520 BIOCHIMICA ET BIOPHYSICA ACTA

BBA 46418

STUDIES ON THE INSECT VISUAL PIGMENT SENSITIVE TO ULTRAVIOLET
LIGHT: RETINAL AS THE CHROMOPHORIC GROUP

REINHARD PAULSEN anp JOACHIM SCHWEMER

Institut fisr Tierphysiologie, Abteilung fiir Biologie, Ruhv-Universitit, D-463 Bochum (Germany)
(Received June 1gth, 1972)

(Revised manuscript received August 21st, 1972)

SUMMARY

1. The nature of the chromophoric group of the ultraviolet visual pigment of the
neuropteran 4scalaphus macaronius Scop. was investigated. Analysis of the carotenoid
content of the retina by the reaction with SbCl, indicated the presence of retinal.

2. Thin-layer chromatography of ethanol-ether extracts from retinae on
silica gel demonstrated the presence of retinal isomers with Rp values corresponding
to all-trans-retinal and 11-¢is- andjor 13-cis-retinal. Other retinal isomers and retinol
were not detected.

3. Thermal denaturation released retinal from the ultraviolet visual pigment
A and its photoproduct B. Analysis of the compounds resulting from thermal dena-
turation indicated that all-frans-retinal was predominately released. Formation of
cattle rhodopsin from cattle opsin and ultraviolet visual pigment A denatured by Ag+
indicated that the stereoconfiguration of retinal in the native pigment is 11-cis.

4. As a consequence of the retinal nature of the chromophore, the ultraviolet
visual pigment of A. macaronius was designated “‘rhodopsin 345", and photoproducts
B and C correspond to acid and alkaline metarhodopsin, respectively. The stereo-
configuration of retinal in rhodopsin 345 and metarhodopsin, as well as the linkage
of the chromophore in respect of the hypsochromic shift of rhodopsin 345, were
discussed.

INTRODUCTION

While retinal has been identified as the chromophoric group of visual pigments
of vertebrates, cephalopods and crustraceans!, similar evidence for insect visual pig-
ments is rare. Goldsmith? was the first to demonstrate the presence of retinal in
extracts from honey bee heads. Similar results were reported for extracts from the
heads of houseflies® and other insect species?. Extracts from tissue of the cockroach
retina also contained retinald. The participation of retinol (vitamin A,) in the insect
visual cycle is suggested from a comparison of the retinol and retinal content in
light- and dark-adapted honeybeest. Furthermore, carotenoid deficiency in the
diet of flies caused a decrease in photoreceptor sensitivity?.8. The role of retinal in
insect vision is nonetheless speculative, since the nature of these pigments has, until
recently, been virtually unknown.
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The only insect visual pigment which has been photochemically well character-
ized is the ultraviolet-sensitive pigment from the compound eye of the neuropteran
Ascalaphus macaronius Scop.®~11. Ultraviolet irradiation of the visual pigment A,
extracted by digitonin, results in the formation of thermostable photoproducts B and
C, which are in a pH-dependent equilibrium (pK g.2). Microphotometric measure-
ments have indicated that photoproduct B is predominately formed i vivo.

Evidence for the presence of retinal in this ultraviolet-sensitive pigment was
first described by Schwemer et al.'. They obtained a compound having the Amax
of retinaldehyde oxime (360 nm), when photoproduct B undergoes thermal denatura-
tion in the presence of hydroxylamine. If retinal is indeed the chromophoric group,
this would be the first visual pigment absorbing maximally at shorter wavelength
than the chromophore itself. In order to obtain a better understanding of this hyp-
sochromic shift, the present study is concerned with the unequivocal identification
of the chromophoric group and the possible stereoisomers involved in the photo-
conversions of this visual pigment.

MATERIALS AND METHODS

Preparation of the ultraviolet visual pigment

Origin and preparation of the retinae of A. macaronius were described by
Schwemer ¢f al.!. The method of visual pigment extraction was slightly modified.
160 retinae were washed in 40 ml of ice-cold 0.067 M sedium phosphate buffer
(PH 7.0). The retinae were collected by centrifugation (at 40000 X g for 30 min;
Sorvall RCB 2, rotor SS 34) and homogenized in 2 ml 0.067 M phosphate buffer
(pH 7.7), using a Potter-Elvehjem homogenizer (5 ml) with a teflon pestle. The
homogenate was diluted to 40 ml with 0.067 M phosphate buffer (pH 7.7) and allowed
to stand for 2 h at 4 °C in order to extract soluble proteins and screening pigments.
The insoluble material was sedimented by centrifugation (at 40000 x g for 30 min),
and resuspended in phosphate buffer (pH 6.0). This was repeated five times, using
alternatively buffer solutions of pH 7.7 and 6.0. The visual pigment was extracted
from the pellet with 0.7 ml of 2% (w/v) digitonin (Merck, Darmstadt) in 0.007 M
phosphate buffer (pH 6.0) over a 12-h period. The extracts had to be tested for the
presence of visual pigment and photoproducts from photoreceptors (spectral sensiti-
vity, maximally at about 520 nm) of the lateral eye. Therefore, all manipulations
were carried out at 4 °C in dim red light.

Preparation of cattle opsin

Opsin was extracted by 2 % (w/v) digitonin (pH 6.4) from rod outer segments
of cattle eyes, prepared in daylight by a modified flotation technique??.1s, Capacity
of opsin to regenerate rhodopsin was tested with 11-¢is-retinal.

Detection of vetinal with SbCl,

Retinae from 8o dark-adapted eyes of 4. macaronius were homogenized in
0.067 M sodium phosphate buffer (pH 7.0) and centrifuged at 29000 X g for 40 min.
The sediment was ground with anhydrous sodium sulfate and extracted with chloro-
form-methanol (2:1, v/v) at 25 °C and 70 °C, respectively. The chloroform—methanol
extract was taken to dryness i vacuo, and the residue redissolved in light petroleum.
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This extract was chromatographed on a column (13 cm X 1 ¢cm) of basic aluminium
oxide (Merck, Darmstadt; activity III). Elution was carried out with zo-ml aliquots
of 4%, 10 % and 30 % (v/v) acetone in light petroleum (b.p. 40-60 “C). 5-ml fractions
of the eluate were collected and the solvent evaporated. Each residue was taken up in
0.2 ml chloroform, and the spectral absorbance of this solution recorded. 0.5 ml
of chloroform, saturated with SbCl,;, containing 5 ul acetic anhydride, was then
added and the spectral absorbance recorded immediately. All manipulations were
performed in dim red light and, whenever practicable, under N,.

Thin-layer chromatography of vetinol and retinal isomers

All-trans-retinal and all-frans-retinol were a gift from Hoffmann-La Roche,
Basel. As reference compounds, g-¢is- and 13-cis-retinal were purchased from Sigma,
St. Louis. In general, cis-isomers of retinal were produced from the all-frass-configura-
tion by irradiation of 0.3 % (w/v) all-frans-retinal in ethanol with white light (Xenon
arc; 150 W) at o °C for 30 min. The siomers were separated in the dark by ascending
thin layer chromatography on silica gel with light petroleum (b.p. 40-60 °C)-acetone-
pyridine (g4:5:1; by vol.) as developing solvent. This method allows for the separation
of retinal isomers from retinol siomers. In Fig. za, F3-I'5 represent the retinal isomers
produced by photoisomerization of all frans-retinal. F3 contains g-cis-retinal as
indicated by co-chromatography and by the reaction with cattle opsin to form
isorhodopsin. F4 contains two stereoisomers. The presence of 13-cis was indicated
by co-chromatography, while the presence of 11-cis-retinal was demonstrated by
reaction of eluates from F4 with cattle opsin to form rhodopsin. Identity of stereo-
isomer(s) in F5 was not achieved, although there is evidence that 11,13-di-cis-retinal
is present'4. Stereoisomers of retinal were visualized as deep orange spots with 4 %
(w/v) rhodanin (2-thion-4-oxothiazolidine) in ethanol'® (Reagent I). When a saturated
solution of SbCl, in chloroform (Reagent II) was used afterwards as an overspray,
both retinol and retinal were stained. Chromatography time on 20 cm plates at 4 “C was
9o min. The preparation of retinal from retinae of A. macaronius or cattle rod outer
segments followed the method described for the retinal detection with SbCl,, with the
exception of the retinal extraction. Instead of chloroform—methanol, the extraction
of retinal from retinae homogenates was carried out with ethanol-ether (3:1, v/v) at
room temperature.

Spectrophotometric measurements were made with the Hitachi recording
spectrophotometer Model 356 or a modified Zeiss PM QII described elsewhere?é.

RESULTS

Identification of chlovoform-extracted retinal by reaction with SbCl,

The column chromatography described for detection of retinal from retinae
of A. macaronius with SbCl, yielded two fractions (elution with 49 acetone in
light petroleum) with measurable absorbance in the near ultraviolet. These fractions.
combined in a chloroform solution, contained material which reacted with SbCl,
(Fig. 1). The maximum of absorbance was at 664 nm, which is characteristic of retinal.
Goldsmith'? reported that retinal bound to a soluble protein can be extracted from
heads of honeybees. Proteins which were extracted by 0.067 M phosphate buffer
(pH 7.0) from retinae of A. macaronius and precipitated by 70 % saturation with
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ammonium sulfate did not contain measurable amounts of SbCls-reactive substances.
Therefore, most of the retinal is bound, prior to extraction with chloroform-methanol,
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Fig. 1. Identification of retinal by reaction with SbCl,. Spectral absorbance of an extract from the

retinae after adding SbCl, (—); for reference, reaction of SbCl; with a standard solution of 0.5 ug
all-trans-retinal (————— ).

to particles and membranes of the retinae, sedimented by centrifugation. Further-
more, it can be concluded that the retina of A. macaronius does not contain mea-
surable amounts of retinol. With the retinae available it was not possible to deter-
mine the loss of retinal during tissue preparation, extraction procedures and column
chromatography. Nevertheless, the retinal content, as estimated by the SbCl,
reaction, must be higher than 1.5-10~% mg per retina. These results support the
hypothesis that retinal is the chromophore of the ultraviolet visual pigment.

Analysis of retinae extracts by thin-layer chromatography

Thin-layer chromatography was used as an additional method to reveal retinal
or retinol in retina homogenates and furthermore, to test the stereo-configuration
of retinal in light- and dark-adapted retinae. The applicability of thin-layer chrom-
atography for the analysis of retinal stereo-isomers in retinae of A. macaronius was
tested by extracting retinal from dark-adapted and bleached rod outer segments
of cattle and frog. As expected, the extracts from dark-adapted and bleached rod
outer segments differed in the content of isomers found to be present in F2 (all-frans)
and F4 (11-cis). This is in agreement with results published recently by Rotmans
et al18. Aspecific isomerization during development was not detected in F2-Fj5
(Fig. 2b), when two-dimensional thin-layer chromatography was carried out with a
pyridine-containing solvent at low temperature in the dark. This two-dimensional
thin-layer chromatography shows that F6 is a non-polar product of retinal isomers.

The thin-layer chromatography of extracts from retinae of A. macaronius re-
vealed the presence of compounds with Rp values corresponding to all-frans-retinal
(F2) and 11-cis (13-cis)-retinal (F4), as shown in Figs 2c and 2d. Distinct differences
in the results obtained from light- and dark-adapted retinae could not be observed.
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Fig. 2. Thin-layer chromatography of retinal isomers on silica gel (developing solvent: light
petroleum-—acetone-pyridine, 94:5:1, by vol.). (a) all-frans-retinol (1); retinal isomers: all-trans
(z; F2), 9-cis (3; F3)13-cis (4; F4) , 5 ug of each; mixture of retinol isomers (5; F1) and retinal iso-
mers (5; F2-T6), produced by irradiation of the all-trans form. F5 and F'6 were not further identi-
fied. Detection: rhodanin (left), SbCl, (right). (b) Two-dimensional separation of retinal isomers.
Same developing solvent for direction I and IT; F2-F6 as described under a. St., starting point.
Detection: rhodanin. (c): all-frans-retinal (1; F2); mixture of retinal isomers (2): all-trans (2; [F2)
and 11-cis/13-cis (2; F4); fractions from column chromatography of light- (3-5) and dark-adapted
(6-8) retinae. Detection: rhodanin. (d): As in c after spraving SbCly; cholesterol is revealed
(5; F7and 8; F7).

The absence of marked differences in the amount of stereoisomers of retinal extracted
from dark- and ultraviolet light-adapted retinae may be due to aspecific isomeriza-
tion during extraction and isolation of retinal at room temperature. Light-independent
isomerization of retinal is reported for extraction of 11-cis-retinal from cattle rhodop-
sin at higher temperatures!®. Milder extraction conditions reduce aspecific isomeriza-
tion to less than 25 %8, but extraction with ethanol for 10 min at o °C did not release
detectable amounts of retinal from the available retinae. Furthermore, ultraviolet
irradiation produces a steady state between ultraviolet visual pigment A and photo-
product Bl In this way the presence of more than one isomer in the light-adapted
retina could be explained. Carotenoid derivatives other than retinal isomers were
not detected. but spraying with Reagent II revealed the presence of cholesterol
(Fig. 2d, F7).

Products of denaturation of ultraviolet visual pigment A and its photoproduct B
In order to establish that retinal is present in visual pigment A and its photo-

product, the pigments were thermally denatured and the resulting products investi-
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Fig. 3. Thermal denaturation at 7o °C of the visual pigment A and the photoproduct B. (a)
Spectral absorbance of the ultraviolet visual pigment A (—) and of the products, arising from
thermal denaturation (————-— ). (b) Spectral absorbance of the photoproduct B (—) and of the
products, arising from thermal denaturation (————— ); for comparison, the absorbance of the ultra-
violet pigment is shown as dotted curve.

gated. This procedure was formerly used to characterize the stereo-isomers of retinal
in squid rhodopsin and metarhodopsin®®. The compounds arising trom thermal
denaturation of ultraviolet pigment A and photoproduct B exhibit the same spectral
properties (Fig. 3). After thermal denaturation of ultraviolet visual pigment A and
photoproduct B the absorbance increases at about 380 nm, the peak absorbance of
retinal (Figs 4a and 4b). While thermal denaturation decreases the absorbance of
photoproduct B at 480 nm (Fig. 4b), the loss of absorbance due to denaturation of
ultraviolet visual pigment A produces a minimum at about 345 nm in the difference
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Fig. 4. Release of retinal by thermal denaturation of the ultraviolet visunal pigment A and the
photoproduct B. (a) Spectral differences between ultraviolet visual pigment A and the product
formed by thermal denaturation (@ —@), between ultraviolet visual pigment A and the thermally
denatured pigmentafter irradiation with white light (@- - - - - ®). (b) Spectral differences between
photoproduct B and the product formed by thermal denaturation (@ —@), between photoproduct
B and the thermally denatured pigment after irradiation with white light (@- - - - - ®). For com-
parison, the spectral difference between the ultraviolet visual pigment A and the photoproduct
Bisshownas @----- @.
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spectrum (Fig. 4a; solid curve), corresponding to the decrease in absorbance after
ultraviolet irradiation of the ultraviolet visual pigment A (Fig. 4a; dotted curve). The
presence of 11-cis-retinal was tested by adding native cattle opsin in excess, which
should combine with this isomer to yield rhodopsin. However, differences in the
formation of cattle rhodopsin from ultraviolet visual pigment A and photoproduct B,
both denatured thermally, were not observed.

The stereoconfiguration of the retinal released was further investigated by
irradiating the thermally denatured pigments with white light (Xenon arc; 150 W).
The irradiation decreases the absorbance at 380 nm, and causes a shift of Apax to
shorter wavelengths (Fig. 4). When hydroxylamine was added, the Amax shifted
to 360 nm with a concomitant increase in absorbance, which is characteristic for the
formation of retinaldehyde oxime. The results indicate that thermal denaturation of
both ultraviolet pigment and photoproduct, under the conditions employed, primarily
yielded all-frans-retinal,

It is likely that the absence of differences in the stereoconfiguration of the
chromophore, released from the native pigment and photoproduct B, is due to the
denaturation procedure. 11-czs-Retinal, released by thermal denaturation, isomerizes
at the temperatures required for the denaturation of rhodopsin and is sterically
labile in the presence of denatured opsin'®:®. Therefore, as an alternative procedure,
which excludes stereoisomerization of the released chromophore, denaturation with
Ag* was used?t. After addition of native cattle opsin in excess to ultraviolet visual
pigment A or photoproduct B denatured by Ag®*, cattle rhodopsin was formed
(Fig. 5). The differences in the amount of regenerated cattle rhodopsin indicate that
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Fig. 5. Formation of rhodopsin from cattle opsin and Ag*-denatured ultraviolet visual pigment A
(@ —@) and photoproduct B (@« -« @). Ultraviolet visual pigment A (o.2 ml in aqueous digito-
nin) and photoproduct B, produced by ultraviolet irradiation (353 nm) from ultraviolet visnal
pigment A were denatured by addition of AgNO,. Excess Ag* was removed. After incubation
with cattle opsin in excess (2 h; z5 °C; pH 6.4) in the dark NH,OH was added. The difference
spectra represent changes in absorbance after irradiating with light of 514 nm.
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ultraviolet visual pigment A contains II-cis-retinal. From the solution, containing
denaturated photoproduct B, cattle rhodopsin was formed to a much lower extent
(Fig. 5, dotted curve). The amount of 11-¢is-retinal corresponding to the cattle rhodop-
sin formed in this case is in good agreement with the percentage of ultraviolet visual
pigment A, estimated for a photo-equilibrium between ultraviolet visual pigment A
and photoproduct B after prolonged ultraviolet irradiation (353 nm) of the native
pigment!?,

DISCUSSION

As a result of the various methods employed, retinal was identified as the
chromophoric group of the ultraviolet visual pigment present in the retina of the
neuropteran 4. macaronius. Following the nomenclature that differentiates between
visual pigments of the rhodopsin type, with retinal as chromophoric group, and the
porphyropsin type, containing 3-dehydroretinal as chromophore, the ultraviolet visual
pigment can be classed among the rhodopsins. Thus, the ultraviolet visual pigment A
is henceforth designated ‘‘rhodopsin 345”. Photoproducts B (Amax 480 nm) and C
(Amax 375 nm) correspond to acid and alkaline metarhodopsin, respectively.

When the chemical properties of the metarhodopsins of A. macaronius are
compared with those of metarhodopsins from other arthropods, differences in thermal
stability are apparent. Whereas acid metarhodopsin of A. macaronius exhibits a
thermal stability similar to that of cephalopod metarhodopsin®.22-24 a different
thermal stability is reported for the photoproducts of crustacean visual pigments2-28,
Irradiation of visual pigment preparations from other insects apparently releases
the chromophore® %2, as in the case of vertebrate rhodopsin. While there are indica-
tions that under physiological conditions the metarhodopsins of insects are thermostable
in the photoreceptor membrane, the thermal stability of some metarhodopsins is
lowered after extraction by digitonin, resulting in the release of the chromophore at
ambient temperature (Schwemer, J. and Paulsen, R., unpublished). Goldmith and
Warner® conclude from their results that the visual pigment in the honeybee is re-
generated from retinol by an enzymatical, and not photochemical reaction. In
A. macaronius, however, the stability of metarhodopsin and the absence (or low con-
centration) of retinol in the retina further supports the concept of the photoreversal
of rhodopsin 345 in vivo3°.

11-cis stereoconfiguration of retinal in rhodopsin 345 is indicated by thin-layer
chromatography and the formation of cattle rhodopsin from Ag+-denatured rhodopsin
345 and cattle opsin. Acid metarhodopsin assumed to contain all-frans-retinal (Amax
480 nm) has about 1.7 times the relative maximal absorbance of rhodopsin 345 with
11-cis-retinal as chromophore. Similar relations were previously reported for cephalo-
pod rhodopsin and metarhodopsin'® 2224,

Rhodopsin 345 is the first visual pigment shown to absorb maximally light at a
wavelength shorter than 380 nm, the Ayax of the free chromophore. In all other
known rhodopsins a bathochromic shift is observed. The spectral properties of the
visual pigments are influenced by the kind of linkage between chromophore and lipo-
protein part. In metarhodopsin II of vertebrates and rhodopsin and metarhodopsin
of cephalopods, the chromophore has been considered to be bound as a Schiff base to
an g-amino group of lysine® 3. The indicator properties of the metarhodopsins of
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A. macaronius agree with characteristics of Schiff bases of retinal®*-%?. Therefore, in
agreement with proposals of Kropf and Hubbard®, it is assumed that in acid meta-
rhodopsin of A. macaronius the all-frans-retinal is attached to the lipoprotein moiety
by a protonated aldimine linkage. Since unprotonated retinylidene imines show
maximal absorbance about 20 nm shorter than free retinal®, such a linkage of the
11-cis-retinal may contribute to the hypsochromic shift as found for rhodopsin 345.
Experiments to analyse the linkage of retinal in rhodopsin 345 and acid metarho-
dopsin are in progress.

ACKNOWLLEDGMENTS

The authors are grateful to Mrs Annette Hempelmann for excellent technical
assistance and to Professor Dr K. Hamdorf and Professor Dr H. Langer for critical
reading of the manuscript.

This work was supported by grants to Professor Dr. K. Hamdorf from the
Deutsche Forschungsgemeinschaft (Ha 258/10; SFB 114) and to Dr. M. Gogala from
S.B.K.- and S.F.N.R.-IFonds of Yugoslavia.

REFERENCES

1 Wald, G. (1968) Nature 219, 800807

2 Goldsmith, T. H. (1958) Proc. Natl. Acad. Sci. U.S. 44, 123-126

3 Wolken, J. J., Bowness, J. M. and Cohen, C. F. (1960) Biockim. Biophys. Acta 43, 531-537
4 Briggs, M. H. (1961) Nature 192, 874-875

5 Wolken, J. J. and Scheer, L. J. (1963) Exp. Eye Res. 2, 182-188

6 Goldsmith, T. H. and Warner, L. T. (1964) J. Gen. Physiol. 47, 433—441

7 Goldsmith, T. H., Barker, R. J. and Cohen, C. F. (1964} Science 146, 65-67

8 Zimmerman, W. F. and Goldsmith, T. H. (1971) Science 171, 1167-1169

Gogala, M., Hamdorf, K. and Schwemer, J. (1970) Z. Vergl. Physiol. 70, 410-413

10 Hamdorf, K., Schwemer, J. and Gogala, M. (1971) Nature 231, 458-459

11 Schwemer, J., Gogala, M. and Hamdorf, K. (1971) Z. Vergl. Physiol. 75, 174-188

12 Matthews, R. G., Hubbard, R., Brown, P. K. and Wald, G. (1963) J. Gen. Physiol. 47, 215-239

13 Heller, J. (1968) Biochemistry 7, 2006—2913

14 Akhtar, M., Blosse, P. T. and Dewhurst, P. B. (1968) Biochem. J. 110, 693-702

15 Winterstein, A. and Hegedis, B. (1960) Chimia (Aaran) 14, 18

16 Hamdorf, K., Schwemer, J. and Tduber, U. (1968) Z. Vergl. Physiol. 60, 375-415

17 Goldsmith, T. H. (1970) Ophthalmol. Res. 1, 292—301

18 Rotmans, J. P., Bonting, S. L. and Daemen, F. J. M. (1972) Vision Res. 12, 337-341

19 Hubbard, R. and Kropf, A. (1958) Proc. Natl. Acad. Sci. U.5. 44, 130-139

20 Hubbard, R. (1958) J. Gen. Physiol. 42, 259—280

21 Hubbard, R., Brown, P. K. and Bownds, D. (1971) in Methods in Enzymology (Colowick, S. P.
and Kaplan, N. O. eds), Vol. 18, Part C, p.p. 615653, Academic Press, New York and London

22 Hubbard, R. and St. George, R. C. C. (1958) J. Gen. Physiol. 41, 501-528

23 Brown, P. K. and Brown, P. A. (1958) Nafure 182, 1288-1290

24 Schwemer, J. (1969) Z. Vergl. Physiol. 62, 121-152

25 Wald, G. and Hubbard, R. (1957) Nature 180, 278-280

26 Wald, G. (1967) Nature 215, 1131-1133

27 Goldsmith, T. H. and TFernandez, H. R. (1966) in The Functional Organization of the Compound
Eye (Bernhard, C. G. ,ed.), Vol. 7, p.p. 125-143, Pergamon Press, Oxford and New York

28 Goldsmith, T. H. (1972) in Handbook of Sensory Physiology (Dartnall, H. J. A, ed.), Vol. 7/1,
pp. 568—719, Springer Verlag, Berlin, Heidelberg, New York

29 Marak, G. E., Gallik, G. J. and Cornesky, R. A, (1970) Ophthalmol. Res. 1, 65-71

30 Hamdorf, K., Gogala, M. and Schwemer, J. (1971) Z. Vergl. Physiol. 75, 189-199

31 Bownds, D. (1967) Nature 216, 1178-1181

32 Akhtar, M., Blosse P. T. and Dewhurst, P. B. (1967) Chem. Commun. 13, 631632

3 Abrahamson, E. W. and Wiesenfeld, J. R. (1972) in Handbook of Sensory Physiology (Dartnall,
H. J. A, ed.), Vol. 7, pp. 69—121, Springer Verlag, Berlin, Heidelberg, New York

Re]

Biochim. Biophys. Acta, 283 (1972) 520~529



INSECT VISUAL PIGMENT 529

34 Morton, R. A. and Pitt, G. A. J. (1955) Biochem. J. 59, 128-134

35 Hubbard, R. (1969} Nature 221, 432437

36 Daemen, F. J. M. and Bonting, S. L. (1969) Nature 222, 879-881

37 Daemen, F. J. M,, Jansen P. A. A. and Bonting, S. L. (1971) Avch. Biochem. Biophys. 145,
300-309

38 Kropf, A. and Hubbard, R. (1958) Ann. N.Y. Acad. Sci. 74, 266-280

Biochim. Biophys. Acta, 283 (1972) 520~529



