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reversibility between MV+ and DQ+ that the reduction potential 
of dioxygen in a zeolite supercage lies close to -0.4 V,10 which 
corresponds to its reversible potential in aqueous media.12 Such 
a value differs significantly from E° = -1.04 V in acetonitrile as 
an aprotic organic solvent. Indeed the unique ease of such a 
dioxygen reduction in the solid phase attests to the remarkable 
polarization effects available in zeolite matrices.8 In this regard 
chemical reactions on zeolite surfaces could be likened to those 
in an aqueous medium. 
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The blind mutant strain FN28 of the unicellular alga ChIa-
mydomonas reinhardtii, which lacks retinal due to blocking of 
its carotenoid biosynthesis, is not phototactic; however, phototaxis 
is restored upon incubation with retinal analogues, the action 
spectral maxima being dependent on the structure of the analogue.1 

The similarity between Chlamydomonas in vivo behavioral 
maxima and in vitro Xmax of bovine rhodopsins reconstituted from 
corresponding retinals indicates that, as in the case of bovine 
rhodopsins, the retinal is bound to the opsin through a protonated 
Schiff base linkage C = N + H . It also suggested the two photo
receptor pigments to be similar,1 a hypothesis supported by ge
nomic studies.2 Incorporation of over 80 retinal analogues3 have 
led to the unexpected finding that Chlamydomonas phototaxis 
is restored by retinal analogues where specific double bond 
isomerizations are blocked and by short acyclic aldehydes in
cluding hexenal and hexanal. Thus activation of the Chlamy
domonas photoreceptor does not occur via the conventional 
cis/trans isomerization of the polyene system. 

Chlamydomonas phototaxis, which peaks at 503 nm, is well-
suited for in vivo assays, because no protein biochemical prepa
ration is required, and it responds only to functional pigments. 
Photoreceptor activation studies can be carried out with the blind 
mutant FN68 because of its very low sensitivity for phototaxis. 
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Figure 1. Phototaxis action spectrum data for retinal analogues. Action 
spectrum maxima in nm, opsin shifts6 (difference between maxima of 
phototaxis and protonated Schiff base with H-butylamine) in cm"1, and 
sensitivity in m2 s/10ls photons (in italics). Compound sources are as 
follows: 1, Sigma Chemical Co., St. Louis, MO; 2, ref 13; 3, 4, ref 10b; 
5, ref 14; 6, synthesized by condensation of r/-an.r-3-methyl-3/?-
naphthylpropenal15 with the anion of trimethylsilylacetone ferf-butyl-
amine,16 elongation of C18 ketones with diethylcyanomethyl phosphonate, 
dibal reduction, and HPLC; 7, ref 17; 8-10, ref 9b; 11, ref 10c; 12, ref 
5b; 13, 14, ref 18 and 19; 15, reaction of 3-penten-2-one with tri-
methylsilyl acetaldehyde Jerj-butylimine anion followed by acid hy
drolysis;20 16, 17, Aldrich Chemical Co., Inc. 

The threshold phototaxis action spectra in FN68 mutant were 
measured as described.1,4 The phototaxis sensitivity (reciprocal 
of threshold) increases ca. 10000-fold upon incubation with a 
retinal analogue, providing high signal/noise ratio. In contrast, 
enzyme assays used for studies of bovine rhodopsin activation have 
a dynamic range of ca. 20.5 Normally, incorporation into 
Chlamydomonas opsin, as measured by restored phototaxis, is 
as rapid as the incorporation of analogues into bovine opsin in 
detergent. Representative results of phototaxis maxima, opsin 
shifts,6 and sensitivities are listed in Figure I.7 

Presumably due to the presence of an isomerase in vivo, in
cubation of all-trans-retma\ 1 or 11-cw-retinal 7 restores phototaxis 
around the natural maximum of 503 nm.1 The natural chro-
mophore has not yet been identified due to the minute amount 
of extractable chromophore. The mutant was next incubated with 
retinal analogues in which specific double bond isomerizations 
were blocked: 13-ene (2), 11-ene (3, 4), 9-/11-ene (5), and 7-ene 
(6) (Figure 1). All analogues restored activity with reasonable 
sensitivities indicating that specific double bond isomerization is 
not required. The only other specific double bond to be considered 
is the C = N + H linkage. Acid fluoride 12 that forms an amide 
with the opsin5b efficiently restores phototaxis with FN68; thus, 
C = N H + bond formation and its syn/anti isomerization are not 
prerequisites for activation in this case. However, the mere 
presence of a chromophore in the binding site is insufficient for 
phototaxis recovery; namely, retinonitrile8a (CN instead of CHO 
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in 1), which cannot bind to the protein, although competitively 
reduced the rate of retinal incorporation, was found to be inactive.8 

The cells were also incubated with 11-cw-dihydroretinals 8-11 
and acyclic series 13-16 containing the same number of double 
bonds. The action spectral maxima of restored phototaxis are 
dependent on the conjugation length in both series. The action 
spectra peaks resulting from incorporation of tetraenals 8/13 were 
at 472/461 nm, trienals 9/14 at 437/459 nm, dienals 10/15 at 
489/446 nm, and monoenals 11/16 at 340/354 nm. These al
dehydes are linked to the photoreceptor via a C = N + H bond as 
in other retinal proteins, since the maxima undergo progressive 
blue shifts with shorter conjugation, and the trend of phototaxis 
maxima restored by the acyclic series is similar to the absorption 
maxima of 11 -ris-dihydroretinals in bovine rhodopsin.9 The sharp 
change in opsin shifts6 that one observes between the trienals and 
dienals, e.g., 2370 cm"1 in 9 versus 11 000 cm"1 in 10, suggests 
that a negative charge may be near the terminus of the conjugated 
system -C(11)=C(12)-C(13)==C(14)-C(15)=NH+-, near C-10 or C-Il.7 

Hexenal 16 and even hexanal 17 (!) incorporated readily and, 
surprisingly, were as sensitive as other retinals, including 11-
c/s-retinal 7. The maximum for hexanal 17 (339 nm) is at a 
shorter wavelength than that of hexenal 16 (354 nm); this together 
with its red shift compared to hexanal in solution shows hexanal 
is also bound through C = N + H . 

The activity of hexanal corroborates other results which suggest 
that a route other than cis-trans isomerization is possible for 
activation of Chlamydomonas rhodopsin. Upon photoexcitation 
of rhodopsins, electron density is redistributed toward the imine 
(C=N) end of retinal causing a variety of events including cis-
trans isomerization. Although it is established that cis-trans 
isomerization occurs with visual pigments,10 it is not known 
whether this is the event responsible for visual transduction. Most 
experiments have measured the changes that retinal undergoes 
in the regulatory (binding) site and not the activation of the 
peripheral enzymatic site responsible for initiating the visual 
cascade. 

Two mechanisms for the triggering of Chlamydomonas rho
dopsin are conceivable. Charge redistribution in the photoexcited 
state, where the electron density moves toward N,n acts (i) directly 
to activate rhodopsin or (ii) indirectly, via the possible subsequent 
step of syn/anti isomerization of the C = N + H bond, to trigger 
phototaxis. In view of the positive phototaxis response of analogue 
12, direct activation is more likely. Because of the possible 
homology among eukaryotic rhodopsins,2,12 a mechanism similar 

(8) (a) Liu, R. S. H.; Asato, A. E. Tetrahedron 1984, 40, 1931-1969. (b) 
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e.g., /3-ionylideneacetaldehyde. 
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to that occurring in Chlamydomonas may be involved in triggering 
the activity of other rhodopsins. These aspects are currently under 
investigation. 
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Since its introduction,1 spontaneous self-assembly of iron-sulfur 
clusters from an iron salt, a sulfide source, and thiolate, halide, 
or areneoxide as a terminal ligand has proven to be a highly 
productive synthetic method. Clusters containing the cores 
[Fe2S2I

2+,2"4 linear [Fe3S4]
1+,4 cubic [Fe4S4P

+'1"1-,1'2-5 prismatic 
[Fe6S6]3+'2+,6 and [Fe6S9]2"4'7 have been obtained in good yield. 
Use of tertiary phosphine as a terminal ligand, usually in the 
presence of thiolate or halide, redirects the reaction pathways to 
new clusters containing basket [Fe6S6]2+'1+,8 stellated octahedral 
[Fe6S8]2+ '1+,9 and monocapped prismatic [Fe7S6P+10 cores. 
Further examination of the effects of different potential terminal 
ligands in assembly systems has afforded a remarkable cluster 
of unprecedented structure. 

Treatment of a solution of 9.0 mmol of anhydrous FeCl3 in 70 
mL of methanol at 5 0C with a solution of 27 mmol of Na-
[PhNC(O)Me] in 60 mL of methanol (generated in situ from 
equimolar acetanilide and sodium metal) afforded a yellow 
mixture, which was stirred for 30 min at 5 0C. A slurry of 12 
mmol of Li2S in 70 mL of methanol was slowly added, the reaction 
mixture was filtered after 1 h, and 9.0 mmol of (n-Pr4N)Br in 
15 mL of methanol was added to the dark green filtrate. Over 
a 5-day period a dark crystalline solid separated, which was 
collected, washed (ethanol), and dried in vacuo to afford 1.59 g 
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