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AIJSTKACT: The resonance Ranian spectra of bovine meta- 
rhodopsin l and metarhodopsin I 1  have been measured. The 
spectra are compared with inodel Lhruniophore resonance 
Raman data. It was found that metarhodopsin I is linked to 
opsin via a protonated Schiff base linkage, u hereas nietarho. 
dopsin 11 is linked by an unprotonatcd Schiff basc. A recent 
suggestion that the chromophore of metarhodopsin I I is rctin.!l 
is explicitly disproved. 'The chromophores of both nietai ho. 

R h o d o p s i n ,  the visual pigment of vertebrates, is composed 
of a chromophore. I I-cis-retinal, joined to the glycoprotein 
opsin by a protonated Schiff base linkage (Wald, 1968; Honig 
& Ebrey, 1974: Ebrey & Honig, 1975; Callender & Honig. 
1977). A series of thermally unstable iiiterinediates ending 
with free all-tram-retinal and opsin are formed after rho- 
dopsin bleaching is initiated by a photon (Figure 1 ) .  At sonie 
point during this sequence, almost certainly before the sIo\v 
decay of metarhodopsin 11, the visual neural signal is gener- 
ated. 

We have studied the chromophore vibrational structure of 
the very important nietarhodopsin 1 and nietarhodopsin 11 
intermediate forms of bovine rhodopsin using resonance 
Raman spectroscup! (Callender & Honig, 1977: Warshel, 
1977). This technique uses the fact that the resonance en- 
hanced specttx obtained are due generally only to vibrational 
modes of the chromophore, l h u s ,  specific properties associatcd 
with the i n  situ chromophore can be obtained such as chro- 
mophore-~protciri linkage. chromophore structure. and aspects 
of chromophore photochemistry. Previous resonance Raninn 
studies on 'w inc rhodopsin have been performed oii the pip- 
ment itself. the artificial pigment isorhodopsin, and the primar! 
photopigrnenl hatlicirhodopsiti (Oscrol'l' EL Callendcr. 1974: 
klathie.; i t  . I \  . ! ' , ;?(I ;  Cdllender et al . ,  1976). B! comparing 
these result. \i i t h  the present work on the nietarhodopsins. ;i 

great deal c;tn be wid concerning the behavior of thc  chro. 
mophore of  bo\ i i l e  rhodopsin during tilost of the bleaching 
sequence (f ' i* :ut< I ) ,  I n  addition. Sulkes c t  AI. (1976)  have 

i \ , p ? \  01 the :icid q u i d  iiict:irhoctup.;i:i 5)steni 

using rcsor,,.i:iLc l<,irnan spcctroccup) 
l.ikc iitlicr pigtiletits (it' thib type. the nietarhodopsins ;ire 

photosensitive 111 t h a t  the! can revert to rhodopsin or isorlio. 
dopsin upon :!hirptiori of ii photon. Since the quantuin cfl'i- 
ciency of photoconversion of these pigments by the incident 

dopsins are found to have an essentially all-trans conformation. 
I'he basic mechanism for color regulation in  both forms a p -  
pears to be electron delocalization. The data tend to support 
the model ofck trans isomeri/ation as thr: priniar! nicchanim 
I'or vision. Also, the conclusions and inferences ot'this uork on 
energy uses and storage by rhodopsin in  neural  generation arc 
discusscd 

laser light used to stimulate the Raiiiaii bcattering is iiian! 
orders of magnitude greater than the quantum efficicncq to 
give Raman scattered photons, the measuring light can seri- 
ously perturb sample composition before the completion of the 
Raman measurement. This problem h'is been overconic herc 
using a flow technique that has rccentlj been dcbeloped 
(Callender et al.. 1976: Mathies et al.. 1976). In this technique. 
the  simple flow> past the monitoring beam fast enough so that 
only a sinall fraction of the molecules i n  the beam is phu-  
toisomerized. The majority of the xcattered light is derived 
from sample not altered by the laser. 

Methods and Materials 
Laser Rainan spectra here  obtained ~ i t h  J Spex 1401 

double monochroniator. a cooled KCA 3 I034 photomultiplier. 
and photon counting electronics interfiiccd to a PDP-8e i i i i i i i -  

computer. Part of the nieiiiory of this coniputei  as rescrLed 
for data storage in discrete channels, The PDP-8e miniconi- 
putcr was in turn interfaced to a PUP- 10 cuniputcr for genetxi 
storage and analysis of the date. A Coherent Radiation Modcl 
52B krypton ion laser and Spectra Physics Model 165 nrguii 
ion laser \4ere used to produce monochromatIC I Jdi'ition 

The molecular flou technique uscd here has been discusscd 
clsc\+herc (Callcnder et a l . .  1976. .4toti c t  al. .  1977)  , i d  the 
apparatus %as employed as prcvioualb described. \+ i th  small 
modifications. A cold bath circulator I.aud:t Super k/.?K \+,I\ 

included to cool the sample r e x n u i r  The tcniperaturc 01 '  the 
sample %as monitored b) a ihermocouplc 'tt the rctuiii iiilci. 
I t  ++;IS niaititained at  +3 '(. The teiiiperiiturc titflerencc be-  
tirccii the outgoing and the incoining saiiiple was I'ound n u t  t~ 
excecd 1 O C  T'he saiiiple ~ t ; ! h  stirred inside t h c  r e x i  i o i r  10 

nt ice formation OIL the wall5 I 'he  iczcrcul t  \ % a b  coi i t i i i  
uouslq irradiated dt p w e r  level of 2 5 0  niW w i t h  the 568 2 - 1 i i i i  

krypton laser line expanded to illuminate the u hole saniplc 
Under the above conditions. rhodop~in-containiti& rod outer 



outer segments were suspended either in  potassium phosphate 
buffer (0.067 M )  at pH 8.0 or citrate (0.067 M )  potassiuni 
phosphate (0.1 34 M )  buffer at pl I 5 .3.  Irradiatitrn o f t h c  pt-i 
8.0 suspension with the 5h8.2-nm krjpton line at + 3  "(' yields 
a mixture of 80% metarhodopsin 1 and 20% rhodopsin and 
isorhodopsin as determined by the absorption spectra of the 
suspension. These percentages are accurate to b i t h i i i  f 5 %  
Irradiation of the pH 5 . 3  su\pclisiun yields ii% i i ietLi I I  ' ind 
25% meta I .  Changing the pH from 5.3 t o  8 0 reverts the 
composition to alinost entirely nieta I .  One ine;iiiirernenr of  
the pH 5.3 sample L + < I ~  prrl'ormed w i t h  U . 0  riitlicr i l i a r i  t 1 2 0  

as solvent under otherwise identical conditions. 
Absorption spectra were measured within a GC'A-Mc- 

Pherson spectrophotometer equipped with a const:!nt-teiii- 
perature cell holder. The  spectrophotometer ~ v ~ i i  interfaced 
to a PDP-8e minicomputer. Absorption incasureiiicnts of 
suspensions may introduce large errors due to light scattering. 
The procedure that was followed uas  to record the :ibsc)rption 
spectrum of the suspcn\ion ;it  4 3  ' C ' .  The s,iiiiple then \+.IS 

bleached with intense white light at rooin tciiiper;iture in  tt ic 
presence of hydroxylamine. After bashing. ii \tructurcicxb 
spectrum indicative of just  scattering w a s  found showing that 
not  only was the pigment bleached, but al\o that the f'ice rctiiiai 
was gone. Presuniablq, the intense white light dr.;troycd iiiost 

of it, although part ;IC a n  oxime niay 1i:ivc been \bashed i iuuy. 
This sziniple, resuspended in buffer to thc same coiiLctitratioti 
as the unbleached sample was used as the relerencc sainple. 
Its spectrum was computer substrac~ed froni t h e  former a n d  
the absorption spectrum of the i i i i t i ; i l  suspension obtained 
without the background. Typical concentrations of samples 
were 0.3-0.5 OD/cm.  

The 476.5-nm argon laser line was used to excite nieta I a t  
a power level of 2 niW, and  n x t a  I I   as excited h!, the 
457.9-nrn argon lascr line ,it a power leve l  of 5 i nh '  I !r i i j t , i  thc 
conditions ot' the ciperiiiicrit (Liser beam ladiiix, 0.005 c i i i?  bulh 
tlob velocitj, 800 c i i i / h ,  bcc c q  9 of C':illendcr et d.. 1')7ti). 1czs 
thaii 5% ot' the Kaiiiiin x i t t t c r i i i g  ,irises t'roin photocoirverted 
iiiatcriiil i t i  t he  b s , i i i ,  I O I -  the i i ic'ta 1 \;iriiples and, b i i i c r  the 
dbsurptioii barid ot iiict'i 11 lie\ rclativci! kii froni the laser line, 
even I C M  \LIiU'ItJlih s i p m i  t'rtim si i i ipie photulabilitj i b  expect- 
ed 

I h e  proccduic. duririg the 1low cxpcriinent % ; I \  t o  . iccuiiIu- 
late the Kaiiiari spec'tra o f  i i iult iplc r u i i s  un t i l  a sut'ficient >IC.  
MI-tu-iioisc i d t i t i  *as  actiie\.cd 1)iiriiig tiic experiiiiciit >inall 
antounts of s~ r i ip l c  from t h e  rc>ciLoIr wcrc d r a w n  drid their 
absurptiuri xpectr,i ; i t $ 3  " C  were takcii No sigriil'ic,,rit 
chaiigcs i n  the abwrptiori spcctra <) r  the sample Mcie l'ound 
over t h e  tiriic per iod ut t h e  ex i rc i  tnwnt (,ibout 2- 3 h )  I f i i .  

e ~ i t i l c  hiI i ipre WJS theti W,;i ,ired u l .  ~ L J  rocii11 teiliper.iture aiid 
bleached a t  t h e  clid o f  t h c  CA~L'IIITIUIIL. b r p a ~ ~ ~ t i :  Kanidn  
incdsurcriiciitx NU c t h e n  perforiiicd under other wise idzritiLal 
cord i t io i i s ,  the to t . i I Iy  blc'iehcd sample gdve 'i broad fluareh- 
cciicc bachgruurlcl but iiu K,itriLiii structuie *'is dctccicd spirt 
I'roni ii \1ll : i i i  bd id  neat l h 0  L I I I  ' I ,  which I S  a wcl i  k r i u u i . .  
bater  t i i ie. .irid siiiail barids due tu the bub'fers. 'I his spectrum 
was subtracted t'rom the Kanis i i  data  thus reniwing the 
b:ickgrc)und. 

I he Kaiuan  spectrum obtained of the pkI 8.0 mixture, 80% 
meta I and 20% rhodopsin and isorhodopsin. was slightly al- 
tered in order to obtain a nearly pure meta l Kriman spectra. 
First. it is estimated from the absorption spectra that rhodopsin 
and iwhodapsin were present i n  these sample i n  nearly ideri- 

- -~ _I-___ I__ - .- __ 
i Abbreviations used: rneta I, ineturhodop\in I :  nici;i 11. metarhodopsin 
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Rcaon;ince K:inian spectra of(4) rnetarhodopsin I .  (H) mix-  
riict:irhodopriii 1 I and 25% nictarhodopsin I ,  and ( C )  esscii- 

ii,!lI! mct,iihodupin 11 (apectra o f  A subtracted f r o m  spectra o f  H, scc 
~c\ t I  rhc ~ 1 ; i t ; i  w r e  t a k e n  a i th  ii spectrometer resolution of 6 c m ' .  

Rexults and Discussion 
bigurc L\ shows the resonance enhanced Raman spectra 

i>f rricta I .  l'igurc 2B shows the results from the 75% meta I I /  
? %  ineta I sample. and Figure 2C shows the rneta 11 spectrum. 
1 r)r  comparison purposes, flov, resonance Ranian spectra of 
I t i c  protonirtcd and unprotonated Schiff bases of all-trans- and 
! 3-civ-retinal are shown in Figures 3A and 38, respectively. 

I , r o n i  prei-ious experimental work on model compounds and 
ilicoretical calculations (see reviews of Callender & Honig, 
1077: W:irsIicl, I977), general mode assignments can be made. 
Kctinal terminal end groups are found at  approximately 1630 

113 ( C = N  stretching mode). 1660 cni-' (C-NH+ mode). 
. ind IO70 cin-.' (C=O mode). The most intense line in the 
spcctr:i, near 1550 cm-l, has been identified as the C-C 
CI hv len ic  .tretching motions. The fingerprint region between 

,i>7ri 1400 cni--I contains structure due to C-C single bond 

a 

8 ,  

ROO 1000 1200 1400 1600crn-' 

1 ICiLRI.. 3 :  Kesonancc Rainan  {pcctra ol'tt'i) [ ~ ! ! - f ~ ~ / ~ ~ ~ - r c t i t i ~ i I  u-butyl- 
: ini inc hjdrochloridc and (R) ci! / - r rc~rt~-ret in , l i  - n - b u t )  lamine. The \pet- 
troiiictcr resolution is ( A )  7 c i i i r '  :ind i R )  7 cm-'. Small structure in tlic 
rcgion of900 crn-' i i r i cch  froin incmiplcte subtr;iction o f t h c  soI~c'11t i i nc i .  
The  un1;ibeled S c h i f f  h a w  of .2 is ;it 1657  cn - I  

btretcliing motions and C -C ti and C C -C bending motions. 
Precise identification of the rnodcs in  this region has not yct 
been accomplished (except that structure near 1010 cin-' 
arises from modes associated with the methyl groups). Rainan 
structure in this region can be correlated with different retinal 
isoniers and is therefore most important for a 
illations. I n  wha t  follows we discuss the data  
portant chromophore properties and relation to visual excita- 
tion. 

Krtiriul- Protein L i n k a g ~ ~ .  €3) comparing the Raman spectral 
I'eaturcs of meta I and l l  (Figure 2) with the model compound 
data  of Figure 3, it appear5 that the retinal- opsin linkage of 
ineta I is a protonated Schiff base, while the mcta I 1  linkage 
is an unprotonated Schiff bast. For nictii I ,  the assignment i \  
made un the basis of the position of the band at  1656 cni-I. 
which is well known to correspond to I IC=NH+ bond 
stretching (Heyde et al., 197 I : Oseroff & Callender. 1974: see 
Figure 3A).  I n  addition, the R a m a n  spectral fe;itures of mctii 
I (Figure 2A)  and all-trtrn.5-retin;il -ti-butylaminc hydro- 
chloride (Figure 2A) arc very similar (discussed in detxil 
below) giving further support to the retinal i n  meta I being 
attached as a protonated Schiff basc linkage of nietn 1.  

Deprotonation of the Schiff basc results in  a downw:ud shift 
in frequency of the C-=N mode to the region of 16 15 - 1635 
c11i-l (tieyde et al., 197 I). The weak 1632-cn1-' Raman band 
of unprotonated all-trans-retinal- n-butylamine of Figure 3 H 
i.; due to the Schiff basc inode. Our data of mcta 1 I arc no t  ol' 
\ufficient signal to noise to resolve such ueak structurc. 
1 {owever, the data of meta I 1  i n  the 1600- I 7 0 0 - ~ m - ~  rangc 
are consistent with an unprotonatcd Schiff base linkage (note. 
no structure a t  the protonated position of ca. 1656 cm- ' ) .  Also. 
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it has been shown that spectral features in the fingerprint re- 
gion are  quite sensitive to  the terminal end group (see Cal- 
lender & Honig, 1977). Thus, this assignment is made pri- 
marily by the very close spectral similarities of the all-trans 
Schiff base data (Figure 3B) to that of meta I1 (Figure 2C) 
over the entire spectral range (discussed in more detail 
below). 

Recently, Cooper & Converse (1976) made photocalori- 
metry measurements on bovine rhodopsin for the rhodopsin - meta I and rhodopsin -+ meta 11 transitions. They showed 
that the proton uptake in the meta 1 -+ meta I 1  transition oc- 
curred in a similar p H  range to the proton uptake previously 
measured for opsin alone (both are  capable of taking up only 
one proton). This led them to suggest that the meta I - meta 
I1 reaction actually involves the hydrolysis of the retinal-opsin 
Schiff base linkage to form free retinal still bound (but now 
noncovalently) in the active opsin site to explain chemical re- 
versibility. The present Raman data argue strongly against this 
model since ( I )  the aldehyde bond (C=O) would be easily 
observed at  ca. 1670 cm-l (see Figure 2 in Callender et al., 
1976) in the spectrum of meta I1 (Figure 2)  but is absent and 
(2 )  it would be expected that the spectrum of meta I 1  (Figure 
2C) would resemble all-trans-retinal (see Callender et al., 
1976) which it does not. In addition, it was found that no 
Raman structure remained in the 1650-1 700-cm-’ range 
when the 75% meta II/25% meta I sample was deuterated 
using DlO as the sample solvent rather than 1420 and that a 
new line appeared at  1635 cm-I (data not shown). This result 
cannot be explained by the model of Cooper & Converse since 
the aldehyde bond (C-0) would be unaffected by this deu- 
teration experiment and its Raman structure would remain at  
ca. 1670 cm-I. The new line was the same in size and strength 
as that a t  1656 cni-’ of Figure 2B suggesting there is a single 
downward shift i n  frequency of the protonated Schiff base 
mode ( H C = N H f )  upon deuteration (see Oseroff & Callen- 
der, 1974) which arises from the 25% meta I component of the 
sample. 

Previous Raman studies have established that the retinal- 
opsin linkages of rhodopsin (Oseroff & Callender, 1974; 
Callender et al., 1976; Mathies et al., 1976) and bathorho- 
dopsin (Oseroff & Callender, 1974) are  protonated Schiff 
bases. Thus, the data indicate that the chromophore of rho- 
dopsin in the bleaching sequence (Figure 1 )  remains linked to 
opsin as  a protonated Schiff base through the meta I inter- 
mediate, the Schiff base becoming deprotonated in the meta 
I - meta I1 transition. This sequence of events was very early 
postulated (Matthews et al., 1963; also, Hubbard & St.  
George, 1958, for squid and alkaline metarhodopsins) because 
the shifts in the absorption maxima of meta I and meta 11 could 
be readily explained (see below); this assignment is confirmed 
here. In addition, the Raman data  are  consistent with calori- 
metric studies (Cooper & Converse, 1976) which show that 
there is no change in protonation of the pigment in going from 
rhodopsin to meta I .  

The Colors of’ the Metarhodopsins and  the Rhodopsin 
Sequence. The absorption maxima of the visual pigments ap- 
pear to be regulated by controlling the extent of electron de- 
localization of the protonated retinal Schiff base (see discussion 
in Honig et al., 1976). Increased delocalization results in a 
lowering of energy of the excited state more than the ground 
state resulting in a red shift of the absorption maximum. The 
present results on the metarhodopsins suggest their absorption 
maxima are  determined also by this type of mechanism. 

That  the Raman results are  sensitive to electron delocali- 
zation arises because increased delocalization results in a de- 
crease of electron density in essential double bonds and an 
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FIGURE 4: Correlation of ethylenic (C=C) stretching frequency of retinal 
based structures with their absorption maxima. Data are from Figures 2 
and 3 and rhodopsin (Callender et al., 1976), isorhodopsin and batho- 
rhodopsin (Oseroff & Callender. 1974), the purple membrane pigments 
(Aton et al., 1977). and the Schiff base retinals (Aton et al., 1977). P.S.B.. 
protonated Schiff base; S.B., Schiff base. 

increase in essential single bonds. Thus, as first pointed out by 
Rimai & co-workers (1  973), the line position of the ethylenic 
(C=C) stretching mode is a sensitive indication of this delo- 
calization since, as it increases, the bond order is decreased 
resulting in a shift to lower frequency of the C=C band. In 
Figure 4, we have plotted the Amaxs vs. ethylenic frequencies 
of the metarhodopsins along with other pigment and model 
compounds which we previously have measured. As can be 
seen, there is a good correlation between the Amaxs of both 
protonated and unprotonated Schiff bases, rhodopsin, iso- 
rhodopsin, bathorhodopsin, two purple membrane pigments 
(PM568 and M412), and the metarhodopsins. 

It can be concluded that the major source of wavelength shift 
in the meta I -+ meta I1 reaction is the deprotonation of the 
Schiff base which causes an electron localization in the es- 
sential C=C bonds. This can be seen by comparing the Amaxs 
of rneta I and meta I1 with the respective protonated and 
nonprotonated Schiff bases in Figure 3. It was, of course, the 
change of A,,, in going from meta I to meta 11 which corre- 
lated rather well with the change of A,,, upon deprotonation 
of model Schiff bases that led to the hypothesis (Hubbard & 
St .  George, 1958; Matthews et al., 1963) of the deprotonation 
of the Schiff base in this transition. The present Raman results 
confirm and extend this hypothesis by (1) showing that there 
is a deprotonation and ( 2 )  measuring the degree of electron 
delocalization of the ground state through the C=C stretching 
frequency position. 

The high degree of correlation amongst the various pigments 
and model chromophores tends to indicate that there is little 
chromophore double bond twisting in these systems. A model 
based on double bond twisting has been recently advanced to 
explain color regulation (Kakitani & Kakitani, 1975). The 
model compound data arise from strain-free chromophores 
(solution spectra). Also the Raman spectra of rhodopsin and 
isorhrodopsin are  quite similar to their respective 1 I-cis and 



9 4  model chromophore5 in solution indicating little apparent 
double bond strain (hlathies et al.. 1977). and, as argued 
bclou. t h e  mctarhodopsins are probably strain free. Thus, it 
nould be quite accidental that chromophore electron density 
patterns arising from two quite different sources, electron 
dclocali7ation in chromophores with strain-free double bonds 
i n  sonic cases and twisted double bonds in others. would all give 
the  s a m e  corrchtion of  absorption maxirnum wi th  ethylenic 
\(retching frcqucncq. 

' I ' h c  Cot~Ortiiciiion r?f'the Protein Bound Chromophore. As 
sho\rn i n  Figure I ,  rhodopsin ( 1  I -cis chromophore) photo- 
c Ii c 11 i i e:! I I )' con vc r t \ to bat h o r  hodo ps i n ,  passes t ti e r n i ;I I I y 
through ;I number of intermediates including meta I and nieta 
1 1 .  finally hydrolyzing into all-truns-retinal and opsin. It is thus 
interesting to  ascertain j u s t  when the chromophore has con- 
verted from ; i n  I I-cis (rhodopsin) to an all-trans conformation. 
tlubbard & Kropf( 1958) arguedconvincinglq that t h e  chro- 
niophorc w;is in the all-trans conformation at  the meta I stage; 
[ h e  present da ta  now give direct evidence supporting this as- 
signnicrit. \ear ly  identical spectra can be seen in comparing 
the resonance Ranian spectra o f  mcta I arid nieta I I (Figures 
1,2 a n d  2 ( ' )  to the protonated arid unprotonated (Figure 3 A  
and 3H) rill-trrrtz.v-rctinal PI-butylamine, respectively ( the 
butyl;iiriinc iiioict) being ;I model for the c-lysine group 
through \I hich retinal i, linked to opsin i n  the pigment). As 
iiicntioncc' above. the fingerprint region is sensitive to the 
retinal conformation. The small differences in line positions 
and intensities between the pigments and the model chrorno- 
pliore\ 'ire vcr) likcly an indication of sonic' residual retinal 
opsin interactions :~nd perhaps J r c  due tu twisting about single 
bond>. T h e  0 7 bond. for cxamplc. is highly flexible in solution 
( I  lonig c t  a . .  107 I ). ar id t h e  v:ilue ot'the torsional angle of this 
bond differs from one crysttal t u  another (see Hubbard & 
M'ald. I W X ) .  Siuc.11 twisting about this single bond iiiay be 
rcspon\iblc l'or the optical act ivity of the chromophore in the 
11ict;t I . i i i t l  i i ict,i I 1  forms (Waggoner & Strycr, 1971). N e \ -  
c.rthelL,.,. i l i c  R:iiii,tii  spcctia cIic iiiuch cloxer t o  iill .traiis t h i i i i  

to :in! i)thcr isoiiiei. I or cx:iniplc. thc pigment spectra arc quite 
dissiinilar to  the rc\pccti\.c 13-cis model chromophores (Aton 
ci ; I I  , 1077;  'clatliics c t  a l . .  l L ) . / / ) .  ii corif'orination clusc to 
Lill-traiis ;I> \+e l l  a h  vel )  dil'l'crciit troiii the rcqxctivc I I-cis and 
%ci \  Scliil'l' base iiiodcl spectra (Mathie, et al., 1977). '1 hus  
trio bro;id ~ ~ o ~ i c I u s ~ o n s  arc  possible (hie. significant twisting 
;\bout double bonds in these pignicnts is riot consistent with the 
\pcctraI siinilaritics of the pigments to their model chronno- 
phorcs. This twisting rnodel has been proposed t o  explain the 
colors of visual pigments (Kakitani & Kakitani, 1975). Such 
;i model f o r  the mctarhodopsin is probablq also excluded from 
an examination of thc correlation plot (Figure 4. see discussion 
,ibo\;c). Two. it can be coricludcd that both chromophores of 
thc metarhodopsins have a n  essentially all-trans conformation. 
the basic difference between the two beinp the deprotonation 
of'thc Schiff base. 

The all-trans character of metarhodopsin 1 tends to support 
the cis - trans isomerization model of the primary event in vi- 
\ion. the phoiochemical production of bathorhodopsin (see 
Figure I ) :is contrasted t o  several different models which have 
bccn recently proposed (see Peters et al. 1977; Green et al.. 
1077: and references therein). Metarhodopsin I is quite similar 
in  photochemical behavior to bathorhodopsin in the key 
properties of photointerconvcrtibilit~ to rhodopsin ( 1 1 -cis 
chromophore) and isorhodopsin (9-cis) as well as quantum 

' Id\ ! lliibbard M Kropf, 1958). I t  is thus not unreasonable 
to use nicta I as ;I riiodel )'or bathorhodopsin as regards general 
clironiophorc characteristics. 

Lticryi, I 'ri1i:atiori in the Visuul Cj;cfe. The key question 

in the early stages of visual excitation is the mechanism by 
which light energy is absorbed and then used by rhodopsin to 
stimulate the neural response. The above results, taken together 
with other work, suggest some qualitative insight. I t  has been 
argued that bathorhodopsin must have a n  essentially trans 
chromophore and be more than I I kcal in  free energ) above 
rhodopsin (Rosenfeld et al., 1977). On the other hand the  
Kaiiian results of Oseroff & Callender (1974) show that ba- 
thorhodopsin does not have the  Ranian structure of a irons- 
retinal in  solution: this result can be interpreted as evidence 
of u "strained" chromophore (Callender & Honig, 1977; 
Warshel. 1977). This resuit taken together with the picosecond 
formation time w hich would seem to preclude extensive opsin 
changes suggests that the more than 1 1  kcal obtained from the 
exciting photon is stored in a "strained" trans chromophore 
conformation, as first suggested by Yoshizawa & Wald (1963). 
resulting from local chromophore- opsin interaction (such as 
electrostatic or steric interaction). Since the ethylenic mode 
frequency of bathorhodopsin lies on the correlation curve of 
Figure 3. this argues against much double bond strain (see 
discussion above) in bathorhodopsin. The possible mix between 
energy stored as "strain" and energy stored as a local chro- 
mophore opsin interaction has not g e t  been investigated the- 
oretically. Our results above show that little or no chromophore 
strain remains a t  t h e  mcta  I stage and that both meta I and 
ineta I I have an essentiall! trans conformation. T h u s .  i t  is 
reasonable to suggest t h a t  the  niechanisni responsible for 
neural generation, which almost certainly occurs i n  the meta 
I to ineta I I t ransi t ion.  involves no chromophore conforma- 
tional changes. The mechanism rather involves changes oc- 
curring in the apoprotein opsin where the energ) stored by the 
chromophore at the bathorhodopsin stage has been "used" by 
opsin to niodif) itself i n  order to stimulate neural response. In 
this regard. it should be remenibcred that opsin conformational 
changes do take place in the ineta I + ineta I 1  transition. Also 
opsin i n  this transition hiis ;I net uptake of two protons, one 
I'roiii the deprotorii/;ition ut' the chroiiiuphore Schiff base (see 
iibwe) and one froiii the surrounding media (Matthews et al., 
196.3; Cooper & Curivcrse. 1976). This latter behavior is quite 
dit'l'erent from isolated opsin LI. hich has only one net proton 
i i  cc ep t o I g r o u 1). 

I'his iuodel, then, tor eiiergy utiliLatiori divides the l'unctions 
of the chromophore and opsin. T h e  role of the chromophore 
IS to serve ;is a focal point for initial photon energy storage. This 
cnergy is transfcred to opsin at an earl! stage initiating the 
changes leading to neura l  generation 
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Altered Aminoacyl-tRNA Synthetase Complexes in 
GI-Arrested Chinese Hamster Ovary Cells? 

M. Duane Enger, Preston 0. Ritter,i and Arnold E. Hampel* 

ABSTRACT: Aminoacyl-tRNA synthetase complexes existing 
in Chinese hamster ovary (CHO) cells were shown to undergo 
alterations as a function of the growth state of the cell. The 
distribution pattern for 13 particulate postribosomal amino- 
acyl-tRNA synthetases in IO-30% (w/v) exponential sucrose 
gradients was determined for the enzymes from C H O  cells as 
they exist under three different culture conditions: exponential 
growth, G I  arrest induced by isoleucine deficiency, and GI 
arrest induced by leucine deficiency. The synthetases specific 
for the amino acids Arg. Asp, Cys, Gin, His, Lys, Met, Thr ,  

T h e  existence of aminoacyl-tRNA synthetasc complexes 
i n  mammalian systems is well documented and numerous 
references are cited in recent reviews (Kisselev and Favorova, 
1974; Sol1 and Schimmel, 1974). However, no direct evidence 
has been available that suggests a possible functional role for 
these complexes. 

Recent work from our own laboratory has identified the 
existence of aminoacyl-tRNA synthetase complexes in Chinese 
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and Val have indistinguishable distribution patterns in all three 
cell types. However, the synthetases specific for Glu, Pro, Leu, 
and Ile have a unique distribution of synthetase forms in the 
G ,-arrested cultures and this distribution is independent of 
whether G I  arrest was induced by isoleucine or leucine defi- 
ciency. The distribution of synthetase forms in GI-arrested cells 
differs in a definite, reproducible manner from the profiles 
obtained with the exponentially growing cells, and this fact is 
strong evidence for an in vivo role for the synthetase com- 
plexes. 

hamster ovary (CHO)' cells (Hampel and Enger, 1973; Ritter 
et a]., 1976). In  this paper we have studied the synthetase 
complexes existing in C H O  cells as a function of the growth 
state of the cell. 

C H O  cells can be very clearly arrested in the G I  phase of 
the cell cycle by a condition of isoleucine deficiency (Tobey, 
1973). It was previously shown that D N A  synthesis immedi- 
ately ceases with isoleucine deficiency while protein synthesis 
continues for some time, being 57% of control when complete 
G I  arrest is obtained after 30 h (Enger and Tobey, 1972). 

I Abbreviations used are: CHO,  Chinese hamster ovary; Ile- cells, cells 
grown in isoleucine-deficient medium; Leu- cells, cells grown in  leu- 
cine-deficient medium: buffer A, 100 mM KCI-IO mM Tris-HCI (pH 7.5 
at 25 OC)-1.5 m M  MgC12-0.1 mM dithiothreitol; buffer B, 10 mM 
KCI-10 mM Tris-HCI (pH 7.5 at  25 'C)-1 mM MgC12-0.1 m M  di- 
thiothreitol; Tris-HCI, 2-amino-2-hydroxymethyl-1,3-propanediol hy- 
drochloride. 
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