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SUMMARY 

I. The displacements of the C-band (2maL = 278 m#) and D-band (2~ax. 
231 m/~) in the absorpti~ spectrum of cattle rhodopsin are probably concerned with 
some changes in the pro~.m moiety of rhodopsin on illumination. 

z. When a rhodopsin solution is illuminated, the absorption maxima at 23 I, 278, 
286. 5 and 292 m/~ shift towards shorter wavelen~h (blue-shift) by approx. I m/~, 
resulting in a difference spectrum characterized by a prominent negative peak at 
234 m/~ (Zlt = --  37ooo), two negative ones at 279 and 287 m/~ (zl¢~sTm~ = - -  2400) 
and a positive one at z91 m/~ (zi¢ -- xooo). 

3- The displacements are not influenced by pH (4.7-9-7), ionic strength (I = o-5), 
digitonin concentration (o.I-2 %), ageing or glycerol (up ¢:,8o %, w/v), but they are 
reduced to 7o O~/o in concentrated sucrose solution and increased to I6o % in concen- 
trated urea. 

4- Rhodopsin in rod outer segments shows similar spectral changes as in solution. 
5 -From the experimental results on low temi.~er~*,~ ;Alumination~ etc~ the 

di~placen-tents are considered to take place in the course from meta-rhodopsin to 
indicator yellow but not in the earlier processes of the rhodopsin cycle. 

INTRODUCTION 

Lltraviolet spectral displacements are considered to indicate changes in the configura- 
tion of proteins, as d ~ . ' ~ e d  in general reviews by I.EAcn ASD Scnaax,;^ t and Scng, -  
AGX t. We h a w  f-,,nd that rhodopsin, when illuminated, -3hows displacements both in 
the G and the D-band regions s (25o-3o0 mp and 2zo-25o m#). The present paper 
reports a detailexl ~pectroscopic study for the purpose of elucidating configurational 
changes in the protein moiety of rhodopsin under illumination. 

]P.ATERIAL AND METHODS 

solution was prepared a."-T CO~tNS d ~ . '  ( o p t ~  purity: A , ~ . , /  
A ~ , . , . ,  o~25-o.~: A , ~  . , .  / A  , . .  . .  . 2-4-3.5); -~p*~in ~ u t ~  was s m , i ~ ,  prepared 
under bright light instead of dim red light, pH was adjusted wi:h o.o'~ M phosphate 
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or borate butler. For preparations of alk',dine sc~iutions above pH 9. NaOH was u~ed 
without buffer. The measurement of pH was carried out at 25 ~ with a glass electrode 
~rroa Dempa Kogyo, M,,,~, x-~r, ..... -3~ . . . . . . . .  ;v~. added to adjust the ionic strength 
( i =  o-5). 

Dry rhodopsin preparalion 

A piece of filter paper maked in rhodopsin mlution wa~ dried in a desiccator over 
PrO, and then soaked in liquid paraffin for spectroscopic measurement. Another 
preparation was obt~ned by drying rh~Mopsin sohit~on in the desiccator to produce 
a transparent film, which was then broken into pieces in liquid paraffin and applied to 
a piece of filter paper ' .  Aii procedure> were carried out under dim red light. 

Rod outer se~ntents 

The segments were separated from retinal" homogenate in 36 °o sucrose solution- 
o.o6 M phosphate buffer (pH 6.5) by centrifugation 1or 20 rain at 45o0 rev./min, 
followed by washing with o.o6 M phosphate buffers (pH 4.7 and pH 6.5). The outer 
segments were suspended in 36 % sucrom solution (pH 6.5) for spectrophotomet~-. 

Illumination 

Samples were ordinarily illuminated at room tem?erature for 2 min with white 
light of 6000 lux through a 3-cm water layer. 

Intens~ il: amination was carried out likewise through a water layer with a flash 
bulb {22ooo lumen ~cond  in total  light output, 7 msec in duratmn) piaccd in a box 
with a window (5 • 7 cm) provided with a shutter in order to shut off the after-glow 
of the bulb. Light intensity was adjusted by varying the distance from the bulb" 
it could be calct2ated roughly from the distance, the total light output and the dura- 
tion of the flash. 

Illumination through interference filters (,~,mu., 442 m~; half width, 25.6 m w  
),max., 575 mix; half width, z2.5 m~) was carried out for 15 min at - -  78o (dry ice-- 
acetone) and at  - -  I95 ° (liquid nitrogen) after KITo eta/. 5. 

Spectroscopic measurement 

Rhodopsin-solution measuremem: this was carried out at room temperatur~ gdth 
either a Cary automatic recording spectrophotomete., Model I4, or Hitachi spectro- 
photometer, EPU-2A using xo-mm or 2-ram quartz cells which had been previously 
calibrated. The latter instrument was . . . .  ,,,a o, monochromatic silt widths of 
o.68-o.I2 mm (2oo-3oo m/~) thus defining the wavelengths with an accuracy of 
.a_ 0.5 m/t. , . .L_ 

AbsorpK, m oi suspension of rod outer segments: this was measured with the 
Hitachi spectropholometer with z .mm quartz cells mounted in a holder, the back of 
which was ,'overed .xith a piece of filter paper soaked in liquid paraffin, according to 
SmmmaA ~ d.  s. The wavelengths were specified with an accuracy of ± I n~ .  3 6 % 
sucrose solution-o.o6 M phosphate buffer (pH 6.5) was used as blank. 

M M s w e ~ a l  o/dry r~dops' /a:  this was performed against a piece of .~Itet paper 
soaked in liquid paraffin with an acotracy of wavelength of ± x mix 

" Both prelmraticm~ p v e  similar results. 
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The differes~.e s ~ , , ~ m :  this was obtained by the method of "differential spectro- 
photometry '~. The concentrations of rhodopsin and rod outer segments were selected 
so as to give readings within the ranges of the instruments, obeying Beer's law. The 
first and the second derivative curves were constructed from the ori~aal spectrum 
with a view to detecting any low intensity hands obscured by those of high intensity s. 

RESULTS 

Influences of pH, ionic strength, digilonin concenlralion and ageing 
Fig. IA shows the absorption spectra of rhodopsin solutions at pH 9.0 (z5 °) 

before and after illumm~:tion. The non-illuminated solution clearly shows four ab- 
sorption bands, i.e. A-band s, 10 (2m~x., 5o0 m/s); B-band (2nmL, approx. 350 m/s); 
C-band' (2msx., e78 m/s) and a shoulder in the e3o-m/s regio.. (D-band), the latter 
two of which are considered to be due to aromatic groups in the protein moiety of 
rhodopsin 4,11. 

In Fig. xB, the first derivative curve for a non-illuminated solution is seen to 
have a large negative peak at z34 m/s, and to intersect the base line at z78 grits in- 
dicating that 2msx. of the C-band is at  this wavelength. The second derivative curve 
(Fig. xC) reveals that  the C-hand includes two other components with maxima at  
286. 5 m/~ and z92 m/s in addition to that at 278 m~, and that the D-band has its 
maximum at 23z m/s, since a negative peak in the second derivative curve must corres- 
pond with 2urea. in the original spectrumS. Thus, rhodopsin has ultraviolet absorption 
bands with maxima at 23x m/s, z78 m/s, 286. 5 rn~ and 292 mls, besides two bands in the 
visible region. Rhodopsin solutions at pH 7.o and pH 4-7 show no essential differences 
in absorption spectra from the solution at pH 9.o. 

After illumination (pH 9.o), the A-band has disappeared and a band for alkaline 
indicator yellow (2mx., 365 m/s) has appeared, as expected'*; moreover, the C-band 
and D-band have been slightly displaced (Fig. xA). The first and the seconO derivative 
curves (Fig. IB, C) give more detailed information about the ultraviolet-spectral 
displacements. In the C-band region, the intersection of the first derivative curve with 
the base line, i.e. 2rex. of the original spectrum, has shifted from z78 m/s to 277 m/s, 
and two negative peaks at 286.5 m/s and 29z m/s in the second derivative curve have 
also shifted to shorter wavelengths b 3- approx, x m/s. In the D-band region, the nega- 
t i ~  peak at z3x m/s in the second derivative curve has been similarly displaced. Thus, 
all the ultraviolet absorption maxima shift towards shorter wavelengths by approx. 
l m p  when rhodopsin is illuminated. 

The spectral displactm~nts on illumination result in a difference spectrum 
(pH 9.0) (Fig. ID) which shows a prominent negative peak at z34 mp (Ae = --3.7 
4-o.I-XO4"), identical with the 2m~. of the negative peak in the first derive.tire 
curve, two negative i ~ - ~  at a?9 mo  (de = - -a .o  4- o.x-xo s) and at  287 mo (dr = 
- - ~ 4  4- o.z .~o~,  ~r~l a ~, -~;*~ve peak at z9x mo (~ '  = x.o :F_ o,x'xo s) in the ultra- 
violet region. In the visible lemon, there is a positive peak at  37o m~ and a negative 
peak at  5o0 mp suggesting that  rhcdolmin has been converted to alkaline indicator 
y uow. 

~ ,  " ~ c n ~ e  spectra at  p H  4-7 "-n'a- 7 -~ ".~%~-e found to be a h n t ~  the ~ u n e  in the  

"TI~ raM! the mbeeqmmt values are cakulated from , ~ . . . ~ .  - 4o 6oo. u ~  by 
Wat~ d al. s stud Hmmasu~ s. 
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ultra~iolet region as at pH 9.0. However. in the ~4sible region, the difference spectrum 
depended greatly on the pH as is well-known i~. 

In Fig. 2, the values of At,~,m~ and At~:=~ are plotted against pH. They are 
seen to be independent of pH in the range pH 4-7 to 9-7- This corresponds to the pH 
range in which rhodopsin is regarded as stable in *,he dark ~*. The value~ of At at 29 ° 
are somewhat higher than those at IO °. 
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Fig. 2. Difference absorbancies at 234 m# (upper two) and 287 mg (lower one) of rhodopsin solution 
before and after illnmination. 

The absorbancies of the illuminated sample mostly showed no further change for 
60 i~, ,  o, moie after ces~tion of illtmtination (cf Fig. 5), but sometimes, especially in 
the acid samples at a9 °, they increased in the whole ultraviolet range, resulting in a 
difference spectz-~,-~ quite similar to that  between the fresh and the aged rhodopsin 
solution n. 

No influence of ionic strength ( / =  o--5), digitonin concentration (o.x-2 %), 
rhodopsin concentration (x-3 folds) and ageing (storage for more than two weeks in an 
ice box) could be observed on the spectrum of rhodopsin or on the spectral change 
on i!!uw£-iation. When opsin solution was illuminated, there was no change in the 
spectrum. 

Influence of urea, sucrose and glycerol 

After addition of urea, etc. and buffers, rhodopsin solution was kept at  25 ° for 
more than 3 h before the illumination experiment. 

Urea is able to blesch rhodopsin (approx. xo -6 M) even in the dark and there are 
ultraviolet-spectral displacements (3e~u~  = --7"xo*) after incubation at 3 °0 for 
3 h; 1.6 M urea bleached 25 % of the rhodopsin; 2. 4 ~I, 5 ° % ; 3.2 M, 80 % and 4.8 M, 
x o o % ' .  

The effect of iUumination on rhodopein remaining unbleached even after urea 
treatment was studied. The values of A t , . , ~  on illumination were plotted agahlst 
the concentration of urea as shown in Fig. 2 from which it can be seen tha t  urea 
has magnified the spectral change up to x.6 fo!~. The difference absorbancies of the 
illuminated --non-il luminated sample did not alto" after cessation of illumination 
(Fig. 5)- 

" s i n a ~  ,pectna di,Oact-me~ cou~ ,ho be ot~er ,~ ~, heat tamchi~. ~ .eluttoa 
oipH 7 w u i m ~ b ~ e d  a t  go ° Jar io rain i- tb~ dm'k and. aft~ zoo~ the dUler~ speetrum wu 
~ . ' l l m  ~owed =oo% ble~ .h~  ol rhodolp~ with Je,~4,,v.., - 7-,0 j. 

When ~ n o ~ i ~  w u  subie¢~l to the l i n e  t ~ W ~ m t ,  i t  r ~ d b d  in ~mtlwr ~ 
di~tmzments with ~r~x~,  ,- --~. ,oa. while no ¢hln l~ could be olmm,'v~ i~tbe vIMble n u ~ ,  
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Concentrated sucrose solution ~uppressed the spectral displacemem. of the D- 
band on illumination, but did not affect the A-band. The values of . 1 ~ , ~ ,  were 
plotted against the sucrose concentration (Fig. 4): maximum suppression (3o%) 
occurred above a sucrose concentration of 40 % (w/v). 

Concentrated glycerol solution revealed no remarkable effect on the spectral 
displacements of either the D- (Fig. 4) or A-bands. 
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Fig. 3. Difference absorbancies at 234 mp of 
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Fig. 4. Difference absorbancies at 234 mp of 
rhodopsin-sucrose and zhodopsin-glycerol so- 

lution befor~ .,nd after illumination. 

Rod outer segments 

Fig. 6A shows two examples of the absorption spectra of a suspension of rod 
outer segments in a concentration range where Beer's law holds. The first and the 
second derivative curves were examined; the former has a large negative peak at 
237 nap and intersects the base line at z78 rap, while the latter has a large negative 
peak at 23x rap. We can conclude that  a suspension of rod outer segments has an 
A-band with maximum at 500 m V, a C-band at 278 mp  and a D-band at 23I mp. 
All the characteristics, which remain unchanged for at least two days, are the same 
as those of rhodopsin in sohitio,.  The inte,~it;e~ ~,f the bands are affected by the 
flattening effect 16 which must be taken into consideration when dealing ~fith pigments 
concentrated in cell structures. 

nhimination resulted in a spectral change similar to that  of rhodopsin in solution 
(Fig. 6B). The A-band has disappeared. The significance of the difference spectrum 
in the C-band region is doubtful. In the difference spectrum in the D-band region a 
negative peak is found at z38 mv,  which is close to the ).nu~. of the negative peak in 
the first derivative curve (z37 mp). 

l l l~imgios at low t ~ t ~ a t ~ ,  a~I l.igh i ~ 5 '  

In  F'IK. 7. Carve a shows the difference spectrum at 7_ 5 ° .before and after iUununa- 
tion at  - -  x95 ° with 575-mp light. According to Kl ro  a a/. t. this t reatment converts 

to  iso-daedopsin. There is no ditterence in the ultraviolet region but certain 
differences in  the  vim~ole region, p r o b a b l y  due to  the production of tso- 

rhodopsin 0-- . ,  ,87 m~,). 
We foand no c h a n ~  in the ultraviok-t dilSerence ~ . c t r u m  Wig. 7. Curve b) 

at  25 ° before and a t te r  r e - i l l u m i n a ~ a  cf ~ sample at - -  I95 ~' with 575-m# 
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Fig. 6. (A) Spectra of rod outer segments suspended 
in 36% (w/v) sucrose solution-o.o6 M phosphate 
buffer (pH 6.5) determined according to SHHSAT& 
(see text). (B) Difference spectrum before and after 

illumination of Sample a. 

light, which had been previously illuminated at --x95 ° with 442-m/, light. After this 
treatment,  rhodopsin should be converted to isc~rhodopsin through labile fraction s. 

In the difference spectrum (Fig. 7, Curve c) determined at  25 ° before and after 
ill~J_n~_tion a t  - -  x95 ° with 442-m/~ light, the charactelristic spectral changes in the 
D-band region corresponded to the ~.x, ount of bl-ached rhodopsin as revealed by  the 
% n ~ J  change in the A-band region. This t reatment is said to convert one half of the 
r h ~ ; , , . ~  into a mixture of indicator yellow and retinene + olmin through labile 
fraction. 

As illustrated in Fig. 8 (Culve b) the difference spe~ t~m before and after re- 
~ n  of the sample at - - l ~  ° with 575-m.~ light, which had been warmed 
t o  ---78 ° after we- iUmninat ion  at  - - ~ 5  ° wi th  442-ml,  light, g ives  an  ultraviolet  
Chall~ ( ~ e s p o o d ~  to  ~ t  of b i e a d ~ .  After this treatm£nt,  (me half of the 
~ suouki r, mm,mch.u,~ct ,.UUe the o~J~r ' - , -  m~Ut he p,.~Jy (o.e q, mmr) 

(the oth~ q u u ~ )  to ~ yen~.  et~ th~ has beeu derived f , ~ .  t k  ~ t  
o~ m m ~ m c ~  ~ of ~ I d , ~ r ~ r e d .  
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wi th  575-m/~ l ight  ( O - - O ) ;  (b) illumirmti,  m a t  
--z952 w,_th 442-m/~ light and  incuba t ion  a t  
- -78°,  t h e n  incuba t ion  a t  - -x95 ° wi th  575-rnp 
l ight  ( A - - & ) ;  (c) i l lumina t ion  a t  - -z95 ° wi th  
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Fig. 9. Difference absorbanc ies  a t  :',oo m/ ,  and  234 mtJ before and  af ter  flash i l icminatiot;  of 
rhodops in  solut ion.  

In Fig. 9, the difference absorbancies at 234 mp and 5oo mp are plotted against 
the ilhtmination at various light inteusKqes. It is obvious from this figure that illumi- 
nation with xo T !ux can bleach a rather smaller amount of rhodopsin than illumination 
with z.5-o.b-to' lux. and furthermore, that the values of ~ ,~ ,~ ,  and Ae~,~ show 
ahnost t h e  s a m e  c u r v e s .  T h e  s m a l l e r  a r ~ o u n t  o f  b l e a c h e d  r h o d o p s i n  u n d e r  i n t e n s e  l i g h t  

may be ~ to photorecovery from the labile fractioa to rhodopsin or iso-rhodop- 
sin=. No tfltraviok.t spectral change can be &te.-ted ia ~ and iso-rhodotmn 

have been photm~'er~d throogh the labile friction and even t l m m ~  meta- 
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Dry vlu~opsin 
In Fig. IOA, the absorption spectra of dry. rhodopsin are represented foz two 

different concentrations. It will be obsen,ed that at higher concentration the m ~ . u m  
of the A-band is located at 5oo m~ and that of the C-band at 278 mtt. As regards the 
maximum of the D-band, the second derivative curves were plotted for several 
samples of different concentrations; the r, egative peak was at 231 mt~, shifting from 
Io~ger wavelengths according to the decrement in the concentration. Considering 
stray radiation ~e, 231 mr* should be regarded a s  ~max. of the D-band. 
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c~,~ ,~ (~,',~ Spectnt  of dry  rhodopsin.  (B) Difference spec t rum before and af ter  i l lumination of 
Saint  ;e a at  z~ °. For reference, the  broken line shows a difference spec t rum of rhodops/n  solution.  

When illuminated by. w h i t e / ~  of 60o0o lux for x rain at ~5°, there occurs a 
shift of the A-ban6 ~ ~  from 5 ~  ,-he to near 480 mp (l.,tz. ~- meta-rtmdopsin) 
and a sligh: broadening of the ~ ;  no change can be detected in the C-band. 
The ~ ~ of dry ~ beftre a m  after inmnination is shown in 
]Tq. xoB. In the D-band region, there i s a  negat~e, peak at  a3o n ~  (Ae== - -  qooo) 
and a pos/ tJ~ peak at 245 ml,, both of which hsve never been ~ in the other 
crees. In the vim1~le rq0ou, a ~ peak is found at 45o mp  and a ~ a m  at  
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Ultra-dob,~ absorption bands of rhodopsin 

The first and the second derivative curves of the ultra~'iolet absorption spectrum 
of cattle-rhodopsin solution show that the 2~x .  of the D-band is 231 ~ .~ ~,, ' ~,~ ,-- 
over, that  the C-oand consists of three bands with maxima at 278 mr*, 28o.5 ntl~ anu 

nap in the pH range 4.7-'9.o, Of these four bands, 2~8 mt~ was ascribed to tyrosine 
and tryptophan residues in the protein moiety of rhodopsin molecule by COLLL~S 
el ~/.~. The othcrs have not been discussed hitherto. 

Considering that  aromatic amino acids in a protein mulecule show 2m:x. sh';ftcd 
to a longer wavelength by x--6 mt~ compared with free amino acids t, it would be 
s u ~  that  incorporation of tryptophan into the protein moiety of rhodopsin 
would shift the maximum at 288 mr* (see reI. 17) (at neutral pH) to 2q2 m~, and the 
maximum at 279 mt~ (see ret. 17) probably to 286.5 mt~. Similarly, t~'rosine maxima 
at  ~74-5 mt~ and 280 m/, (see ref. 17) might be shifted to 278 m~ and 286.5 m~ 
respectively. Lastly, the ma.~dmurn at 231 mt~ was considered in the previous ex- 
periments" to be due to tyrosine residues, assuming that the m 2~imum at 223 m~ 
(see ret. 19) (at neutral pH) might be shifted towards longer wavelength by 8 mt~ by 
incorporation into the protein molecule. 

Ultrm~ol~ spe.aral changes on illumination 

When rhodopsin Js illuminated, all the ultra~5olet absorption maxima mentioned 
above ,~re shifted towards shorter wavelength (blue-shift) by approx, z rolL, resulting 
in the difference spectrum which is characterized by three negative peaks at 234 rolL, 
279 m/z and 287 m/~ and a positive peak at 29[ roll (Fig. x). The similar blue-shift of 
ultraviolet absorption bands was observed on denaturation of ribonuclease, insulin, 
lysozyrne: pepsin, etc., ~-ts where the peaks at z78--2~9 m~ and 287 mt~ in the dif- 
ference spectra were ascribed to the perturbation of the t3~rosine band and those at 
29x-294 m/~ to that of the tryptophan band. Therefore, we can al~o consider that the 
peaks at 279 m/~ and 287 mtL in the difference spectrum of rhodopsin might be due to 
tyrosine residues and the one at 2Q[ mp to tr3~ptophan residues. 

The negative peak at 234 mr, in rhodopsin might be., at least in part, attributed 
to the blue-shift of the D-band, because that wavelength (234 mt~) coincides with that 
of the negative peak due to the D-band in the first derivative curve as shown in 
Fig. z B " .  Another factor responsible for this negative peak in the difference spectrur,', 
would be the decrease in the intensity of the D-band, a~,d, according to GL~z~ ~xD 
SMrrn ~, the change in the absorption of peptide bonds when they are transformed 
from the hcl~ca! ootrueture to the random coiled one. 

Any contribution of retinene to the ultraviolet-spectral change of rhodopsin is 
ruled o u t  by. the fact that the spectral changes in the ultraviolet region are independ- 
ent of pH, while those in the visible region are considerably affected by pH of the 
medium".  

° I l l  the ~ $  experiments wxth r h ~ n .  op~.. ,[l~at,(le.~s~, ovzlbumin, lysoz)-m<, 
t~nmslae aad ~ .  we suggestmi that a many, mum in the ramge zzS-2zz rnju might be 

to ~ n~lue~m~ 
" "  l |  .A~ ~ the ¢t,.~nlle i l l  inl~ol i l~" lure amzlli, J r  ~ the lorrq 04 the Izq~t ive of the first 
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The spectral displac~lents in the t$~osine and t ryptophan bands of ribonuclease, 
lysozyme, etc. on denaturation are considered to be ascribable to (a) the disruption of 
tyrosyI hydrogen bonds, Co) the exposure of these residues out of the protein molecule, 
(c) the receding of some polar groups from the residues; i.e., some configu~tional 
defon,nation of the protein~, s. 

The same ieasous can be advan,~d for the spechal displacements of rhodopsin 
on illumination. If configurati~ lal deformations really ta~:e place when rhodopsin 
is bleached, it must be expected that a denaturant (e.g. urea) will magnify the 
deformation and accordingly give larger ultraviolet-spectral dmpiacements, while 
an anti-denaturant (sucrose s,m) may suppress the deformation, resulting in a 
~n,xl1~r ~p~h~,d change. Furthermore, if any tyrosine (and tryptophan) r~,.~id~.s 
are newly exposed on illumination, solvents of high refractive index (red-shif+Ang 
~h-cn~  such as sucrose and glyce,'ol should reduce the blue-shifts of the D-band m. 

The fact that urea magnified the spectral change (Fig. 4) seems to support this 
concept. Though two mechanisms can be suggested for the suppressive effect of sucrose. 
namely (a) inhibition of the denaturation, and Co) perturbation of the electrostatic 
field around the newly exposed chromophores, the contribution of the latter may be 
considered to be ~ ! i .  If this mechanism is operative, a eoncentrated glycerol solution 
should also suppress the spectral displacement; in fact, we found no effect of glycerol 
on the spectral change. Thus, it can be inferred that a concentrated sucrose solution 
probably acted as an anti-denaturant, protecting rhodopsin from denaturation on 
illnmination. 

We relate the ultraviolet-spectral changes to some slight configurational looseness 
in the protein moiety of rhodopsin on illumination. On the other hand, no essential 
difference in, ~.he ultraviolet sp~_ctrum can be observed between non-illuminated 
rhodopsin in rod outer segments, in aqueous solution of different pH and even in the 
dry state so that the protein moiety of rhodopsin seems to show no configurational 
difference s~ach as to produce some changes in the electrostatic field around the 
tyrosine and t~'ptophan residues between those states. 

Although pH change ~ and conductance change m caused by the denaturation of 
rhodopsin on illumination are found to be affected considerably by the pH of the 
medium, pH independence of the configurational deformation of rhodopsm would 
be expected from pH independence of the ultraviolet-spectral changes. This can 
probably be explained as follows. After tho pH-independent changes in the 
~:onhbraration of rhodopsin, the masked dissociable groups would become ionized, 
~ e n d i n g  on pH of the medium, though these ionizations could not perturb the 
electrostatic field of the tyrosine or tryptophan groups so as to result in any spectral 
disldacements. 

In the section Rod md~ se~,,~ts it has been found that rhodopsin in rod outer 
segnamts undergoes the same uitrav~olet-spectral ~ h ~  as in solution. Tlamgh 
of the negative peak (z3s mr,) is kruger t b ~  in solution (z34 n~),  the fc:mer can 
also be related to ti~ blue-shiR of the ~ ,  since this is very dose to the ~aa .  
of the m.g~ive peak in t l~ first derivative , ~ v e  oJ t l~ sp~Umn o~ rbodopsin in 
rod outer s e s m ~ u  (~.tr/=t,). Thus we can ~ t ~ t  ~ ~ in t l= 
d k ~  o( rod ~ .  =~ments micht be ¢a~=lp=r~ma~ ~ ~dl== iU=m~=te4 
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Rkodops/n cycle a ~  de~ 'm,  at/os 

In which process of the rhodopsin cycle does the denaturation, as demonstrated 
by the ultraviolet-spectral change, take place? This question will be answered in part  
by" the Jib,ruination experiments at low temperature. The fact that no ultrax~olet 
change can be detected for the photoreversed rhodopsin or kso--ho,2. '-~ • '" h~d 
in the section Illumi~ticm ta low tcmperahcrb aad high i~,emL~y, indicates that, at 
any step in the following cycle of rhodopsin, denaturation of the protein moiety does 
not occur, or even if it does, it will be reversed. The broadening of the D-band through 
c~_aversion of rhodopsin to meta-rhodopsin (dry), as described in the section Dry 
rluatopsi;z, pr~;r~ably means that the protein moiety of rhodopsin becomes somewhat 
unstable, permitting greater intramolecular vibrations. This instability of the protein 
moiety of meta-rhodopsin may render it to.some extent incapable of photorecoveD- 
mentioned above. 

Rhodopsin Iso-rhodopsin 

Labile fraction (-- I95 c) 
J~ 

Meta-rhodopsin ( -- 7 8~) 

Thus, the ultraviolet-spectral displa~ments can Be considered to take place in the 
change from meta-rhodopsin to indicator yellow, rather than in the earlier processes. 
Therefore, we suppose that  the denaturation would take place only in free water, 
because, neither in frozen water (at low temperature) nor in bound water (in dr3.- 
state), could the ultraviolet-spectral displacements be detected. 

If there is no water ~vailable, rhodopsin cannot be bleached and denatured, no 
matter  how retinene may be isomerized to the all-~,ans iorn~, and the protein moiety 
may become unstable as described above. Therefore, the penetration of water molecules 
into the rhodopsin molecule is supposed to be the necessary condition for bleaching 
and denaturation. Water absorption of the rhodopsin molecule seems of interest in 
relation to the h;'dration and dehydration theory of ne~'e excitation postulated by 
TOnIAS "~. The steadiness of denaturation represented by the independence of the 
ultraviolet absorption change of pH, ionic strength, etc. is considered to be one 
of the important qualities of rhodopsin as a sender of information in the photo- 
receptor. 
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