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Summary 

Resonance Raman spectra of bacteriorhodopsin are compared to the spectra 
of this protein modified in the following ways: (1) selective deuteration at the 
C-15 carbon atom of retinal, (2) full deuteration of the retinal, (3) the addition 
of a conjugated double bond in the ~-ionone ring (3-dehydroretinal), (4) full 
deuteration of the protein and lipid components, (5) ISN enrichment of the 
entire membrane and (6) deuteration of the entire membrane (including the 
retinal). A detailed comparison of the ~SN-enriched membrane and naturally 
occurring purple membrane from 800 cm -I to 1700 cm -I reveals that ~SN 
enrichment affects the frequency of only two vibrational modes. These occur 
at 1642 cm -x and 1620 cm -~ in naturally occurring purple membrane and at 
1628 cm -~ and 1615 cm -~ in the ISN-enriched samples. Therefore, this pair of 
bands reflects the states of protonation of the Schiff base. Howev.er, our data 
also indicate that neither of these modes are simple, localized C=N-H or C=N 
stretching vibrations. In the case of the 1642 cm -I band motions of the retinal 
chain beyond C-15 are not significantly involved. On the other hand, in the 
1620 crn -I band atomic motions in the isoprenoid chain beyond C-15 are 
involved. 

* To w h o m  correspondence should be addressed. 
Abbreviation: BR, bacteriorhodopstn.  
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Introduction 

The molecular mechanism by which membrane-bound ion pumps function is 
a question of considerable interest in cell biology. Bacteriorhodopsin is a well 
characterized proton pump [1,2], which is found in purple membrane patches 
in the plasma membrane of the halophile Halobacterium halobium [3] and can 
be excited directly by light absorption [1,2]. Resonance Raman spectroscopy 
has proven itself to be a unique probe of the active site of this membrane- 
bound ion pump [4--12]. Initial experiments in our laboratory [5] demon- 
strated that two vibrational modes appeared in the region where Schiff-base 
carbon-nitrogen stretching vibrations were observed. One of these vibrational 
modes at 1642 cm -1 could be associated with the initial unexcited state of the 
protein (BRsT0), and suspension in 2H20 demonstrated that this mode included 
contributions from the C= N-H stretch. Thus, based on these data, Lewis et al. 
[5] concluded that the retinal chromophore in BRsTo was complexed through a 
protonated Schiff-base linkage to the protein. 

As a result of the photochemistry, BRsT0 disappears, and after several inter- 
mediate states, a pigment complex, M412, is formed in microseconds [ 13,14]. In 
the investigation by Lewis et al. [5] discussed above, it was also shown that as 
this M4~2 intermediate was produced the 1642 cm -1 band decreased in intensity 
and a second vibrational mode appeared in this region at 1620 cm-' .  This vibra- 
tional mode was attributed to the unprotonated carbon-nitrogen stretch based 
on the close correspondence both in frequency and intensity of this band to car- 
bon-nitrogen stretching vibrations in model compounds of unprotonated retinal 
Schiff bases. On the basis of these data it was concluded [ 5] that the Schiff 
base linkage deprotonates during the bacteriorhodopsin proton pumping cycle. 
However, in these early investigations [5], the conclusion that the 1620 cm -1 
band does include contributions from the unprotonated carbon-nitrogen 
stretch was not directly verified using isotopic enrichment and/or chemical 
modification. The present paper addresses for the first time the assignment of 
the 1620 cm -1 band using chemically modified retinals, selectively deuterated 
retinals, fully deuterated retinals, ~SN-enriched protein and fully deuterated 
protein. 

Materials and Methods 

H. halobium cells (S-9) were grown by standard procedures and bacterio- 
rhodopsin was isolated and purified by the method of Kanner and Racker [15]. 
Fully deuterated bacteriorhodopsin and ISN~nriched bacteriorhodopsin were 
grown at Argonne National Laboratories [16]. Resonance Raman measure- 
ments have shown that the isotopic substitution was >95%. All the bacterio- 
rhodopsin samples were treated with a 0.5% solution of deoxycholic acid to 
remove bacterial carotenoids. The purity was checked by the absence of the 
Raman lines at 1001, 1156 and 1515 cm -I, characteristic for normal and lSN- 
enriched bacteriorhodopsin and at 1300 and 1460 cm -t for fully deuterated 
bacteriorhodopsin. 

For reconstitution of retinal analogs, the apomembrane was obtained by the 
method of Oesterhelt and Schuhmann [17]. All.trans-3<lehydroretinal (I)was 
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a gift from Drs. V. Gloor and F. Weber f rom Hoffman-La Roche,  Inc. All-trans- 
[15-2H]retinal (II) was obtained by  reduction of  all.trans-retinal (Eastman- 
Kodak) with LiA12H4 to the deuterated retinal followed immediately by  oxida- 
tion with MnO2 [ 18]. The product  was purified by  liquid chromatography and 
nuclear magnetic resonance spectra verified the absence of  the C-15 proton 
[19].  The recons t i tu t ionswere  performed by  adding a concentrated (10 -3 M) 
ethanol solution of  the retinal analog to  the suspension of  the  apomembrane 
(10 -s M), until no further increase was observed in the absorption band of  the 
pigment. 

Resonance Raman spectra were obtained by  excitation with 50 mW of 457.9 
nm light from an Ar ÷ laser or 40 mW of  530.9 nm light from Kr ÷ laser. The 
sample suspensions, having A 2 1  per cm at km~,  were placed in capillary tubes 
and the scattering was collected at a right angle to the excitation beam, and 
focused onto a Spex 1401 monochromator .  A cooled RCA C31034 photo- 
multiplier tube  and photon-counting electronics were used. All spectra were 
taken with 2 cm -~ resolution and monochromator  step, and the counting t ime 
per step was 10--30 s. 

Results and Discussion 

In a previous resonance Raman investigation of  the  purple membrane from 
this laboratory [5] we unequivocally assigned the vibrational mode  at 1642 
cm -1 to the carbon-nitrogen stretching vibration of  a protonated  Schiff base 
linkage. In this same investigation we noted that  a band at 1620 cm -1 appears 
when the M412 intermediate is present [5].  The extremely close correspondence 
of  the  f requency and intensity of  this vibrational mode  with the carbon-nitro- 
gen stretching frequency in model  unprotonated  retinal Schiff bases was the 
basis for suggesting that  M412 conta ins  an unprotonated  Schiff base linkage. 
Subsequent  kinetic resonance Raman spectra indicated that  the 1620 cm -1 
vibrational mode  could be detected before the  appearance of  the M412 C=C 
stretch at 1566 cm -1 [6].  This suggested that  an additional unpro tona ted  inter- 
mediate, X, may be present be tween L and M and the above suggestion was 
supported by  the observation of  a C=C stretch at 1552 cm -1 with a t ime evolu- 
t ion that  also could not  be related to  L or  M product ion [8].  However, none of  
these investigations addressed directly the assignment of  the  C--N vibrational 
mode in X or for that  matter  in M412. In this s tudy we have investigated a vari- 
e ty  of  isotopically and chemically modified purple membranes which not  only 
bear directly on the assignment of  the 1620 cm -1 band, bu t  also result in a bet- 
ter definition of  protein, retinal ring and retinal chain effects on the resonance 
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Fig .  I .  R e s o n a n c e  R a m a n  spectra of 14Nolabe]led bacteriorhodops~n (A and D) and bacteriorhodopsin 
fu l ly  e n r i c h e d  w i t h  15 N (B a n d  C) ,  o b t a i n e d  w i t h  4 5 7 . 9  n m  (A a n d  B) o r  5 3 0 . 9  n m  (C a n d  D) e x c i t a t i o n .  
L a s e r  p o w e r s  we re  5 0  roW, s p e c t r a l  r e s o l u t i o n  2 e m  - I  a n d  c o u n t i n g  t i m e  1 0  s p e r  c h a n n e l ,  PM, p u r p l e  
membrane. 

Raman spectra of  purple membranes. The results will now be discussed in the 
following order: Fully enriched ~SN purple membranes, purple membranes 
reconsti tuted with retinal selectivity deuterated at C-15 and membranes recon- 
sti tuted with 3<iehydroretinal. 

lSN-Enriched purple membrane 
Resonance Raman spectra of  purple membrane grown in fully enriched lSN 

media are compared in Fig. 1 to spectra of  native purple membranes. In this 
figure spectra A and B were obtained with 457.9 nm excitation and C and D 
were obtained with 530.9 nm excitation to obtain scattering with (457.9 nm) 
and wi thout  (530.9 nm) contributions from M4~2. In addition the results shown 
in Fig. 2 were obtained with a counting t ime per wavelength interval which was 
longer than the t ime used to obtain the results in Fig. 1. The data in Fig. 2 are 
displayed on an expanded scale to allow for a more careful analysis of  fre- 
quency shifts in the carbon-carbon (C=C) and carbon-nitrogen (C=N and 
C=N-H) stretching regions. From the data in Figs. 1 and 2 it is clear that  within 
our  +2 cm -1 resolution lSN enrichment affects only two vibrational modes in 
the region 1000 cm-1--1650 cm -I. These are the C=N-H stretch which moves 
from 1642 cm -t (14N) to 1628 cm -1 (lSN) and the 1620 cm -1 mode (14N) which 
moves to 1615 cm -1 (lSN). In view of  these data, we feel that  the 1620 cm -1 
band is the result of  a normal coordinate that  includes mot ion of  the Schiff 
base nitrogen and, thus, must reflect the  deprotonated  state of  the Schiff base. 
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Fig .  2.  R e s o n a n c e  R a m a n  s p e c t r a  o f  1 4 N  (A a n d  D)  a n d  fu l ly  e n r i c h e d  i S N - l a b e l l e d  b a c t e J d o r h o d o p s i n  
(B a n d  C),  o b t a i n e d  w i t h  4 5 7 . 9  n m  (A a n d  B)  o r  5 3 0 . 9  n m  (C a n d  D)  e x c i t a t i o n .  L a s e r  p o w ~  w u  5 0  roW,  
s p e c t r a l  r e s o l u t i o n  2 e r a -  I c o u n t i n g  t i m e  2 0  s p e r  c h a n n e l .  PM,  p u r p l e  m e m b r a n e .  

Therefore, this result directly confirms our earlier assingment. 
This conclusion does not  mean that  either o f  the above vibrational modes  are 

isolated carbon-nitrogen vibrations. It has already been pointed out  that  the 
C=N-H vibrational mode  in bacteriorhodopsin is 13 cm -I lower in frequency 
than the mode in an isolated protonated retinal Schiff base in model  com- 
pounds [9]. One model  that  effectively accounts for this observation is the 
suggestion that  the proton on the Schiff-base is interacting with a protein resi- 
due [9].  Resuspension of  native, and lSN~nriched purple membrane in 2H20 
further demonstrates  the  complicated nature of  the  carbon-nitrogen stretching 
modes. As can be seen in Fig. 3, resuspending lSN enriched purple membrane in 
2H~O results in only a 14 cm -1 shift (1628 cm -1 -~ 1614 cm-1), whereas, deuter- 
ating the native 14N material results in a 22 cm -1 shift (1642 cm -x -~ 1620 

1 15  1 cm- ). In other  words, even though N enrichment causes a 14 cm- decrease 
o 

in the C= N-H vibrational f requency (~642 -~ 1628),  such an enrichment results 
1 2 in only a 6 cm- decrease in the C=N- H stretching frequency (see Fig. 3 and 

the summary of  results in Fig. 4). This difference is interesting in view of  the 
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Fig .  3.  R e s o n a n c e  R a m a n  s p e c t r a  o f  14N- l abe l i ed  b a c t e r i o r h o d o p s i n  (A a n d  B)  a n d  fu l ly  15N.em. l che  d 
b a c t e r i n r h o d o p s i n  (C a n d  D) ,  s u s p e n d e d  in  H 2 0  (A a n d  D)  o r  in  2 H 2 0  (B a n d  C).  T h e  s p e c t r a  w e r e  
e x c i t e d  w i t h  5 0  m W  o f  4 5 7 . 9  n m  l igh t  a n d  d e t e c t e d  w i t h  2 c m  - !  r e s o l u t i o n  a n d  a c o u n t i n g  t i m e  o f  1 0  s 
p e r  c h a n n e l .  PM, p u r p l e  m e m b r a n e .  

observation that lSN enrichment also shifts the 1620 cm -1 unprotonated  Schiff 
base band by  only 5 cm -t (see Fig. 2A and B and Fig. 4). Thus, it is clear that  
the vibrational modes which include the protonated and unprotonated  Schiff 
bases exhibit  lSN-induced frequency shifts which cannot  delineate the  exact 
composit ion of  these normal modes. However,  what  does emerge from these 
results is the observation that  the  1642 cm -1 and the 1620 cm -1 bands are the 
only vibrational modes that  reflect  the character of  the Schiff-base nitrogen in 
its different states of  protonation.  

Purple membrane reconstituted with selectively deuterated [15-2H]retinal 
Earlier experiments had shown [8,9] that incorporating fully deuterated 

retinal into protonated bacter io~psin  caused a 17 cm -t shift for the pro- 
tonated Schiff-base mode,  f rom 1642 cm -t to  1625 cm -1, whereas the  corre- 
sponding effect  on the unpro tona ted  (C=N) and deuterated (C=~-2H) Schiff- 
base frequency was 24 cm -1 and 25 cm -1, respectively (see Fig. 5). in order to 
determine which of  the  retinal hydrogens were causing this effect,  we have ob- 
tained spectra of  purple membrane incorporated with retinal containing a 
deuteron on the C-15 position * 

• A c o m p l e t e  d i s c u s s i o n  a n d  c o m p a r i s o n  o f  t hese  ( C 1 5 - 2 H ) - l a b e l l e d  p u r p l e  m e m b r a n e  s p e c t r a  w i t h  t h e  
s p e c t r a  o f  n a t i v e  p u r p l e  m e m b r a n e  is d e s c r i b e d  in  A p p e n d i x  1. H o w e v e r ,  in  th i s  s e c t i o n  we wil l  f o c u s  o n  
the  e f f e c t  o f  th i s  se lect ive  d e u t e r a t i o n  o n  t h e  Sch i f f -ba se  v i b r a t i o n a l  m o d e s .  
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These results indicate (see summary of  results in Fig. 6 and compare the 
spectra i~ Figs. 7A and 2A) that  deuterating C-15 causes a 14 cm -1 lowering of  
The C=N-H stretching frequency which is practically the entire 17 cm -1 shift 
detected when the retinal is fully deuterated (see Fig. 5). On the other  hand, 
deuterating C-15 causes a 3 cm -1 (see legend to Fig. 6) and 8 cm -1 shift on the 
1620 cm -I C=N and C=~I-2H bands, respectively, which is, in these systems, 
only a fraction of  the 24 cm-~/25 cm -~ downshift  observed on fully deuterating 
the retinal (compare Figs. 6 and 5). The simplest explanation for these results is 
that the full length of  the isoprenoid chain, and possibly even the j3-ionone ring, 
contribute to the C= N and the C= ~I-2H Schiff-base modes more than they con- 
tribute to the protonated Schiff-base, C= ~-H, vibrational frequency. 

To test these various alternatives for ring and chain contributions to C=N 
and C= I~-2H normal modes we have obtained spectra of  bacterio-opsin recon- 
stituted with 3-dehydroretinal. Since 3-dehydroretinal has an additional double 
bond in the ~3-ionone ring, which is conjugated to the -C= C- double bonds in 
the  isoprenoid chain, this analog is uniquely capable of  deciding whether  ring 
and/or  C= C modes are involved in the above end group vibrations. 

Purple membrane reconstituted with 3-dehydroretinal 
Resonance Raman spectra of  this chemically modified bacteriorhodopsin 

show (see Fig. 8 and a detailed discussion in Appendix 2) that  the C=C stretch- 
ing frequencies of  the BR and the M species are lowered in frequency to 1510 
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D)  e x c i t a t i o n ,  PM, p u r p l e  m e m b r a n e .  
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cm -1 and 1560 cm -1, respectively, as would be expected from the increased lr 
electron delocalization in species which contain 3-dehydroretinal. However, the 
1620 cm -x unpro tona ted  vibrational mode  is completely unper turbed by  this 
chemical modification and the protonated vibrational mode  is essentially un- 
perturbed. This is the case even though a neighboring band observed at 1601 
cm -1 in native purple membrane spectra (a frequency region where C=C 
stretches could be observed) is shifted down to 1597 cm -1. This indicates the 
lack of  C=C character in the 1620 cm -1 band. Furthermore,  these data suggest 
that  neither the C=C nor ~-ionone ring modes  are involved in the 1620 cm -1 
Schiff base vibrational mode.  Therefore, to explain the 24 cm -1 downshif t  in 
the unprotonated  Schiff base frequency on fully deuterating the retinal we are 
left with one possible alternative: that  coupling with C-H bends on the isopre- 
noid chain may play an important  role in the Schiff-base vibrations and, thus, 
could be responsible for the effects we observed. 

Coupling of  C-H bends has been invoked in previous at tempts  to  understand 
unconventional  deuter ium isotope effects  on the resonance Raman spectra of  
bacteriorhodopsin [8].  For  example, it has been observed that a new band 
appears in the C-H bend region upon  replacement of  the Schiff base proton 
with a deuteron. This band is at  higher f requency than the 960 cm -1 band ob- 
served in native purple membrane which is in the wrong direction for  a simple 
mass effect  [8,11].  Marcus and Lewis [8] have argued, based on other  isotope 
effects and on the results o f  Craig and Overend [20] on simpler molecular sys- 
tems, that  N-2H/C-H coupling could be responsible for such an upshift. Such 
coupling may also account  for the altered isotopic shifts in the C=N and 
C=N-2H systems upon lSN enrichment, C-15 selective deuteration and full 
deuterat ion of  the retinal. 

In conclusion, using lSN enrichment we have unequivocally assigned the 
vibrational modes which reflect the protonated and unprotonated  character of  
the Schiff-base linkage. In addition, we have demonstra ted that  the C~s-H bond 
contr ibutes a smaller fraction to the C~s=N and C~s=N-2H vibrational modes 

$ 

than to the C~s=N-H band. Conversely, the C-H bonds on the rest of  the iso- 
2 prenoid chain participate to a~greater extent  in the Cls=N and CIs=N - H vibra- 

tional modes than in the C~s = N-H band. Furthermore,  using purple membranes  
reconst i tuted with 3<lehydroretinal, we have shown that ring modes or C=C 
stretches do not,  in all probabil i ty,  contr ibute  to either one of  the 1620 cm -1 
unprotonated  vibrational modes. Based on these data we will reexamine in the 
following paper the kinetics of  Schiff-base deprotonat ion using kinetic reso- 
nance Raman spectra of  isotopically labelled purple membranes in various 
enviroments. 

Appendix 1 

In this appendix the spectra of  purple membrane selectively enriched with a 
deuteron at the C-15 posit ion i s compared to naturally occuring fully proton- 
ated purple membranes. 

In addition to the changes already discussed in the tex t  of  the paper, several 
other  interesting alteratioris can be seen in the 530.9 nm spectra of the (C1 s-2H) - 
labelled membranes.  There is a downshif t  (see Fig. 9 C and D) in the C= C vibra- 
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Fig. 9. Resonance Raman spectra of bacterlorhodopstu (A and D) and of bactezio-opi~n zeconstltuted 
with retinal deutezated at C-15 (B and C), obtained with 50 mW of elthez 457.9 nm (A and B) oz 580.9 
nm (C and D) exdtat lon. Spectza] zesolution was 2 cm- I and counting time was 10 s per channel PM, 
purple membrane, 

tional mode  f rom 1530 cm -~ to  1525 cm -1. There is considerably greater 
strength relative to the  mode at ~ 1 2 0 0  cm -1 in the modes around 1275 cm -1, 
1215 cm -1, 1185 cm -1 and 1170 cm-1; Furthermore,  there are two additional 
alterations in modes which previous results indicated [21] may involve the end 
group. These are a band at 1255 cm -1 in normal membranes which is absent in 
the (Cls-2H)-labelled sample, and bands between 950 and 990 cm -1, which 
appear to be significantly effected by  this modification at least in terms of  their 
intensity. 

The photosta t ionary results at 457.9 nm (see Fig. 9A and B) are not  as clear 
cut  in the analysis of  changes in the normal modes, since several additional 
species in the  photosta t ionary mixture are resonantly enhanced with this laser 
frequency. However,  certain interesting changes are observed and these will 
now be discussed. Firstly, even though the BRsTo 1530 cm -1 C=C stretching 
mode has been shifted to 1525 cm -1 (see above discussion of  530.9 nm spectra 
and compare 457.9 nm spectra, Fig. 9A and B) the M4~2 C =C  stretch is un- 
shifted by  this substitution. Secondly, an observation of  considerable potential 
interest is the fact  that  the  intensity of  the 1566 cm -~ C=C stretch of  M412, 
when compared to  the intensity of  the BRsTo 1530 cm -1 C=C stretch is observ- 
ably decreased upon CIs-2H substi tution (compare Fig. 9A and B). Furthermore,  
another example of  this alteration in the steady state composi t ion are the 
clearly observable bands at 1550 cm -1 and 1532 cm -1. The 1550 cm -1 band has 
been assigned previously to  an intermediate X [ 8] and appears to  be unchanged 
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in frequency in the Cls-2H spectra. On the other  hand, the 1532 cm -~ vibra- 
tional mode  in the Cls-2H spectra may be correlated with the 1537 cm -1 band 
we have observed previously [ 8]. This band has been associated in kinetic spec- 
tra with the protonated L intermediate. However,  in the stationary state experi- 
ments reported here, it could also be associated with the later intermediate N. 
Thus, it appears that  C~s-ZH substi tution does not  effect  the C=C stretch of  the 
unpro tona ted  intermediates M and X, bu t  does alter the 1530 cm -~ BRsT0 and 
1537 cm -~ (Lss0 or Ns20)vibrations of  the protonated  species. Finally, the effect  
of this Cls-2H substi tution on the modulat ion of  photostat ionary intermediate 
kinetics may help elucidate isomerizations of  the chromophore  in the evolution 
of  M4~2 and deserve further investigation. 

Appendix 2 

In this appendix the resonance Raman spectra of  3<tehydrobacteriorho- 
dopsin will be discussed over the  f requency range 900--1700 cm -1. Previously 
in this paper we have considered the frequency range 1500--1700 cm -1 and 
noted that  the C--N vibrational frequency is unchanged by  replacement of  the 
retinal in purple membrane with 3~iehydroretinal.  However,  such a modifica- 
tion of  the system does result in considerable changes in the rest of  the vibra- 
tional spectrum. 

The intense band in the 530.9 nm spectrum of 3~iehydrobacteriorhodopsin 
(see Fig. 10A) is the 1510 cm -1 C=C stretching mode which normally occurs at 
1530 cm -1 in purple membrane.  This lowered frequency is understandable in 
terms of  increased electron delocalization which also causes the red shift in the 
absorption maximum of  3~iehydrobacteriorhodopsin (600 nm) compared to 
natively occurring purple membrane, absorbing maximally at 570 nm. This 
absorption red shift may bring into resonance intermediates that  normally 
would not  contr ibute  to the resonance Raman spectra obtained with 530.9 nm 
excitation. Such an effect  may explain the origin of  the strong band at 1535 
cm -1. The lack of  any unpro tona ted  C=N stretch at 1620 cm -1 in the 530.9 nm 
spectrum indicates that  the 1536 cm -~ band cannot arise from either M or X 
intermediates bu t  may be associated with L or N. Yet, it is hard to see how L 
could be responsible for this band because in native purple membrane,  C=C 
stretch of  L is observed at the  same frequency [ 8] and, thus, this would  require 
that  3-dehydroretinal substi tut ion would no t  effect  the C=C stretch of  L 
while it does effect  the  C= C stretch of  all the other  observed species. Such an 
argument may associate this band with N. An alternate explanation arises from 
the observation [21] that  3-dehydroretinal normally exhibits multiple C=C 
stretching modes and, therefore,  the  1536 cm "1 band could also arise from the 
original BR species. However,  it should be noted  in this regard that  in 3-dehydro- 
retinal the multiple C= C stretching modes are separated by  approximately half 
the magnitude we observe in the 530.9 nm spectrum. 

In the rest of  the  530.9 nm spectrum a band with greater intensity appears 
at 1320 cm -1 in the 3<lehydro system. On the other  hand, bands at 1278 cm -1 
and 1256 cm -~ are similar in intensity and frequency in bo th  membranes. The 
band intensities in the fifigerprint region are considerably altered in the 
3<lehydro membranes bu t  the frequencies are close to  those observed in native 



452 

"E 

{3 m 

nr 

A. Ret 1T PM 

5 3 0 . 9  n m 

B. Ret "IT PM 
45"~ 9 n m  

o ~ - ~  

- © o  

o ,n (~ 

C. Ret II SB 
647.  I n m  

9 0 0  I 0 0 0  

o 

s 

II00 1200 1300 1400 1500 1600 1700 

cm -I 

Fig. 10.  Resonance  R a m a n  spectra of  bacter lorhodopsln reconst i tuted wi th  3-dehydroret~nal, retinal II,  
exc i ted  wi th  50 mW of  530 .9  n m  light (A) ,  or wi th  50  mW of  457 .9  n m  light (B), and the Raman spec- 
trum of  the unprotonated  Schiff  base of  retinal II wi th  buty lamine  in CH3CN exc i ted  with 10 mW of  
647.1 nm (C), S indicates solvent  Raman bands.  PM, purple membrane .  

membranes. It is not  yet  clear whether these intensity changes arise from intrin- 
sic differences in the BR spectrum or from alterations due to contributions 
from additional intermediates. However, it should be noted that the intensity 
changes observed in going from the 530.9  nm spectrum of  native membranes to 
the 530.9  nm 3<lehydro spectrum are quite similar to intensity changes ob- 
served between all-trans.retinal and all-trans-3~iehydroretinal [21] .  

The spectrum of  3~lehydrobacteriorhodopain excited with 457 .9  nm (Fig. 
10B) shows an intense peak in the C=C stretching region at 1560  cm -1 which is 
apparently due to enhancement of  the 3~iehydro M intermediate. Concomi- 
tantly a band at 1620  cm -1 is observed which arises from the unprotonated 
C = N  stretch. The M C--C stretch is reduced in frequency by 6 cm -1 when com- 
pared to the C=C stretch of  M412. In addition, there is a band at 1515  cm -1 
which appears to be associated with residual resonance enhancement at 457 .9  
nm of  the BR species. However, i f  indeed this C=C stretch is associated with 
the BR species and not  with an additional M C= C stretch, then there is a fre- 
quency shift in this band on going from 530.9  nm excitation to  457 .9  nm exci- 
tation (see Fig. 10 A and B). A similar frequency shift is noted in the C-CH3 
stretch which moves from 1004  cm -1 (at 530.9  nm) t0 1010  cm -1 (at 457 .9  
nm),  whereas, in native membrane  such a shift is not  observed. These shifts 
could be associated with either changes in steady state intermediate concentra- 
tions and/or excited state effects which depend on excitation frequency. It is 
interesting to note that in native purple membrane we observe a 3 cm -1 
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decrease in the C=C stretching frequency of  BRs70 in going from 457.9 nm 
excitation to 568.2 nm excitation (see Fig. 1 of  the following paper [22]) .  

The fingerprint region of  the 3<iehydro system is vastly different when spec- 
tra obtained with 457.9 nm and 530.9 nm excitation are compared. The 1183 
cm -1 band in the 530.9 nm spectrum moves to  1180 cm -1 and becomes the 
dominant  feature in this region., In addition, the 1204 cm -~ band decreases sig- 
nificantly in intensity and moves to 1199 cm -~. Furthermore,  the strong 1172 
cm -i band and the weak 1256 cm -1 band in the 530.9 nm spectrum have dis- 
appeared and a new band characteristic o f  unpro tona ted  Schiff bases is 
detected at 1226 cm -2. There also appears to be a weak band at 1159 cm -1. 
Changes in intensity are also noted in the 1300--1350 cm -~ region. These dras- 
tic spectral alterations probably arise from the fact that  the M species of  the 
3-dehydro pigment is resonance enhanced to a greater extent  by  457.9 nm exci- 
tat ion than the M412 species of  native membranes. Finally, it is interesting to 
note  that  the 457.9 nm 3-dehydro spectrum is quite similar in the fingerprint 
region to the spectrum of  an unprotonated  Schiff base of  trans-3-dehydroreti- 
nal (see Fig. 10C). 
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