentorin2A and -2B, from the previous stentorin complex (‘stentorin-2’) of 
greater than half a million molecular mass isolated from the photoreceptor organelle (pigment granule). Stentorin-2B bears the 
chromophore covalently linked to an approx. 50 kDa apoprotein. as determined by SDS-urea-PAGE. Partial amino acid sequences were 
obtained from this 50 kDa subunit. Its visible and CD spectra were found to be similar to those of stentorin-2. The steady-state and 
time-resolved fluorescence spectra of stentorin-2B, in H,O and D,O buffers, were also similar to those of stentorin-2. This suggests that 
the 50 kDa subunit retains the spectral integrity and primary photoreactivity of the stentorin-complex. The picosecond time-resolved 
fluorescence study revealed that the short picosecond emission component (or = 8-10 ps) was the predominant emitting species in 
stentorin2B and -2, followed by longer decaying species. No deuterium solvent effect was seen in this fast-decaying species. The 
possible mechanism for the primary photoreaction appears to involve electron transfer coupled with proton transfer. 
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1. Introduction 

Stentor coeruleus is a blue-green ciliated protozoan that 
exhibits step-up photophobic and negative phototactic re- 
sponses to visible light [ 1,2]. The action spectra for the 
photoresponses are consistent with the absorption spectra 
of the pigment protein stentorin [l-4]. The structure (1 or 
2, Scheme I> of the stentorin chromophore was recently 
elucidated and shown to be a derivative of hypericin 3; [5]. 
Structure 1 turned out to be the actual structure by total 

Abbreviations: BA, benzylamine-agarose; BSA, bovine serum albu- 
min; CD, circular dichroism; CHAPS, 3[(3-cholamidopropyl)dimethylam- 
monio]- I -propanesulfonate; DEAE, diethylaminoethyl: DMSO. dimethyl 
sulfoxide; DTT, dithiothreitol; fwhm, full width at half maximum; FPLC, 
fast protein liquid chromatography: HA, hydroxylapatite: IEF, isoelectric 
focusing: PAGE, polyacrylamide gel electrophoresis: PMSF, phenyl- 
methanesulfonyl fluoride; PVDF, poly(vinylidene difluoride); SDS. 
sodium dodecylsulfate; ST-2, stentorin-2; ST-2B, stentorin-2B: HO-ST- 
OH, stentorin; 0 = ST = 0, oxy-stentorin: TCA, trichloroacetic acid. 

z Corresponding author. E-mail: pssong@unl.edu: Fax: + I 402 
4722044. 

synthesis (Cameron, D., personal communication, 1994) 
and by a CD study [61. 

Two chromatographically different species of stentorin 
can be obtained from the crude cell extract, stentorin- I and 
-2 [7,8]. Stentorin- 1 (ST- I> shows spectroscopic properties 
resembling those of the free chromophore of stentorin 
[8,9,6]. In contrast to ST-l, the stentorin-2 complex (ST-2) 
that can be detergent-solubilized from the pigment gran- 
ules is only very weakly fluorescent, apparently due to a 
primary photoprocess in the picosecond time-scale [ 10,9]. 
However, rhodopsin-and phytochrome-like photochemical 
and thermal pathways, as detected by spectrophotometry 
under freeze-thaw cycling conditions, have not yet been 
demonstrated for stentorins. 

Proton transfer in the excited state of ST-2 has been 
suggested as a possible primary photoprocess in triggering 
the light signal transduction chain in Stentnr [I I, 12, IO]. 
To further investigate the spectroscopic properties and 
photochemical reactivities of stentorin, we isolated the 
chromophore-bearing subunit (ST-2B) from the ST-2 com- 
plex. This complex also contains a non-chromophoric sub- 
unit (ST-2A) and, possibly, bound detergents [8]. We 
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Scheme I. 
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report here our initial characterization and fluorescent 
spectroscopic studies of stentorin-2B. 

2. Materials and methods 

2. I. Chemicals 

Chemicals used in electrophoresis were electrophoresis 
grade from Bio-Rad (Richmond, CA). Other reagents used 
were purchased from Sigma Chemical Co. (St. Louis, MO) 
unless noted otherwise. All solutions were prepared using 
doubly deionized water (ddH,O). 

2.2. Preparation of stentorin extract 

The isolation of ST-2B was based on a modification of 
the method developed by Kim [8]. The Stentor cells 
harvested were centrifuged at 3,000 g for 30 min at room 
temperature. Approx. 1.5 g of wet cell pellet was used per 
isolation. Approx. 8 mL of extraction buffer was added for 
each gram of wet pellet. The extraction buffer contained 
20 mM Tris (pH 7.8), 2% CHAPS, 20% sucrose, I mM 
EDTA, 1 mM DTT (Bio-Rad) and 0.5 mM PMSF. This 
suspension was first sonicated for 5 min in an ice bath. 
The solution was then shaken for 30 min at 4°C followed 
by centrifugation at 30000 X g for 60 min. The super- 
natant was used as the ST-2 crude preparation. The re- 
maining pellet was re-extracted with the same amount of 
extraction buffer. The suspension was sonicated for 1 min, 
shaken for 60 min and then centrifuged under the same 
conditions. Both supernatants were combined and sub- 
jected to column chromatography. 

2.3. FPLC and column chromatography 

The FPLC system used comprised an ISCO model 2360 
gradient programmer, a model 2350 HPLC pump, an UV-5 
multiple absorbance detector (ISCO, Lincoln, NE), a 50 
mL superloop (Pharmacia, Piscataway, NJ) and home 
packed adjustable columns (Amicon, Beverly, MA). Ab- 

sorbances at 280 nm and 620 nm were simultaneously 
monitored. The flow rate was controlled at 2 mL/min, 
except for the Bio-Gel column, which was eluted at 0.8 
mL/min. All columns used were pre-equilibrated with the 
respective starting buffer. 

Elution buffer A contained 20 mM Tris (pH 7.81, 0.05% 
CHAPS, 1 mM EDTA and 1 mM DTT. Approx. 18 mL of 
crude stentorin extract was applied to a G-15 column (2.2 
(i.d). X 18 (length) cm) and eluted with elution buffer A. 
The pooled stentorin fractions from the G- 15 column 
(approx. 20 mL) were loaded onto a hydroxyapatite (HA) 
(Calbiochem, La Jolla, CA) column (2.2 X 15). Stentorin-1 
was eluted with elution buffer A. Buffer A containing 
0.5% CHAPS was then applied to the HA column to elute 
trace ST-lremaining on the column, stentorin-2 was eluted 
from the HA column with buffer B, containing 0.2 M 
phosphate buffer (pH 7.8), 0.7% CHAPS, 0.3% octyl 
glucoside, 1 mM EDTA and 1 mM DTT. Approximately 
18 mL of ST-2 was collected from the HA column and 
then loaded onto a Bio-Gel Al .5 (Bio-Rad) column (2.5 X 
50). The Bio-Gel column was washed with buffer A, and 
ST-2 eluted near the void volume. The ST-2 solution 
eluted from the Bio-Gel column was concentrated to less 
than 15 mL using a Centriprep 10 concentrator (Amicon) 
and further purified on a benzylamine-agarose (BA) hy- 
drophobic interaction column (2.2 X 12). The following 
buffers were used for BA column: Buffer C, containing 20 
mM Tris (pH 7.8), 1 mM EDTA, 1 mM DTT and 1 M 
NaCl; Buffer D, containing 20 mM Tris (pH 7.8), 1 mM 
EDTA and 1 mM DTT; and Buffer E, containing 20 mM 
Tris (pH 7.8), 1% octyl glucoside, 1% CHAPS, 1 mM 
EDTA and 1 mM DTT. The BA column was pre-equi- 
librated with buffer C. The concentrated ST-2 preparation 
was loaded onto the BA column, which was washed with 
buffer C for 3 min, followed by a linear gradient from 
buffer C to buffer D for 5 min. Buffer D was used to elute 
the stentorin-2A fraction. Stentorin-2B was eluted with 
buffer E. Phosphate buffer (20 mM, pH 7.8), instead of 20 
mM Tris buffer, can also be used in buffers C, D and E. 
Samples in Tris buffer were freshly prepared for spectro- 
scopic measurements and were stored at 6 * 2°C. Sten- 



torin-2B in phosphate buffer was stored at -20°C. or in 
solid CO, before use. 

Stentorin solutions in D20 were prepared by buffer 
exchanges using a Centricon 10 (Amicon) concentrator. 
The sample solution was concentrated to approx. 0.15 mL. 
2 mL of deuterated buffer (pD 7.8) was then added and 
the solution was concentrated again. This was repeated at 
least seven times for each sample. These preparations were 
performed at 4-8°C. 

2.4. Protein concentration 

The absorption maxima of ST-2 and -2B are red-shifted 
by approximately 12 nm relative to that of ST-I. Ab- 
sorbances at the peak maxima of the fourth derivative 
spectra were monitored as a purity index for the ST-2 and 
-2B proteins during chromatographic purifications. Protein 
concentrations were determined with a Bio-Rad DC pro- 
tein assay kit, according to the manufacturer’s specifica- 
tions. Hypericin was used in the control measurements to 
deduct possible interference by the chromophore in the 
calibration curve for the Bio-Rad DC protein concentration 
assay. 

2.5. Sample preparation ,fiw gel electrophoresis 

To prepare ST-2B for SDS-urea-PAGE, TCA was added 
to the ST-2B sample to give a final concentration of 10% 
TCA. Following incubation on ice for 1 h, the sample was 
centrifuged at 16 000 X g for 20 min. The resulting pellets 
were washed with ddH,O and re-centrifuged. The pellets 
were then incubated while shaking in an electrophoresis 
sample buffer containing 2% SDS, 6 M urea and 0.375 M 
Tris (pH 6.8) for 10 h at room temperature. Following 
addition of solid DTT to a final concentration of 0. I M, 
the samples were incubated for an additional 2 h. The 
solutions were then centrifuged at 16000 X s for 30 min; 
20% glycerol (V/V) was added to the supematant. Elec- 
trophoresis was then performed (described below). To 
prepare stentorin-2B for native-CHAPS-PAGE, concen- 
trated ST-2B was mixed with an equal volume of 0.2 M 
Tris buffer (pH 6.8) containing 40% (v/v> glycerol. 

2.6. Electrophoresis 

SDS-urea-PAGE was performed according to the 
method of Laemmli [ 131 using 6 M urea and 3% sucrose in 
both 15% separating and 3.5% stacking gels. In addition, 
the running buffer also contained 2 M urea. Initially, a 
constant current of 10 mA was applied until all samples 
migrated into the stacking gel. The current was then 
increased to 20-30 mA. 

For native-CHAPS-PAGE, SDS, DTT or mercapto- 
ethanol were omitted from Laemmli’s method. A 7.5% 
separating gel and a 3.5% stacking gel, both containing 

0.5% CHAPS and 3% sucrose, were used. The running 
buffer also contained 0.5% CHAPS. As previously de- 
scribed, a constant current of IO mA was applied until all 
samples migrated into the stacking gel and then the current 
was increased to 20-30 mA 
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Fig. I. (A) Elution profile on benzylamine-agarose, hydrophobic interac- 
tion column. Fraction ST-2A does not contain 620 nm absorption, while 

fraction ST-2B contains both 280 nm and 620 nm absorption. (B) 
Absorption spectra of stentorin-2 and ST-2B in H,O-and DzO-Tris buffer 
(pH 7.8). Peak maxima of stentorin-2 are 618.6 nm in Hz0 and 614.8 nm 
in D,O and those of ST-2B are 618.8 nm in H,O and 613.8 nm in D,O. 
Absorbance was measured in a JASCO Ubest 50 spectrophotomete; at 
room temperature. (C) CD spectra of ST-2B and stentorin-2 in Tris buffer 

(pH 7.8). which were measured by a JASCO 5600 at room temperature. 
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Fig. 2. Native-urea-PAGE of ST-2B in 7.5% gel with Coomassie Blue 
and silver stains. The molecular weight markers are albumin-chicken-egg 
(45000) and albumin-bovine (66000 and 132000, dimer) (Sigma). 

2.7. Electrotransfer and microsequencing 

Following SDS-urea-PAGE, the 50 kDa protein (ST-2B) 
was transferred to a PVDF membrane (Bio-Rad). The 
protein was electrotransferred at 30 V for 16 h at 6°C. 
Following transfer. the membrane was washed extensively 

with ddHzO for 48 h. The blue-green chromoprotein band 
was then excised and submitted to the Microchemistry 
Facility at Harvard University for the determination of 
amino acid composition and microsequencing after tryptic 
digestion. Amino acid sequencing of the N-terminal chain 
was unsuccessful, apparently because the N-terminus of 
the 50 kDa protein was blocked. 

2.8. Time-Resolced,fluorescence measurements 

The procedures for measurement of fluorescence decays 
and time-resolved fluorescence emissions are described 
elsewhere [ 10,141. The picosecond pulsed laser system 
consisted of a mode-locked Nd:YAG laser (Spectra Physics 
3690) and a cavity-dumped rhodamine 6G laser (Spectra 
Physics 3500). The pulse width of the dye laser was 
approx. 2 ps (fwhm) and the intensity was 3.4 mW/cm* at 
532 nm and at a 4 MHz repetition rate. The laser wave- 
length was 532 nm from the second harmonics of the 
Nd:YAG laser or 572-575 nm from the dye laser, The 
time-correlated single-photon-counting apparatus included 
a microchannel-plate photomultiplier (Hamamatsu 
R2809U-011, a time-to-amplitude converter (Ortec 457), a 
constant fraction discriminator (Tennelec TC454) and a 
multichannel pulse-height analyzer (Canberra 35 series). A 
pulse width of 30 ps (fwhm), the instrument response 
function, was measured for the scattered light from an 
aqueous vesicle solution. The decay curves were analyzed 
using a non-linear least-square iterative convolution method 
based on the Marquardt algorithm. The time-resolved fluo- 
rescence spectra were analyzed in terms of multiple emis- 
sion components by using the Brand and Beechem globanal 
analysis routine [24], as adopted previously [ 141. 

Fig, 3. SDS-urea-PAGE of ST-2B in 10% gel with Coomassie Blue stain. The MW markers are phosphorylase B-rabbit-muscle (97400), serum 
albumin-bovine (66 200). ovalbumin-hen-egg-white (45000) and carbonic anhydrase-bovine (31000) (Bio-Rad). 



3. Results 

3. I. Stentorin characterization 

Stentorin2B was obtained by chromatography on HA 
and Bio-Gel columns in succession. The chromatographic 
elution profiles were similar to those previously published 
[8]. For the isolation of ST-2B as a chromophore-bearing 
subunit of the large complex (ST-2), the elution profile 
from the BA column is shown in Fig. IA, with their 
absorbances monitored at 280 nm (due to protein plus 
chromophore) and 620 nm (due to chromophore only). 
Fractions containing ST-2A exhibit 280 nm absorption 
without significant 620 nm absorption. Fractions of ST-2B 
display both 280 nm and 620 nm absorbance. 

Spectroscopic techniques were applied to investigate 
whether or not ST-2B retained the spectroscopic and 
photochemical integrity of stentorin as the photoreceptor 
molecule. Similar absorption spectra were obtained with 
the peak maxima at 618.8 nm for ST-2B and at 618.6 nm 
for ST-2 in H?O-Tris buffer. Both exhibited absorption 
blue-shifts in deuterated Tris buffer with peak maxima at 
613.8 nm for ST-2B and 614.8 nm for ST-2 (Fig. I B). CD 
spectra of ST-2B and ST-2 were identical in H,O-Tris 
buffer with the first and second peak maxima at 626.8 nm 
and 572.8 nm (Fig. IC). For all practical purposes, the two 
species are spectroscopically indistinguishable. This indi- 
cates that the spectral integrity of ST-2B is preserved even 
when it is dissociated from the ST-2 complex. The purifi- 
cation factors were estimated to be approx. 85fold accord- 
ing to the fourth-derivative spectra. The overall yield for 
ST-2B obtained from the post-G- I5 column crude extract 
was approx. 1.5%. 

3.2. Electrophoresis 

The results from native-CHAPS-PAGE of ST-2B are 
shown in Fig. 2. Before Coomassie blue or silver staining, 

t ST2B 

Table I 
Amino acid composition analysis 

Amino acid Composition pm01 .’ Percentage ‘.b 

Asx (N, D) 115.6 12.0 
Glx (Q. E) 103.1 10.7 
Ser (S) 64.8 6.7 
Gly (G) 93.3 9.1 
His (H) 10.5 I.1 
Arg (R) 33.5 3.5 
Thr (T) 43.0 4.5 
Ala (A) 94.9 9.9 
Pro (P) 39.9 4.1 
Tyr (Y) 26.1 2.8 
Val (V) 66.6 6.9 
Met(M) 16.6 I.7 
Ile (I) 59.5 6.2 
Leu (L) 89.5 9.3 
Phe (F) 48.8 5.1 
Lys (K) 56.6 5.9 

” The same ST-2B for microsequencing. 
” Without consideration of tryptophan and cysteine. 

a blue-green band (the color of stentorin) was apparent on 
the gel. The molecular weight of ST-2B was estimated to 
be approx. 60000 in non-denatured PAGE. In SDS-urea- 
PAGE of ST-2B, a blue-green band was also seen on the 
gel without staining. The molecular weight of the blue- 
green band was estimated to be approx. 50000 (Fig. 3). 
Coomassie blue staining of the 50 kDa band was faint, 
apparently due to interference by SDS and urea. 

3.3. Amino acid anulysis 

The amino acid composition of the 50 kDa band from 
SDS-urea-PAGE of ST-2B is shown in Table 1. Since the 
N-terminus of ST-2B was blocked, two fractions were 
collected by trypsin mapping and subjected to microse- 
quencing. The resulting sequences were (I) NPFTAEL- 
VETA and (2) SILAADEVTGTIG. 

Time ( ns) Time ( ns ) 

Fig. 4. Fluorescence decay curves of stentorin-2 and -2B at room temperature detected (A) at 630 nm in H20 or at 625 nm in DzO and (B) at 670 nm in 
H,O or 665 nm at D,O. Excitation wavelength is 532 nm and time/channel corresponds to 2.64 ps (A) and 20.3 ps (B). The excitation curve is a 
instrumental response function measured with the laser scattered light. 
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Table 2 
Time resolution. ps/ch, fluorescence lifetimes, 7,. related amplitudes (a) and X2 for ST-2B and -2 

Temp. Stentorin Solvent nm ps/ch 7, ps(a) T? ps(a) r1 ps(a) TV ps(a) X? 

R.T. ST-2B H20 630 2.642 X(0.953) I SO(O.28) 2209(0.0 19) I .06 
20.333 14(0.923) 191(0.45) 1693(0.02 I ) 4940(0. I I ) I .23 

D?O 625 2.642 14(0.917) 182(0.55) 2967(0.029) I.19 

20.333 17(0.904) 221(0.058) 1591(0.019) 7 106(0.020) I .06 

ST-2 H-0 630 2.642 9(0.976) I59(0.020) 1390(0.004) I .03 
20.333 lO(O.98 I ) 200(0.0 14) I 107(0.004) 4820(0.001) I.16 

670 20.333 lO(O.954) I52(0.035) I 17 l(O.OOS) .5726(0.004) I .48 

D?O 625 2.642 9(0.96 I ) I64(0.03 1) 1572(0.009) I.18 
20.333 lO(O.960) 198(0.03 I ) 1226(0.007) 6463(0.002) 1.33 

665 20.333 lO(O.950) 198(0.037) 1301(0.010) 6525(0.004) I.12 

77 K ST-2 Hz0 630 2.642 62(0.638) 259(0.295) I886(0.06) I .27 

20.333 84(0.720) 3 1 O(O.2 IO) 1241(0.049) 4350(0.022) 1.15 

675 20.333 219(0.5X2) 1462(0.265) 6641(0.153) 1.14 

-3.4. Fluorescence emission 

Fluorescence decays of ST-2B and ST-2 in H,O-or 
D,O-Tris buffer excited by 575nm laser pulses are com- 
pared in Fig. 4. Modest solvent deuterium effects are seen 
in the decay curves for ST-2B and -2, especially in the 
slow, nanosecond decay region. Table 2 summarizes the 
emission lifetimes and amplitude data for ST-2B and -2. A 
resolution of 2.6 ps/channel and an emission of 630 nm 
yielded three emitting components, while 20.3 ps/channel 
resolution resulted in four emitting components; the former 
sets of data are more reliable in the short lifetime (7, and 
T?). and the latter sets of data are reliable in the long 
lifetime (TV and ~~1. First, we should note that the predom- 
inant fluorescence component of approx. 8 ps (up to 95% 
contribution to the total fluorescence) was observed for 
ST-2B in H?O-buffer, while a lifetime of 9 ps with a 
relative amplitude of 98% was obtained for ST-2. On 
changing the solvent from H20 to D20, the apparent 
differences in the fast, picosecond decays appear to be 
within experimental error. On the other hand, there is a 

Table 3 

Isotooe effects on fluorescence lifetimes of ST-2B and ST-2 ’ 
Stentorin 

ST-2B 1.36 I.18 
1.21 I.10 

0.94 0.85 

.Average 1.17 I .04 

ST-2 1.36 
I .oo 
I .oo 
0.77 

Average I .03 

I .06 
I .03 
0.99 
0.88 

0.99 

I .30 
0.94 I .44 

0.94 I .43 

I .06 I .44 

I .20 
1.13 
I.1 I I .34 

I .07 1.46 

I.13 1.40 

Data are from Table 2 corresponding to emission at 630 nm in Hz0 
and at 625 nm in D,O. 

296 K 

total 
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44.9 - 50.2 ps 

o-2.64ps 

-18.5 _ 15.9 ps 

600 6kl &io 
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640 660 
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Fig. 5. Time-resolved tluorescence emission spectra with the comparison 
of stentorin-2 and ST-2B (A) in H,O-and (B) in D,O-Tris buffer at room 
temperature. The excitation wavelength is 572 nm and the time zero 
corresponds to the time in which the laser pulse reacheb the maximum 
intensity. 



discernible solvent deuterium effect on the slowest decay 
component of the fluorescence. To see the solvent deu- 
terium effect, average values over the experimental fluctu- 
ation are listed in Table 3. It is seen that the lifetime is not 
affected by the deuterated solvent except for the longest 
lifetime component. These results were also observed with 
samples stored at 4°C. 

Time-resolved fluorescence spectra of ST-2B and -2 are 
compared in both HzO-and D,O-Tris buffer at room tem- 
perature (Fig. 5). Non-exponential or multiple emission 
components are revealed in the time-resolved emission 
spectra. In ST-2B in HzO. three emission bands appear: 
one centered at 631 nm (band A) in the initial time region 
( - 1 S-50 ps), and after 2 ns, two at 6 14 nm (band B) and 
670 nm (band C). In ST-2B in D,O, essentially similar 
spectral behavior is seen, but the band A is significantly 
blue-shifted (626 nm). We also note that the spectral and 
time behavior of ST-2B are essentially identical with those 
of ST-2, indicating that the 50 kDa subunit, isolated from 
ST-2, retains the spectral integrity and primary photoreac- 
tivity. 

Excitation spectra, while monitoring at wavelengths of 
610 nm and 630 nm, essentially matched the absorption 
spectra (data not shown). The spectra obtained by monitor- 
ing emission at 660 and 690 nm, however, showed two 
minor components at 607 and 670 nm which are different 
from the absorption spectrum. These minor contributions 
in longer-wavelength emission are responsible for the long 
lifetime species in the time-resolved spectra. 

4. Discussion 

The two peptide sequences obtained are insufficient to 
determine the possible homology of ST-2B to a known 
membrane protein. A computer search of the Swiss-Prot 
and Genembl databases using WORKSEARCH identified 
several proteins exhibiting high homology to the sequences 
of fragments (1) NPFTAELVETA and (2) SILAADEVT- 
GTIG from ST-2B. Two highly homologous gene products 
from photoreceptor cells were among those identified. The 
first is the Drosophila ninaC protein containing 1,501 
amino acid residues with domains homologous to protein 
kinase and myosin [ 151. Results from the BESTFIT pro- 
gram revealed that the similarity of sequence 1 to 
-H2,,PFLTELIENE,,,-of ninaC is 73%, while its identity 
is 55%. This homologous fragment is located in the kinase 
domain ,, 7s1. _ _ Furthermore, there is a total of 10.2% aspar- 
tic acid and glutamic acid residues in this kinase domain. 
The similarity of sequence 2 is 50% and the identity, 42% 
to -K5,,VLAAILNIGNIh,,, -of ninaC. This region is lo- 
cated in the myosin domain,,,_,,,,, which contains 13% 
of aspartic acid and glutamic acid residues. 

Another homologous protein is a sodium-calcium ex- 
changer from bovine rod photoreceptors [ 161. Sequence I 

exhibits 60% similarity and 40% identity to 

-Q,w PLSLEWPET,,,,, -of this protein, while sequence 2 
displays 75% similarity and 42% identity to 
-V,,,,,WWAHQVGETIG,,,,,-. This I, 199 amino acid pro- 
tein contains 17% aspartic acid and glutamic acid residues. 
As shown in Table 1, ST-2B may contain up to 27% of 
both aspartic-acid/asparagine and glutamic-acid/gluta- 
mine residues. Stentorin2B migrates towards the pH 3 
region in isoelectric focusing (IEF) (Dai and Song, unpub- 
lished data), while ST-2 complex isolated from sucrose 
density gradient centrifugation shows a pI value of 5.1 on 
IEF [ 171. The acidic nature of ST-2B is similar to the 
acidity of the above two proteins. The molecular weight of 
the sodium-calcium exchanger was calculated from its 
gene to be 130000; however, its molecular weight was 
estimated to be 220000 by SDS-PAGE [ l&16]. This ab- 
normal migration may result from interference by the 
sugar residues and the extremely acidic domain [ 161. In 
contrast, ST-2 precipitated upon addition of 2% SDS with 
or without heating, while ST-2B exhibited only slight 
solubility in 2% SDS. In the SDS-PAGE of ST-2, the 
blue-green material remained in the sample well and no 
band was apparent when stained with Coomassie blue. In 
SDS-urea-PAGE of ST-2B. several bands were stained by 
Coomassie blue, including the - 50 kDa chromophore- 
bound band (Fig. 3). 

In the picosecond fluorescence studies the non-exponen- 
tial, or multi-exponential decays of ST-2B and -2, were 
observed in all analyses (Fig. 4 and Table 2). The short- 
lived fluorescence-emitting species (8- 18 ps lifetime) of 
ST-2B and -2 were found to be predominant (> 90%) in 
either H?O-or D,O-Tris buffer. In contrast, the parent 
chromophore, hypericin, in aqueous solution containing 
6-25% ethanol displayed an exponential decay with a 
lifetime of 3-5 ns [19]. Free stentorin chromophore and 
ST-I in H20-Tris buffer (pH 7.8) exhibited a two-ex- 
ponential component emission with 2.5 and 6.0 ns life- 
times [IO]. 

The non-exponential or multi-exponential nature of the 
excited state decays in ST-2 is quantitatively conserved in 
lifetimes and their amplitudes for ST-2B. This suggests 
that the non-exponential, or multi-exponential decays, re- 
flect the intrinsic dynamics of the ST-2 and ST-2B excited 
states and are not due to impurities. The picosecond 
pump-probe absorption difference studies of ST-2 were 
concordant with the non-exponential or multi-exponential 
fluorescence decays. Thus, an efficient initial photoprocess 
occurred in the excited state ST-2, since ST-2 evolves 
quickly into an electronic state with a lifetime of < 3 ps in 
transient absorption changes [9]. This does not appear in 
the free chromophore species and hypericin. Since the 
ST-2 solution did not produce singlet oxygen [20], inter- 
system crossing does not play a significant role in the 
fluorescence decay kinetics of ST-2 and ST-2B. Since the 
short fluorescence lifetime reflects an efficient primary 
photochemical process, we can conclude that ST-2B re- 
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tains the functional integrity and photoreactivity critical for 
the light signal transduction in Stentor coeruleus. 

4.1. Solvent deuterium effect 

Effect of solvent deuterium appears on the time-re- 
solved fluorescence spectra (Fig. 5). These spectra show 
substantial blue-shifts in the main emission band A, indi- 
cating that the hydroxyl protons of the chromophore ex- 
change with D+. However, the fluorescence lifetime ratio, 
T,~/T,“, is close to unity (Table 3), indicating no signifi- 
cant solvent deuterium effect on the excited state dynam- 
ics. One can expect that the fluorescence lifetime of the 
deuterated chromophore to be longer than that of the 
undeuterated chromophore, if proton transfer dominates 
the excited state process. For example, in dihydroxyanthra- 
quinone, partly similar to hypericin, the fluorescence life- 
time is affected by deuteration in hydroxy group, i.e., 
T~/T” = 3.3 - 3.7. [21]. Thus, the present result suggests 
that the photoprocess in the ps time region is not proton 
transfer in ST-2B and -2. However, in the intramolecularly 
H-bonded molecules such as hypericin, the lack of a 
deuteration effect does not rule out ultrafast proton transfer 
[22,23], and further studies are warranted to elucidate the 
role of proton transfer in ST-2B. 

Fig. 1B shows a 5 nm blue shift of the absorption 
spectrum of ST-2B (4-nm blue shift for ST-2). This sug- 
gests a subtle conformational change in the ground state, 
or the effect of deuteration of the chromophore hydroxyls 
on the absorption spectrum. 

4.2. Fluorescence properties at 77 K 

Fig. 6 shows the time-resolved fluorescence spectra of 
ST-2 in Hz0 at 77 K; compared to the room temperature 

ST2/H@ : 

77 K 

I./ Yb--T-- o-5.2ops 

Wavelength (nm ) 

Fig. 6. Time-resolved fluorescence spectra of ST-2 in HzO-buffer at 77 
K. Excitation wavelength, 575 nm. 

Time , ns 

Fig. 7. Fluorescence decay curves of ST-2 in H,O-phosphate buffer at 
room temperature and at 77 K. The excitation wavelength is 572 nm and 
the emission is monitored at 630 nm with 20.333 ps of time/channel. 
The time zero corresponds to the time in which the laser pulse reaches the 
maximum intensity. Multiple exponential decays occur at room tempera- 
ture and exponential decay exists at 77 K in this particular ST-2 sample 
(see text for details). 

spectra, the low temperature spectra show significant 
changes in spectral width and shift. The initial band at 628 
nm (band A) is red-shifted to 635 nm (band A!) at O-500 
ps, and after 2 ns two bands appear at 624 nm (band B) 
and at 672 nm (band C). Similar spectral changes were 
also observed in D,O at 77 K. The peak position of band 
A’ at 634 nm is unchanged in D,O, contrary to the other 
two components (bands A and B). This suggests that this 
species has no hydroxy protons that are exchangeable with 
D+. 

Fig. 7 shows the fluorescence decay at 77 K and room 
temperature. Similar decay curves were obtained with 
ST-2B (spectra not shown). The initial decay is much 
slower (7, = 70 ps) and the contributions of longer-decay- 
ing components are significantly enhanced relative to those 
at room temperature (Table 2). Note that there is no rise 
time in any of the decay curves at 77 K and room 
temperature. Thus, the spectral components shown above 
are unrelated to an excited state interconversion, and un- 
dergo relaxation independently of each other. Based on 
comparison of the time-resolved spectra at 77 K and room 
temperature, we assign bands A, B and C which appear at 
both 77 K and room temperature to the functional chro- 
mophore, the non-functional chromophore ST-I, and the 
excited state of an anionic stentorin present in the ground 
state (estimated at about 1% on the basis of deconvoluting 
its emission and excitation spectra), respectively. 

We now consider the possible mechanisms for the 
primary photoreaction in the excited state of stentorin; 
chromophore conformation and local flexibility, proton 
transfer and electron transfer. 
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Fig. 8. Fluorescence spectra of ST-2 in HIO/phosphate buffer taken 
from the spectra of an initial time region of the time-resolved spectra at 
different temperatures. Excitation wavelength is 575 nm. 

4.3. Chromophore co~forrnation and local flexibility- 

Fig. 8 shows fluorescence spectra of ST-2 in 
H,O/phosphate buffer at different temperatures, which 
are taken from the spectra of an initial time region of the 
time-resolved spectra. It is seen that the spectrum becomes 
significantly sharp on decreasing temperature from room 
temperature to 77 K; the band width (fwhm) is 708 cm-’ 
at room temperature and 421 cm-’ at 77 K. The excitation 
spectra at 77 K and room temperature were similar and 
essentially matched the absorption spectra (data not shown). 
A sharpened fluorescence band at 77 K is ‘mirror-image’ 
to its absorption band. Similarly, in the case of ST-2B an 
fwhm of absorption band at 618.8 nm was 688 cm-’ with 
an fwhm of 1281 cm-’ for its fluorescence at room 
temperature, while an fwhm of 440 cm- ’ was found for 
the fluorescence at 77 K. A fluorescence fwhm for the free 
stentorin chromophore was found to be 456 cm-’ at room 
temperature. The fluorescence behaviors of ST-2B and 
ST-2 at 77 K are similar to those of the free chromophore, 
and at least two fluorescence species (< 620 nm and 
> 630 nm) evolve when temperature is raised. As dynamic 
relaxation and photochemical processes accelerate in the 
excited state of stentorin at room temperature, the total 
fluorescence intensity of ST-2 is less than 2% of the free 
chromophore fluorescence [8]. 

As to the origin of the multi-exponential fluorescence 
decays in ST-2 and -2B at room temperature, we recall that 
single Trp-containing proteins exhibit non-exponential or 
multi-exponential fluorescence decays, arising from con- 
formational heterogeneity, local motions and other photo- 
processes [24]. Therefore, it is not unusual for the ST-2B 
with its covalently bound chromophore to exhibit multi-ex- 
ponential or non-exponential fluorescence decays. What is 
unclear at the present is whether or not similar excited 
state dynamics account for the stentorin behavior. Time-re- 
solved anisotropy studies, as applied to single Trp-contain- 

ing proteins [25], will be helpful to resolve the motion 
dynamics of the chromophore from the non-exponential 
fluorescence behavior of stentorins. 

4.4. Intermolecular and intramolecular proton transfer 
ftautomerism) 

Based on ps pump-probe experiments, the < 3 ps tran- 
sient absorption component has been interpreted as arising 
from intermolecular proton transfer to an appropriately 
situated amino acid residue on the ST-2 apoprotein [9]. On 
the other hand, an excited state tautomerism may play a 
significant role in the fluorescence decay dynamics in 
ST-2 and -2B. A recent study on hypericin ([22,23] and 
references therein) suggested that intramolecular proton 
transfer between two proton sites separated by only 2.5 A 
occurs in subpicoseconds. Intramolecular proton transfer 
results in tautomerization of 7,14-dioxohypericin into 1,7- 
dioxo, 1,6-dioxo, or other tautomers. The 1 $dioxo form 
is thermally stable at room temperature [26]. The absorp 
tion maximum of 1,6-dioxohypericin exhibited a 4-nm 
blue-shift in ethanol relative to 7,14-dioxo tautomer. Irra- 
diation of 1,6-or 7,14-dioxohypericin in ethanol did not 
cause changes in their absorbance [26]. Thus, a primary 
step of photoreaction in ST-2 or -2B may be the formation 
of tautomers in subpicosecond time-scale, as has been 
proposed for hypericin [22]. The energy levels of the 
excited-state tautomers may be sufficiently close so that a 
thermal equilibrium among them is established within a 
subpicosecond time-scale at room temperature. Electron 
transfer may then follow in 8 ps at room temperature and 
in 70 ps at 77 K. 

4.5. Electron trun<fer 

Benzoquinone quenches the fluorescence of hypericin at 
a diffusion controlled rate [ 191. The electron donor prop- 
erty of hypericin in its excited state can be reconciled with 
the results from the picosecond absorption difference mea- 
surements of hypericin [27], in which a new species is 
formed upon excitation in N 5 ps with a transient absorp- 
tion in the red/far-red region which was not present in the 
ground state absorption. Since this absorption can be faded 
by the electron scavenger solvent, acetone, it was further 
suggested that it arose from a solvated electron, as in 
photoionization processes in aqueous solution. Addition- 
ally, irradiation with light of longer than 520 nm produced 
an EPR-detectable free radical species from ST-2B in Tris 
buffer and the EPR signal decayed in the dark (Dai, Song 
and Golbeck, unpublished work). These observations pro- 
vide supporting evidence that electron transfer plays a role 
in the excited state decays of stentorin. We suggest that 
electron transfer from the chromophore to a suitable accep- 
tor/amino-acid residue (e.g., cystine) would quench the 
fluorescence of the excited state ST-2B and -2. The rate 
for this process can be estimated, using the short fluores- 
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cence decay lifetime, to be N 1 10” M- ’ s- ’ . This 
reaction is probably a reversible process. 

To assess the possibility of a photoreaction cycle initi- 
ated by the primary electron transfer process, we investi- 
gated the photooxidation of hypericin in the presence of 
dithiodiethanol [28]. A redox potential of about +0.9 V 
for oxidation of hypericin was estimated from the cyclic 
voltammogram in DMSO [29]. The excited state redox 
potential for oxidation of hypericin could be enhanced by a 
difference of about 2 V [30]. Photooxidation of hypericin 
in the presence of DSDE (HOCH,CH,-S-S-CH&H,OH) 
resulted in generation of mercaptoethanol (HS- 
CH,CH,OH) and oxidation of hypericin [28]. The redox 
potential for reduction of dithiodiethanol was predicted to 
be -0.95 V at pH 10 [31]. It is thus possible that 
photooxidation of stentorin (HO-ST-OH) produces a new 
quinone form as oxy-stentorin (0 = ST = 0); 

HO-ST-OH+hv 

+HO-ST-OH* 

-+HO-ST-OH’++O=ST=O+2H+ 

Two electrons and two protons result from these reactions 
and could function to reduce the suitable amino acid 
residue(s), such as cystine, through the electron and proton 
transfer network. The potential for oxidation of mercapto- 
ethanol is + 0.02 V at pH 8 [3 11, while a potential of + 0.6 
V was reported for reduction of oxy-hypericin in DMSO 
[29]. Thus, the oxy-stentorin can be reduced back to 
stentorin to complete the photo-cycle. The redox potential 
for the cysteine-cystine system was estimated to be -0.21 
V at pH 7.0 [32]. It is likely that the photooxidation of 
hypericin, and possibly stentorin, is more favorable in the 
cysteine-cystine system than in the dithiodiethanol-mer- 
captoethanol system. The primary photoreaction can then 
lead to the generation of a transient intracellular pH change 
across the pigment granular membrane in the signal trans- 
duction cascade in S. coeruleus. 

5. Conclusions 

The 50 kDa chromoprotein (ST-2B) was isolated from 
the large stentorin complex (ST-2). ST-2B displays fluo- 
rescence properties, visible CD and absorption spectra 
similar to those of ST-2. Therefore, ST-2B retains the 
spectral integrity and possibly the functional reactivity as 
photosensor in S. coeruleus. We suggest that a photo-cycle 
initiated by electron transfer is operative in ST-2B and 
ST-2. The fluorescence emissions of ST-2B and ST-2, 
commonly exhibit a fast decay (rr = 8 - 11 ps) as the 
dominant fluorescence component. From the deuterium 
solvent effect and a comparison of the time-resolved fluo- 
rescence at room temperature with those at 77 K, it is 
concluded that the primary photoprocess in stentorin, cor- 
responding to the fast fluorescence decay, is electron trans- 
fer. The electron transfer may take place from a tautomeric 

isomer resulting from the subpicosecond intramolecular 
proton transfer. Finally, we suggest that a photocycle 
initiated by electron transfer is operative in ST-2 and -2B, 
which may be coupled to a signal-transducing ApHi in the 
ciliate cell. 
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