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Summary. The 7y photoreceptor  in the fly (Musca, 
Calliphora) retina harbours an unusually complex 
pigment system consisting of a bistable visual pig- 
ment (xanthopsin, X and metaxanthopsin, M), a 
blue-absorbing C4o-carotenoid (zeaxanthin and/or 
lutein) and a uv sensitizing pigment (3-OH retinol). 

The difference spectrum and photoequil ibrium 
spectrum in single 7y rhabdomeres were deter- 
mined microspectrophotometrically (Fig. 2). 

The extinction spectrum of the C4o-carotenoid 
has a pronounced vibrational structure, with peaks 
at 430, 450 and 480 nm (Fig. 3). The off-axis spec- 
tral sensitivity, determined electrophysiologically 
with 1 nm resolution shows no trace of this fine 
structure thus excluding the possibility that the 
C40-carotenoid is a second sensitizing pigment 
(Fig. 4). 

The absorption spectra of X and M are derived 
by fitting nomogram spectra (based on fly R 1-6 
xanthopsin) to the difference spectrum. 2 max for 
X is 425 nm, and for M 510 nm (Fig. 5). It is shown 
that the photoequil ibrium spectrum and the differ- 
ence spectrum can be used to derive the relative 
photosensitivity spectra of X and M using the ana- 
lytical method developed by Stavenga (1975). The 
result (Fig. 6) shows a pronounced uv sensitivity 
for both, X and M, indicating that the uv sensitiz- 
ing pigment transfers energy to both X and M. 
A value of 0.7 for 4~, the relative efficiency of photo- 
conversion for X and M, is obtained by fitting the 
analytically derived relative photosensitivity spec- 
tra to the absorption spectra at wavelengths 
beyond 420 nm. 

Introduction 

It is generally assumed that the spectral sensitivity 
of a photorcceptor  is primarily determined by the 
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absorption spectrum of the visual pigment with 
secondary modifications due, for example, to self- 
screening, waveguide effects and the presence of 
any coloured materials in the ray path acting as 
filters (e.g. cornea, oil droplets, overlying photore- 
ceptors in a tiered rhabdom etc.; review Menzel 
1979). 

In many species of fly the situation is further 
complicated by the presence of photostable pig- 
ments which arc located in the rhabdomeres them- 
selves, and which can modify the properties of the 
receptors very considerably in several respects. E.g. 
both spectral and polarization sensitivity can be 
modified: 1) by sensitization of the visual pigment 
via a sensitizing pigment (Kirschfeld et al. 1977; 
Vogt and Kirschfeld 1983b), and 2) by the screen- 
ing effect of a C40-carotenoid (Kirschfeld et al. 
1978; Hardie et al. 1979). Whereas electrophysio- 
logical data give important  information on the 
functional properties of this kind of photoreceptor,  
in order to analyse the contribution of the different 
pigments in detail it is necessary in addition to 
measure the absorption properties of the pigments 
individually by microspectrophotometry.  

With respect to its pigments, the most  compli- 
cated photoreceptor yet described is probably the 
so-called 7 yellow (7y) photoreceptor  found in sev- 
eral dipteran species (including Musca and Calli- 
phora). It is characterized by a blue absorbing 
C4o-carotenoid which gives rise to the yellow ap- 
pearance of its rhabdomere in transmitted light 
(Kirschfeld et al. 1978). Functionally it is an ultra- 
violet receptor, and it has been hypothesized that 
its spectral sensitivity is generated via a uv sensitiz- 
ing pigment transferring the energy of absorbed 
quanta onto a blue absorbing visual pigment which 
is largely screened from direct excitation by the 
C40-carotenoid (Hardie et al. 1979). 

The absorption properties of the C4o-carot- 
enoid have been investigated in some detail 
(Kirschfeld et al. 1978; Mclntyre and Kirschfeld 
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1981), and  its chemical  identi ty de te rmined  as a 
mixture  of  zeaxanth in  and  lutein (Vogt and  Kirsch-  
feld 1983 a). Whils t  the hypothesis  tha t  a sensitizing 
p igment  is present  has  been s t rengthened by the 
demons t r a t i on  of a fine s t ructure  in the uv spectral  
sensitivity of  these cells (Hardie  and  Kirschfeld 
1983) similar to tha t  demons t r a t ed  in R 1-6 cells 
(Gemper le in  et al. 1980; Kirschfeld et al. 1983), 
only pre l iminary  da ta  have  been publ ished on the 
proper t ies  of the visual p igment  itself (Kirschfeld 
1979). 

I t  should be po in ted  out  that,  whilst there is 
no direct evidence, we assume tha t  the c h romo-  
phore  of the visual p igment  in 7y pho to recep to r s  
is the same as tha t  in R 1 - 6  photoreceptors .  This 
has recently been shown to be a novel  ch romo-  
phore,  namely  3 -OH retinal (Vogt 1983; Vogt  and 
Kirschfeld 1984) and  Vogt  has p ropos ed  a c o m m o n  
name  for visual p igments  with this ch romophore ,  
namely  ' xan thops in ' .  

The  a im of the present  work  is a fur ther  charac-  
ter izat ion of this type o f ' c o m p l e x  p h o t o r e c e p t o r ' :  
in part icular ,  to de termine  accurate  abso rp t ion  and  
pho toequ i l ib r ium spectra  of  the visual p igment  
proper ,  to examine  critically the quest ion of wheth-  
er the C40-carotenoids might  also play a r01e as 
a second sensitizing pigment ,  similar to their anten-  
na  funct ion in photosynthesis ,  and  to find out  
whether  the uv sensitizing p igment  transfers energy 
on to  the xan thops in  (X) alone, or  on to  the me ta -  
xan thops in  (M) as well. 

Methods 

Microspectrophotometry. Experiments were performed on fe- 
male specimens of Musca domestica; controls with white-eyed 
mutants gave similar results. 

Tangential slices from the retina were cut with an oscillat- 
ing razor blade (ca. 50 gm, 200 Hz, Kirschfeld 1967). The eye 
slices, which were only used if there was no noticeable distortion 
of the alignment of the rhabdomeres, were mounted in a drop 
of Ringer solution (Case 1957) in a chamber, so that the cut 
ends of the rhabdomeres could be observed in cross-section 
in the microscope. The chamber was cooled to 5 ~ in order 
to stabilize the preparation and to prevent movement of pig- 
ment granules. The position of the preparation on the stage 
could be controlled with an accuracy of ca. 0.1 gm. 

The microscope was a Leitz orthoplan equipped with ul- 
trafluar optics (Zeiss). In the photometer head an adjustable 
diaphragm is incorporated into an ultrafluar eyepiece. The loca- 
tion of the image of the rhabdomere within this diaphragm 
could be inspected via a mirror which could be swung out 
of the ray path during measurements. 

Electrophysiology. The electrophysiological experiments de- 
scribed in this paper were designed purely to answer the ques- 
tion of whether the C4o-carotenoid can function as a sensitizing 
pigment. To this end it was necessary to raise the flies on special 
diets with controlled carotenoid content (see Results), and for 
technical reasons it is easier to raise Calliphora on such a diet 

than Musca. The experiments were therefore performed on 
chalky mutants of CalIiphora erythrocephala. 

The flies were raised on horse meat (which has very low 
concentrations of carotenoids) to which either lutein or zeaxan- 
thin was added as the sole C40-carotenoid (Vogt and Kirschfeld 
1983a). 

The recording set-up has been described previously (Hardie 
et al. 1979). In brief, fine microelectrodes (tip resistances ca. 
120 M~) were lowered vertically into the eye via a small hole 
in the cornea sealed with a drop of immersion oil. High resolu- 
tion spectral sensitivity measurements were performed as de- 
scribed by Hardie and Kirschfeld (1983). Briefly, responses to 
repeated spectral scans in the range 400-520 nm were signal 
averaged and then converted to spectral sensitivity functions 
via the cell's response intensity function and the calibration 
of the lamp (quartz iodide) and monochromator (Zeiss MM 12). 
Calibrations were performed using an EG & G radiometer. 

Results 

The difference spectrum 

R h a b d o m e r e s  R7 are identified by their pos i t ion  
in the centre of  the o m m a t i d i u m  (see Fig. 1). The  
major i ty  of R7 cells in the Musca eye are 7y pho to -  
receptors  and  can be posit ively dist inguished f rom 
other  classes of  R7 by  their  yellow appea rance  in 
t ransmi t ted  light and /o r  by  their s t rong d ichro ism 
in the blue (Kirschfeld et al. 1978). 

The difference spec t rum is the spec t rum of the 
differences in abso rbance  between the two states 
of a bistable p igmen t  system, and  was de te rmined  
by measur ing  the t ransmi t ted  intensity, I, at  a vari-  
ety of test wavelengths  in two different adap t a t i on  
states. Typical  raw da ta  are shown in Fig. 1. The  
vertical lines are photomul t ip l i e r  signals genera ted  
by flashes (0.3 s) of the measur ing  light. Between 
the test flashes (given at 2 10 s intervals) the rhab-  
domere  is exposed to the adap t ing  light. A shut ter  
in front  of  the photomul t ip l i e r  was closed dur ing 
adap ta t ion  to pro tec t  it against  this relatively 
s t rong light. Figure  l b shows that  an adap t ing  
light of  500 n m  leads to a high t ransmiss ion  at 
520 nm, whereas  adap t a t i on  to 400 nm reduces the 
t ransmiss ion  at 520 n m  significantly. The measur -  
ing lights were too  weak and  shor t  to shift measur -  
able a m o u n t s  of p igment  themselves.  The  absorb-  
ance difference AE(2) for each measur ing  wave-  
length ~ used is calculated according to Eq. 1 (see 
Append ix  1). 

Mic rospec t ropho tome t r i c  measu remen t s  of 7y 
rhabdomeres  present  par t icu lar  technical  difficul- 
ties. Any  b a c k g r o u n d  light which is not  t ransmi t ted  
by, or  m o d e  coupled (McIn ty re  and  Snyder  1973; 
Wi jngaard  and  Stavenga  1975) to the R7 rha b d o -  
mere  introduces a systemat ic  er ror  into the differ- 
ence spectrum. In  general, b a c k g r o u n d  light is min-  
imized in wild type flies by  the s t rongly absorb ing  
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Fig. 1. a I: Arrangement of rhabdomeres no 1 
to 7 in a single ommatidium of Musca. 
Position of diaphragm is indicated around 
rhabdomere no 7. II, III: Rhabdomeres of one 
ommatidium photographed on colour film 
(Kodak 5074) and reproduced in orange light 
(II) (6 mm Schottfilter OG 2) or in blue light 
(III) (4 mm Schottfllter BG 28). In blue light the 
light guiding neck of rhabdomere no 7 is 
clearly visible, b-f  Vertical lines are 
photomultiplier signals evoked by 0.3 s flashes 
of measuring light of wavelengths given in the 
top line of the figure, transmitted through a 
single rhabdomere. Between the test flashes the 
adapting light of wavelength given in the 
bottom line was switched on. The inset 
indicates the position of the measuring 
diaphragm. Further explanation in the text 

screening pigment. However, light is still transmit- 
ted by the surrounding rhabdomeres R1-6, and 
the position of the R7 rhabdomere in the centre 
of the ommatidium makes it particularly suscepti- 
ble to stray light signals. We attempted to minimize 
this by very careful positioning of the measuring 
diaphragm (we found that even a shift of 0.2 ~tm 
of the diaphragm was sufficient to modify the sig- 
nal). 

Another source of stray light comes from the 
R7 itself. The rhabdomere of t h e  R7 cells is con- 
nected to the cell body by a slender 'neck'  (see 
e.g. Trujillo-Cen6z and Melamed 1966). Surprising- 
ly, this neck is itself capable of guiding light inde- 
pendently of the rhabdomere. This becomes partic- 
ularly apparent with blue light, which is heavily 
absorbed in the rhabdomere by the C40-carot- 
enoid, allowing the light guided in the neck to be 
easily seen (Fig. 1 a, III). With yellow light, by con- 
trast, transmission in the rhabdomere is much 
higher and the neck is dark compared to the rhab- 
domere (Fig. 1 a, II). The fact that in white light 
the 'neck'  appears greenish compared to the yellow 
rhabdomere suggests that the light in the two struc- 
tures is not mode-coupled. To minimize this effect 
we used preparations with shorter rhabdomeres, 
whereby the C4o-carotenoid absorption remains 
relatively small, and took special care in the placing 
of the measuring diaphragm. 

Nevertheless, even with precise positioning of 
the diaphragm, signals from the R 1-6 cells may 
still be measured because of the waveguide proper- 
ties of the rhabdomeres which may allow optical 
cross-talk (Mclntyre and Snyder 1973). Such sig- 
nals could affect the difference spectrum. In order 
to measure the difference spectrum in 7y rhabdo- 
meres we chose an adapting wavelength pair which 

results in no net shift of the pigment in R1-6, 
namely 400 nm and 500 nm. Figure 1 c illustrates 
that this pair of adapting wavelengths indeed 
causes no measurable transmission change in a R3 
rhabdomere, whereas in Fig. 1 d it can be seen that 
a large change is induced by 560 nm vs. 460 nm. 
Figure 1 e, f demonstrates, that even if there is any 
contribution of the R1-6  transmission change 
measured in carefully selected rhabdomeres R7, 
this signal is only small. The just measurable differ- 
ence in Fig. 1 f might be due to contamination from 
R1-6 but could also be due to a pigment shift 
in R7 itself. 

The difference spectrum presented in Fig. 2 is 
averaged from the results from 4 rhabdomeres 7y 
chosen for the stability of the measurements, using 
400 and 500 nm as the adapting wavelengths to 
minimize any effect from R 1-6, and preparations 
with short rhabdomeres to minimize the effect of 
the neck. For comparison the dotted curve shows 
the mean from 5 preparations with longer rhabdo- 
meres, measured before we were aware of the effect 
of the stray light from the neck, resulting in a sys- 
tematic distortion in the blue. 

Photoequilibrium spectrum 

Further important information about a bistable 
pigment system is obtained from the photoequili- 
brium spectrum which describes the proportion of 
the visual pigment in one state as a function of 
the adapting (equilibrating) wavelength. We mea- 
sured the relative proportion of metaxanthopsin 
at a test wavelength of 2 = 520 nm, where there is 
virtually no absorption by xanthopsin. Further, 
this wavelength is close to the isosbestic point in 
R 1-6 rhabdomeres, and their transmission should 



424 K. Kirschfeld et al.: The pigment system of the photoreceptor R7y 

1.5 

Z 
< 
I 

Z 

u_ 
j ..i 

a N  

o @  

0,0 

. . . .  \ \  A 

-xl. 

_ZZ 

o -r 

0.5 

Z 

o 
0.0 

350 400 450 500 550 600 

WAVELENGTH (nm) 

Fig. 2. Points: Difference spectrum AE measured after adapting 
the pigment first to light of 500 nm, then to light of 402 nm. 
Data from 4 rhabdomeres R7y with standard deviation. Circles: 
Q function measured at 520 nm. Pigment was shifted first with 
orange light (2>520 nm) into the xanthopsin state, then with 
the wavelength indicated at the bot tom into the new equilibri- 
um. Dashed curve: Difference spectrum (mean of 5 spectra) 
which shows systematic deviation in the spectral range of 400 
to 500 nm because of the influence of the 'neck'-lightguide illus- 
trated in Fig. 1 a, III. Explanation in text. The ordinate at the 
right side indicates the fraction of metaxanthopsin created in 
photoequilibrium with wavelengths indicated on the abscissa, 
4,=0.7 

therefore be independent of the adapting wave- 
length with this measuring light. Any effect of 
straylight from R 1-6 is thus again minimized. The 
results give only the relative proportion of meta- 
xanthopsin at any adapting wavelength, but by 
normalizing the data to the value at the isosbestic 
point in 7y, we obtain the so-called (2 function 
(Fig. 2) which can be converted to the absolute 
photoequilibrium function with a knowledge of q~, 
the relative quantum efficiency of photoconversion 
of xanthopsin and metaxanthopsin (right hand or- 
dinate). The equations that have been used are giv- 
en in Appendix 1. 

Is the Cr a second sensitizing pigment ? 

Hardie et al. (1979) have already produced plausi- 
ble arguments suggesting that the C4o-carotenoid 
is in fact only a screening pigment, however firm 
evidence for this hypothesis is lacking. We thus 
designed an experiment to test this hypothesis di- 
rectly. 

In order to appreciate the rationale behind the 
experiment it is first necessary to briefly recapitu- 
late the results of the extraction of the 
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Fig. 3. Cr from the eyes of C a l l i p h o r a  reared on 
lutein and zeaxanthin rich diets, respectively. Extract: absorb- 
ance spectrum of the C40-component isolated from whole eye 
acetone extracts, identifiabie as lutein or zeaxanthin by HPLC 
and by comparison with reference spectra from lutein or zeaxan- 
thin extracted from plant material (Vogt and Kirschfeld 1983 a). 
(The second reference curve with the pronounced secondary 
peak at ca. 340 nm comes from a cis-isomer-presumably 15, 
15'.) MSP curves show single extinction spectra of 7y rhabdo- 
meres and reflect the 2max and the degree of modulation in 
the lutein/zeaxanthin. The bathochromic shift of 4-5 nm is due 
to the nature of the solvent (ethanol vs membrane lipids) 

C40-carotenoid in 7y rhabdomeres and its identifi- 
cation as a mixture of zeaxanthin and lutein (Vogt 
and Kirschfeld 1983 a). 

In acetone extracts of freeze-dried Calliphora 
retinae the major C40-carotenoid component (as 
identified by high performance thin layer chroma- 
tography and spectrophotometry of extracts) was 
all-trans zeaxanthin along with smaller amounts 
of all-trans lutein and cis-isomers of both. Further 
it was possible to raise flies on special diets contain- 
ing either lutein or zeaxanthin as the sole 
Cr In this case the extracts revealed 
only isomers of the one carotenoid. In addition 
MSP of the 7y rhabdomeres in such flies revealed 
characteristic extinction spectra allowing the iden- 
tification of the C40-carotenoid as lutein or zeaxan- 
thin, respectively (Fig. 3). Of particular importance 
for the present experiment is that the spectrum of 
lutein shows a more pronounced vibrational fine 
structure than that of zeaxanthin and that this is 
clearly reproduced in the 7y extinction curve. (The 
enhanced vibrational fine structure is explained by 
the displacement of a double bond in the cyclohex- 
ene ring thus leading to a restriction of the torsion- 
al freedom of the C6-C7 bond.) 
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Fig. 4a, b. Spectral sensitivity of a 7y cell from Calliphora raised 
on a lutein-rich diet, measured in the range 400-520 nm with 
1 nm resolution, a Off-axis, average of n = 131 scans. The family 
of smooth curves shows theoretical predictions based on the 
measured extinction spectra of the xanthopsin (shifted to 2max 
of 430 nm) and lutein. The transmission spectrum of the eye 
tissue (dashed line, Vogt, unpublished) has also been considered. 
The curves assume 0, 5, 10 and 15% efficiency of energy transfer. 
The best fit is with zero transfer efficiency, b On-axis data from 
same cell (n=  76 scans): data reveal an inverted fine structure, 
with the troughs corresponding to the peaks of the lutein ab- 
sorbance spectrum (smooth curve). The data have been fitted 
with the X425 extinction spectrum assuming a purely screening 
effect of the lutein. Both on and off-axis predictions assume 
absorptivities (absorption/gin) of 0.008 and 0.024 for xanthopsin 
and lutein, respectively 

It seemed to us that the clearest demonstration 
that the Cr could contribute actively 
to the cell's response (i.e. as a sensitizing pigment) 
would be the demonstration of this fine structure 
in the electrophysiologically determined spectral 
sensitivity function, and in order to maximize the 
chance of detecting this we used flies raised on a 
lutein diet. 

The critical measurements were performed with 

non-axial light, since in the axial situation self- 
screening would necessarily reduce any modulation 
in S(2) and further, if the efficiency of energy 
transfer is not very high, then the screening effect 
of the carotenoid will predominate. By contrast, 
for light absorbed non-axially, the active contribu- 
tion should be still just as high, whereas both self- 
screening and screening become negligible (Eq. l, 
Appendix 2). 

Intracellular recordings were made from 7y 
photoreceptors in two such lutein rich flies. The 
cells were identified by the overall shape of the 
spectral sensitivity function (Hardie et al. 1979; 
Hardie and Kirschfeld 1983). In the range 400- 
520 nm S(2) was measured with 1 nm resolution 
by using monochromatic scans (Hardie and 
Kirschfeld 1983). In 3 cells the recordings were sta- 
ble enough to average the data from 50-100 scans 
using both axial and non-axial illumination. 

The results (Fig. 4) show clearly that in the axial 
situation an 'inverted fine structure' is measured, 
where the troughs in the S(2) correspond to the 
peaks of the lutein extinction spectrum. This thus 
demonstrates directly a screening function but can- 
not exclude a moderate sensitizing function in ad- 
dition. In the non-axial situation, however, there 
is no trace of any fine structure suggesting that 
the carotenoid has no sensitizing function. Of 
course an energy transfer of sufficiently low effi- 
ciency would go undetected. To get an idea of the 
upper limit for transfer efficiency which, theoreti- 
cally, might still occur, predictions of S(2) were gen- 
erated using different values of transfer efficiency. 
For the predictions we assumed the lutein spec- 
trum measured in extracts, but with 2max shifted 
5 nm to coincide with the MSP data (see Fig. 3). 
Initially we found a discrepancy in that a xanthop- 
sin spectrum with 2max 440 nm was required to 
fit the data, whereas, as we shall see, the MSP data 
clearly show a ;tmax which is shorter (425 nm, 
Fig. 5). However, this discrepancy can be largely 
explained by taking the spectrally selective screen- 
ing effect of the tissue with 2max at ca. 410 nm 
(Vogt, unpublished, see Fig. 4) into account 1. The 
resulting predictions are presented in Fig. 4. With 
reasonable assumptions for the absolute extinc- 
tions of lutein and xanthopsin, the predictions indi- 

1 Actually, even with the tissue screen factor, the data of Fig. 4 
were best fitted with a 430 nm xanthopsin spectrum. The data 
could also be well modelled with X425 if the tissue screening 
factor was assumed to be ca. 15% greater than that  determined 
by Vogt (unpubl. and see Fig. 4). These differences, however, 
are insignificant and within the experimental error. What  is 
important  is that any model (425, 430 or 440 nm, with or with- 
out tissue screen) predicts a measurable fine structure when 
the energy transfer efficiency from the C~0-carotenoid is greater 
than 5-10%, and this was never observed. 



426 K. Kirschfeld et al.: The pigment system of the photoreceptor R7y 

1 

5.5 
Z 
o 

o 

< 
~o 

I 

350  

i i 

X 42.* t 

4 0 0  4 5 0  5 0 0  

WAVELENGTH (nm) 

i 

V•M 510 

I 

I 

5 5 0  6 0 0  

Fig. 5. Points: The difference spectrum from Fig. 2 (points) was 
fitted to a xanthopsin and metaxanthopsin spectrum. The shape 
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cate that even a transfer efficiency of 5-10% would 
have been sufficient to generate a measurable fine 
structure. By contrast the transfer efficiency of the 
uv sensitizing pigment in R1-6  is estimated as 
greater than 75% (Vogt and Kirschfeld 1983b). 

We also modelled the axially measured spectral 
sensitivity, and in this case found that the results 
could be well modelled with the 425 nm xanthopsin 
spectrum, and again a purely screening effect of 
the lutein. 

We can thus conclude that, with respect to xan- 
thopsin, the C4o-carotenoid has little or no sensitiz- 
ing function. However, it does have a significant 
effect on the axially measured spectral sensitivity 
function by virtue of its screening function. 

Determination of the visual pigment 
absorption spectra 

At least two methods are available for determining 
the visual pigment absorption spectra from the 
data collected in this study. In principle the most 
direct is an analytical method developed by Staven- 
ga (1975) whereby the absorption spectra are de- 
rived from the difference spectrum and the (2 func- 
tion. However, this method is not generally appli- 
cable when there is a sensitizing pigment whose 
absorbance spectrum overlaps with that of the vi- 
sual pigment. This is the case for 7y at wavelengths 
below ca. 420 nm. With certain assumptions, how- 
ever, the analysis can then lead to the photosensiti- 
vity spectra of the visual pigments. 

Approximation method 

Initially, therefore we applied an approximation 
method (reviewed by Hamdorf  1979), whereby no- 
mogram spectra are fitted to the difference spec- 
trum by varying 2max and the ratio between X 
and M. This procedure, of course, requires a priori 
information on the shape of the absorption spec- 
trum. Rather than using Dartnall (1953) or Ebrey- 
Honig (1977) nomograms, we used as templates 
the xanthopsin and metaxanthopsin spectra deter- 
mined for Calliphora R1-6 photoreceptors 
(Schwemer and Henning 1984) and shifted these 
on a 2 �88 scale introduced by Barlow (1982). This 
arbitrary scale has been found to give an excellent 
coincidence in shape for vertebrate visual pigments. 

The result is shown in Fig. 5 .2max of the xan- 
thopsin and metaxanthopsin are 425 nm and 
510 nm, respectively. The maximum absorption of 
M is ca. 1.8 x higher than that of X which is in 
the range of invertebrate bistable visual pigment 
systems (rev. Stavenga and Schwemer 1984). 

In order to test whether the outcome of this 
procedure was critically dependent on the shape 
of the nomogram spectrum, we also fitted the data 
to Ebrey-Honig nomogram spectra (this fit was 
kindly performed by K. Hamdorf  and P. Schlecht 
with their computer program). In this case 2max's 
of 426 nm and 506 nm were obtained but the quali- 
ty of the fit was not quite so good. 

Analytical derivation of absorption spectra 

For wavelengths longer than 420 nm the analytical 
method of Stavenga (1975) should also produce the 
absorption spectra of the visual pigment without 
any assumptions as to the shape of the spectra. 
However, we must assume that the Cao-carotenoid, 
which absorbs in this range, has no sensitizing 
function. We have demonstrated that this is true 
with respect to the xanthopsin component (Fig. 4), 
and whilst this suggests that it is also 'silent' with 
respect to the metaxanthopsin, we have no direct 
evidence for this. In the range 350-420 nm, the ac- 
tion of the uv sensitizing pigment invalidates the 
analysis with respect to the absorption spectra, 
however, it is simple to show that the analysis 
should then provide the relative photosensitivity 
of the visual pigment (i.e. visual pigment absorp- 
tion plus sensitizing pigment absorption • transfer 
efficiency) provided two conditions are met. The 
first is that the efficiency of energy transfer from 
the sensitizing pigment is the same onto both xan- 
thopsin and metaxanthopsin, and the second that 
the difference spectrum does not equal zero (see 
Appendix). In the case of 7y, the latter condition 
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F i g .  6. Relative photosensitivity spectrum of X and M calculat- 
ed from the difference spectrum and the Q function using the 
analytical method developed by Stavenga (1975), assuming a 
value of 0.7 for q5 the relative quantum efficiency. The dashed 
curves are the spectra of X and M from Fig. 5 for comparison 

is met down to wavelengths of 350 nm (Fig. 2). The 
former condition is of course, a priori unknown, 
however, by analogy with R 1 6 likely to be true 
(see Minke and Kirschfeld 1979). 

Finally, for the calculation we need to assume 
a value of ~b, the relative quantum efficiency of 
photoconversion. Since we have already derived 
visual pigment absorption spectra by the approxi- 
mation procedure above, we can vary 4~ in the cal- 
culation to obtain the best fit with these data, and 
thus also derive an estimate for ~b. 

The result of the analysis, using the equations 
presented in Appendix 3 and the data of Fig. 2, 
is shown in Fig. 6. 

At wavelengths longer than 420 nm, and as- 
suming a ~b value of 0.7 there is good agreement 
with the absorption spectra obtained semi-inde- 
pendently by the fitting procedure of nomograms 
to the difference spectrum. This agreement inciden- 
tally, is also evidence for our assumption that the 
C40-carotenoid plays no sensitizing role onto me- 
taxanthopsin. Below 420 nm both the spectra show 
a pronounced increase in the absorption coefficient 
in the uv, which represents the contribution of the 
sensitizing pigment provided our assumption of 
equal energy transfer is correct. 

Finally, we use our estimate for �9 to convert 
the measured Q function into the absolute photo- 
equilibrium function (see Appendix 1), and the re- 
sult is shown in the right ordinate of Fig. 2. 

Discussion 

The 7y photoreceptor in flies has an exceptionally 
complicated pigment complex, and is in addition 
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Fig. 7. Pigment absorptions and spectral sensitivity of photore- 
ceptors R7y. 1, 2: X and M absorption spectra from Fig. 5. 
3: Absorption spectrum of C4o-carotenoids from a rhabdomere 
R7y after waveguide correction (McIntyre and Kirschfeld 1981). 
4: Absorption spectrum of the uv sensitizing pigment. The spec- 
trum shown is from a receptor R1-6 (Kirschfeld et al. 1983), 
since only in these rhabdomeres are measurements possible with 
sufficient accuracy. 5a: Spectral sensitivity of a receptor 7y, 
measured off-axis, 5 b: measured on-axis for wavelengths longer 
400 nm. The small difference between the extinction- and sensi- 
tivity spectra in the uv seems to be characteristic for receptors 
1-6 and 7y, respectively. It is not explained (Hardie and Kirsch- 
feld 1983) 

technically difficult to study due to its small size 
and position in the center of the ommatidium. Nev- 
ertheless, by a combination of microspectrophoto- 
metric, electrophysiological and biochemical tech- 
niques we believe now to have succeeded in provid- 
ing a comprehensive description of the pigments 
and their functions. 

The extinction spectra of the four components 
(X, M, C40-carotenoid and uv sensitizing pigment) 
are summarized in Fig. 7 along with the resulting 
spectral sensitivity of the photoreceptor. 

Spectral mechanisms 

The visual pigment itself is a typical invertebrate 
bistable system with a xanthopsin absorbing maxi- 
mally at 425 nm, that can be photointerconverted 
with a metaxanthopsin with 2max 510 nm. The 
spectral sensitivity function measured off-axis can 
be fitted with a 430 nm xanthopsin spectrum (de- 
rived from the MSP data) as long as the spectrally 
selective screening effect of the tissue (2max 
410 nm) is taken into account. The need to do so 
shows that caution must be exercised in deriving 
visual pigment spectra from electrophysiological 
data, since even white-eyed mutants (in this case 
Calliphora chalky) are not necessarily truly white. 

With respect to ~b, the relative quantum effi- 
ciency, we estimated a value of 0.7 by a fitting pro- 
cedure (Fig. 6) and found that this could be consid- 
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ered independent of wavelength beyond 420 nm 
where the uv sensitizing pigment no longer ab- 
sorbs. We lay no great claim to accuracy, however. 
This value is significantly smaller than that found 
in R 1-6 photoreceptors (0.93, Hamdorf  1979), but 
well within the range of values in other inverte- 
brates (review Stavenga and Schwemer 1984). 

The C4o-carotenoid plays, most probably, a 
purely screening function and sensitizes neither 
xanthopsin nor metaxanthopsin. Whilst we have 
direct evidence for this assertion with repect to xan- 
thopsin (Fig. 4), for the case of metaxanthopsin we 
point out that the absorption spectra determined 
analytically from the difference spectrum and the 
Q function fit closely to those determined from the 
difference spectrum alone assuming pigment no- 
mograms (Fig. 6). If the carotenoid had sensitized 
metaxanthopsin we would have predicted a sys- 
tematic discrepancy between the two methods. 

As in R 1-6 photoreceptors (Minke and Kirsch- 
feld 1979) a uv sensitizing pigment probably sensit- 
izes metaxanthopsin as well as xanthopsin. The an- 
alytical method we used for determining the photo- 
sensitivity spectra assumes that sensitization of 
xanthopsin and metaxanthopsin is equal, if this as- 
sumption is false then an error is introduced into 
the spectra. However, as we show in the Appendix, 
this error would be the same for both the xanthop- 
sin and metaxanthopsin spectra. Since the xan- 
thopsin photosensitivity spectra show a similar uv 
sensitivity to the electrophysiologically determined 
spectral sensitivity this systematic error is presum- 
ably small or non-existent. Thus we can in fact 
be reasonably confident that the uv sensitivity of 
the metaxanthopsin photosensitivity spectrum is 
also genuine (Fig. 6). 

A final logical possibility not yet considered 
is that the uv sensitizing pigment might also sensit- 
ize the Cr However, for this to happen 
without the Cr being able to sensitize 
the visual pigment would demand a very specific 
spatial arrangement of the three absorbing dipoles. 
Further if such a sensitization was at all significant, 
the uv sensitizing pigment must also function as 
a screening pigment in which case it would be very 
unlikely that the uv sensitivity measured on axis 
could be so high (Hardie et al. 1979). 

Chemical identity 

The C4o-carotenoid has been identified as a mix- 
ture of zeaxanthin and lutein (Vogt and Kirschfeld 
1983a, and see Fig.3). Both these molecules have 
an OH group at the C3 position in the cyclohexene 
ring and would seem to be suitable as precursors 

for the visual pigment and sensitizing pigment 
chromophores. In flies raised on a normal diet (in 
our case liver), zeaxanthin is the dominant compo- 
nent. In diets with lutein or zeaxanthin as the sole 
carotenoid only the one or other pigment is found 
in the retina. If only c~- or/~-carotene are offered, 
eye extracts again reveal lutein and zeaxanthin, re- 
spectively, showing that the fly is capable of con- 
verting these simple carotenoids into the hydroxy- 
derivatives (Vogt and Kirschfeld 1983 a). 

We have no direct evidence for the identity of 
the visual pigment and sensitizing pigment chro- 
mophores in 7y, but by analogy with R 1-6 photo- 
receptors we believe these to be 3-OH retinal and 
3-OH retinol, respectively. The fine structure in the 
uv spectral sensitivity of 7y cells (Hardie and 
Kirschfeld 1983) is one argument for this; thus in 
a wide survey of other insect eyes, the presence 
of a fine structure in the uv spectral sensitivity (in- 
dicative of the sensitizing pigment) has been invari- 
ably correlated with the presence of 3-OH retinal, 
and particularly 3-OH retinol, in eye extracts (Vogt 
and Kirschfeld, in prep.). It has been suggested that 
the fine structure might be caused by a non-cova- 
lent bonding of 3-OH retinol to the opsin via hy- 
drogen bonds at either end of the molecule, which 
results in a restriction of torsional freedom of the 
C6-C7 single bond (Vogt and Kirschfeld 1984, see 
Fig. 8). UV ~BLUE 

C40-CAROTENOID: ~ ~ ~ ~ ~ ~ .,, ~ 
blue absorbing light- I-Io 
filter and "quencher" f ~ . . . . _ _ _ ~ ~  

SENSITIZING ~ ~ ~  
PIGMENT: 

uv- absorption ~ / 
and energy ~l,"' 

transfer 

VISUAL PIGMENT 
CHROMOPHORE : 
trigger of photo- 

transduction 

Fig. 8. Possible molecular arrangement of the three pigments 
present in rhabdomeres R7y. The Schiff-base-linked chromo- 
phore is shown in cis- and trans-configuration to illustrate that 
energy transfer from the sensitizing pigment happens to both 
(wavy arrows) 
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In R 1 6 photoreceptors estimates of the effi- 
ciency transfer (>  75%) strongly suggest an attach- 
ment of the sensitizing chromophore to the opsin 
moiety (Vogt and Kirschfeld 1983), and whilst the 
critical measurements are lacking in 7y cells, a simi- 
larly high transfer efficiency is suggested by the 
high relative sensitivity in the uv. 

Conversely, the lack of any demonstrable sensi- 
tization by the C4o-carotenoid would suggest that 
this molecule is not in such intimate association 
with the visual pigment, though this cannot be 
ruled out, since with a suitable angle between the 
dipole moments (90~ energy transfer can be mini- 
mized despite close physical contact. 

Previously we quoted a stoichiometry of be- 
tween 7 and 40 carotenoid molecules per visual 
pigment molecule (McIntyre and Kirschfeld 1981). 
However, we must now admit that an error of a 
factor of 10 was made for the extinction coefficient 
of the C4o-carotenoid. In addition, the numbers 
for the pigment density in the rhabdomeres no 7 
used for the estimate were extrapolated from freeze 
fracture data of rhabdomeres 1-6 which are not 
necessarily relevant. Since we now know the pho- 
toequilibrium spectrum of the visual pigment we 
can use the extinction spectrum of the C40-carot- 
enoid and the extinction difference at 495 nm after 
preadaptation to 365 and 499 nm, respectively, that 
have been measured in the same rhabdomere 
(McIntyre and Kirschfeld 1981), in order to calcu- 
late the stochiometry between carotenoid and visu- 
al pigment. The calculation in Appendix 4 shows 
that the molecular concentration of both molecules 
is in the same order of magnitude. 

Whilst a stoichiometry of 1 : 1 might suggest at- 
tachment of the carotenoid to the visual pigment, 
we tend to the view that the C4o-carotenoid is in- 
corporated separately into the lipid membrane, in 
particular tending to align itself parallel to the lipid 
chains which would account for its preferred di- 
chroism perpendicular to the microvillar orienta- 
tion (McIntyre and Kirschfeld t981). Our concept 
of the identity, function and incorporation of the 
various components of the complex pigment sys- 
tem is summarized in Fig. 8. 

Functions 

We have now a good understanding of the pig- 
ments and their contributions to the spectral sensi- 
tivity of this complex photoreceptor, but we have 
yet to address the question of why a uv-photore- 
ceptor is created in such a complicated manner: 
by means of a blue absorbing visual pigment with 
two accessory pigments? The answer is not fully 

clear, but the following points should be consid- 
ered. 

1. As argued by Kirschfeld (1983), the advan- 
tage of a sensitizing pigment can be seen as increas- 
ing absolute sensitivity and extending the spectral 
range. Generally speaking, visual pigment mole- 
cules are packed very tightly into the photorecep- 
tor membrane to maximize absorption. The addi- 
tion of a second, sensitizing chromophore takes 
up practically no more space in the membrane, 
but can significantly increase the absolute sensitivi- 
ty of the photoreceptor. This argument, valid for 
photoreceptors R1-6  in the fly, is difficult to 
uphold for the 7y cell since the gain in sensitivity 
in the uv is largely lost by the screening effect of 
the C40-carotenoid in the blue. Nevertheless, the 
bandwidth of the 7y photoreceptor is still greater 
than that of uv photoreceptors based on single rho- 
dopsins. 

2. With respect to the C40-carotenoid, Kirsch- 
feld (1982) has suggested that, as in plant cells, ca- 
rotenoids in photoreceptors may serve a protective 
function against the damaging effects of photooxi- 
dation, either by simply absorbing potentially 
harmful rays or by quenching of singlet oxygen 
states. Indeed, with high levels of short wavelength 
illumination it has been shown that 7y rhabdo- 
meres are less susceptible to damage than 7p or 
even R 1-6 rhabdomeres (Kirschfetd 1982; Zhu and 
Kirschfeld 1984). Of course most photoreceptors 
manage without any carotenoid pigments, how- 
ever, there are other ways of dealing with the prob- 
lem of photooxidation. Repair mechanisms are 
also most likely to be significant, exemplified, per- 
haps, by the massive 'shedding' described in many 
vertebrate and invertebrate photoreceptors; the 
metabolic cost, however, is presumably much high- 
er. 

3. For R 1-6 cells, the screening pigments of 
the retina help to maintain a high xanthopsin con- 
centration (and hence sensitivity) since they are 
transparent to red light (Strother 1966; Langer 
1975) which reconverts metaxanthopsin (M580) to 
xanthopsin (X490) (Stavenga et al. 1973). The me- 
taxanthopsin in 7y absorbs in the green where the 
screening pigments also absorb highly, so that, for 
7y, this mechanism is ineffective. The spectral filter- 
ing action of the C40-carotenoid, however, does 
favour the conversion of 7y metaxanthopsin to 
xanthopsin and thus may have a similar effect as 
the screening pigments in R 1-6. 

4. As already mentioned, both lutein and zea- 
xanthin are suitable precursors for the visual pig- 
ment chromophore and also the sensitizing pig- 
ment. The possibility should thus also be consid- 
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ered that the carotenoid in 7y rhabdomeres is an 
intraretinal store for chromophore precursors 
(Vogt and Kirschfeld 1983a, b). If one takes into 
account that the volume of the rhabdomeres no. 
7y is only 2-3 % of that of all rhabdomeres (rhab- 
domeres no. 7 are shorter and thinner than no. 
1 6 (Boschek 1971), and only 2/3 of them contain 
the C4o-carotenoid, Kirschfeld et al. 1978), it is 
clear that the absolute number of precursor mole- 
cules in this store is small compared to the number 
of sensitizing and Schiffbase-linked chromophores 
in the eye. 

5. Finally, whilst the C40-carotenoid does effect 
both spectral and polarization sensitivity in 7y, it 
has a more severe effect upon the spectral sensitivi- 
ty of the underlying R8y cell (Kirschfeld et al. 1978; 
Hardie 1977; Hardie et al. 1979). The rhabdomere 
of R8 lies directly behind that of R7 and all axial 
light reaching R8 is first filtered by the 7y rhabdo- 
mere. As a result the R8y cell has a very sharply 
tuned spectral sensitivity function (2 max = 530 nm). 

A problem for any interpretation of the com- 
plex 7y photoreceptor is the fact that the 7y cells 
are randomly distributed over the retina with so- 
called 7pale (Tp) cells (Kirschfeld et al. 1978). These 
are also uv receptors, but use a completely different 
mechanism (namely a u v  xanthopsin, Hardie et al. 
1979; Kirschfeld 1979; Hardie and Kirschfeld 
1983). For the strategy behind this, we may again 
look to the underlying R8 cells (8p) which are blue 
receptors with 2max at 460 nm (Smola and Meffert 
1979; Hardie and Kirschfeld 1983). It is then obvi- 
ous that such a photoreceptor would be effectively 
blind if it lay behind a 7y photoreceptor, the rhab- 
domere of which absorbs ca. 90% of the incident 
blue light (McIntyre and Kirschfeld 1981). 
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Appendices 

1. Definition of the difference- and the 
photoequilibrium spectrum 

The difference spectrum AE(2) was calculated from 
intensities transmitted through rhabdomere no. 7y 
according to 

I~oo('~) 
AE(2) = log I4o2 (2-~" (1) 

The indices of I indicate adaptation wavelengths, 
in Fig. 2 AE (2) is normalized to the maximum = 1. 

The photoequilibrium spectrum Q(2) is calculated 
as  

Ix (520) 
Q (2) = log I > 52o (520) (2) 

In Fig. 2 Q(2) is normalized to 1 at the isosbestic 
wavelength. In addition the fraction of metaxan- 
thopsin created in photoequilibrium fM is calculat- 
ed according to 

fM(2iso) = 1/(1 + ~b). (3) 

~b is the relative quantum efficiency of photocon- 
version of xanthopsin and metaxanthopsin. 

2. Modelling spectral sensitivities 

In order to model spectral sensitivities on the basis 
of several pigments we used expressions derived 
from the theoretical absorption of a fused rhabdom 
(Snyder et al. 1973) and developed further by Hat- 
die et al. (1979). In the present case we considered 
only wavelengths beyond 400 nm and ignored the 
contribution of the uv sensitizing pigment. The rel- 
ative spectral sensitivity, S (2), is then given by: 

eL and ex are the absorptivities (absorption/gm) 
of lutein and xanthopsin and were taken as 0.024 
and 0.008, respectively. T(2), is the transmission 
spectrum of the (white) eye tissue (for the off-axis 
situation only). 7 is the transfer efficiency (of sensiti- 
zation) and l the rhabdomere length, l=  120 gm 
was assumed for the on-axis model, and l=  1 pm 
for the off-axis model in which case the exponential 
half of the equation becomes practically irrelevant. 

3. Calculation of photosensitivity 

The following formalism is based on Stavenga 
(1975). It will be extended to the case where besides 
the visual pigment a photostable sensitizing pig- 
ment is present in a rhabdomere. 

First we consider a rhabdomere with a ther- 
mostable visual pigment system (without a sensitiz- 
ing pigment), the photointerconvertible compo- 
nents (xanthopsin, metaxanthopsin) having the 
molar (decadic) extinction coefficients c~x(,~ ) and 

We determine the wavelength dependent ex- 
tinction difference AE(2) created by a pair of adapt- 
ing wavelengths. One of them, 2, is chosen such 
that ex/%t ~ 0; i.e. all metaxanthopsin is converted 
to xanthopsin. The fraction of metaxanthopsin and 
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xanthopsin are 0 and 1, respectively. The other 
wavelength is 2`,. 

This extinction difference AE(2`) is proportional 
to the concentration of total visual pigment (Cv 
- Cx + CM), the length (l) of the rhabdomere mea- 
sured, the difference of the extinction coefficients 
of the two pigment states at the respective wave- 
length aM--ax=-----ax(2`)--O~M(2`), and a term which 
represents the relative concentration of the meta- 
pigment created by the second adapting light (2,), 
i.e. 

AE(2, 2`.) = cv .  I. (aM-- ax) 
+ aM(2.) 
- -  ~ ( 2 . )  ' ~  

(1) 

with ~b the relative quantum efficiency of photocon- 
version from the metapigment to xanthopsin com- 
pared to the reverse, i.e. ~b= q~MX/~bXM , regarded 
as constant over the spectrum. 

If we use the isosbestic wavelength where ax 
= aM as 2`,, Eq. 1 becomes: 

AE(2, 2̀ i~o) = Cv" 1. (aM-- e X ) ' - -  
1 + 4 "  

(2) 

Eq. 1 divided by Eq. 2 yields the so called Q-func- 
tion (Stavenga 1975), that we have also determined 
experimentally (Eq. 1). That is: 

A E ( 2 ,  2`a) 1 '+ 
Q(2.)= (3) 

AE(2 ,̀2`~so) 1 +aM(2`")" 
ax(2.) 

which gives the concentration of the metapigment 
at all wavelengths normalized to its concentration 
if the rhabdomere is adapted to the isosbestic wave- 
length. 

If now the Q-function and a difference spectrum 
AE(2, 2,) are measured as described in the text, 
the relative extinction coefficient ax, is obtained 
by substituting aM in Eq. 3 by Eq. 2 and dropping 
the suffixes (2`---2,) 

Q(2`) 
~x(2`) = c ~ q . /  AE(2`, 2~o) �9 1 - Q ( 2 ` ~  (4) 

and provided that (b is known the relative aM 

1 1 +qS-Q(s  
a M (2) = C~C~. / �9 AE (A, 2~o) 1 -- Q (X) (5) 

If there is an additional photostable sensitizing pig- 
ment with the molar extinction coefficient as(2 ) and 
a relative concentration f compared to the visual 
pigment ( f =  Cs/Cv) , Eq. 1 remains unchanged ex- 
cept for the term containing the relative concentra- 

tion where both aM and ax have to be replaced 
by the 'combined relative photosensitivities' a} 
= (as "f" q~sx + ex) and a* = (as "f.  ~bSM + aM): 

1 
AE(2, 2`,) = Cv. l. (aM-- aX) 

1 + as -f" ~bSM + aM. q~ 
a s . f .  Cbsx + ax 

(1") 

with r , Cbsx the quantum efficiencies of energy 
transfer from the sensitizing pigment to xanthopsin 
and metaxanthopsin, respectively. 
If the adapting wavelength is the isosbestic: 

1 
AE (2, 2`iso) = C V "  l. (a M -- ax) 

as" f" ~SM + ax r 
1 Jr as . f .  Cbsx + ax 

(2*) 

or if as in our case a s = 0  at the isosbestic wave- 
length 

1 
AE(2`, 2~so) = Cv" I. (aM-- a x ) ' - -  (2*) 

l+~b 

with the latter Eq. 2* 

AE(2, 2`~ 
Q(2o) = AE(.~, 2`~so) - 

1 + 4  

l q  as'f'CbSM+aM r 
C~S "f  " CbSX + ax 

(3*) 

The combined relative photosensitivities a} and a*  
are obtained from Eqs. 2* and 3* in analogy to 
the relative extinction coefficients (or rel. photo- 
sensitivities) in the case without sensitizing pigment 

~c = as(2)'f" q~sx + ax(2) 

4~.Q(2) [ 1 ] 
- 1 - Q (2`) c~7/. (zXE (2`, 2~so) + F ,  

am = aS(Z)"f" q~SM + aM(2`) 

_ l+4~--Q(2̀ )l_Q(2) " [ ~ / ' A E ( 2 ` ,  2iso)+F] 

with 
1 

F = as(2 ) . f .  (q~SM -- qbSX)" 1 + ~ "  

(4*) 

(5*) 

For F = 0 the right hand side of Eq. 4*, 5* is identi- 
cal to that of Eqs. 4, 5. This is obviously the case 
in the range (2 > 400 nm) where as ~ 0. 

Calculating the a* and a*  in Fig. 4 at shorter 
wavelengths we assumed that the sensitizing pig- 
ment transfers energy with the same probability 
to xanthopsin and the metapigment, i.e. (bsx 
= (I)sM = (Z-)s, which means F = 0 too. 
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If however, @sx =I: ~bsM, then the values (a3c, a~u) 
that are presented in Fig. 4 represent: 

a'x = as(~.)" f " q~sx + ax(2) 

-- as(2)'f" (r -- CPSX)' 

~ = as(2)"f" q)SM + ax(2) 

- as(2) ' f '  (q~sM -- r 

4,. Q 
1 +cb -Q(2 ) -~b .Q( )~ )  

l-t- ~ - Q ( 2 )  

1 + 4 ~ - Q ( ~ ) - ~ . Q ( 2 ) "  

Then only the difference e ~ t - e ) =  aM--ex but not 
the absolute values stand for something reason- 
able; 
alternatively: 

~) = a s (2)-f. Cbsx + ax (2) - F cb. Q (2) 
1 - Q (2) 

1 + Q 
a'M = as()o)" f " ~bSM + ~M(2) -- F 

1 

4. Calculation of  stochiometry of  carotenoid 
and visual pigment 

a. Extinction of  carotenoid, corrected.for waveguide 
effects. From Fig. 9 (McIntyre and Kirschfeld 
1981), the extinction maximum measured parallel 
(Ell) and perpendicular (Eft to the microvilli is 

Ell =0.82, E• = 1.60. 

From these numbers we calculate the extinction 
for unpolarized light 

Eup=loglo {�89 -~H + 10-el)} = 1.05. 

b. Extinction of  visual pigment. From Fig. 1 (McIn- 
tyre and Kirschfeld 1981) the extinction differences 
after adapting the rhabdomere to light of 365 nm 
and 499 nm, are AEII =0.17 and AE• = 0.10, respec- 
tively. These numbers have to be corrected for 
waveguide effects, whereby the correction factor 
can be determined from Fig. 9 of the above quoted 
paper as 1.90 for e-vectors parallel to the microvil- 
lus and 1.64 for perpendicular e-vectors. This leads 
to the corrected AEII.c=0.32 and AE• =0.16. For 
unpolarized light we arrive at 

AEup,c = --log~o {�89177 + 10-• = 0.23. 

From this difference we calculate the xanthopsin 
extinction by taking into account: 1) that the wave- 
lengths 365 and 499 nm shift some 60% of the pig- 
ment from X to M and vice versa (Fig. 2), 2) that 
the difference at 2--495 nm is close to the M-ex- 

tinction maximum (Fig. 5), and 3) that the extinc- 
tion maximum of X is 0.56 times that of M (Fig. 5.). 

These factors leads to Ema x = 0.20. 

c. The relative concentrations of  the carotenoid and 
xanthopsin. The concentration C of a substance 
with molar decadic extinction coefficient ~, mea- 
sured in a vessel of length l is 

C = E/e. 1 

where E is the measured extinction. 
The relative concentration of the C4o-carot- 

enoid and the visual pigment is 

Cc.o _ Echo" ex 
Cx Ex'  eC4o" 

If we assume that the extinction coefficient ex for 
xanthopsin is the same as that of rhodopsin we 
have e x = 4  �9 1041/mol-cm. Lutein and zeaxanthin 
have an extinction coefficient eC4o~14.1041/ 
mol cm, and we arrive at 

Cc~ o 1.05 4- 104 
~1.5. 

Cx 0.2 14.104 

This means that it is possible that there is a 1:1 
relationship between visual pigment and C4o-carot-- 
enoid. The data, however, had to be corrected with 
many relatively large factors, including the wave- 
guide parameter and ~b, neither of which is known 
accurately. In addition we used the extinction coef- 
ficients for the molecules in solution, which may 
also introduce an error, since the specific orienta- 
tion in the membrane affects the extinction coeffi- 
cient. Finally the estimate is based on a single mea- 
surement, which was not originally designed for 
this purpose. Therefore we think that it is justified 
only to conclude that both pigment molecules are 
present in the same order of magnitude. 
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