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Introduction 

Bacteriorhodopsin (BR) is a 26,000-dalton intrinsic 
membrane protein that functions as a light-driven 
proton pump in the "purple membrane" of Halo- 
bacterium halobium (Birge, 1981; Stoeckenius & 
Bogomolni, 1982). Absorption of a photon by the 
retinal prosthetic group in bacteriorhodopsin initi- 
ates the cyclic photochemical reaction shown in 
Fig. 1, which efficiently transports hydrogen ions 
across the bacterial cell membrane (Lozier, Bogo- 
molni & Stoeckenius, 1975). The resulting electro- 
chemical proton gradient is coupled to the synthesis 
of ATP, the transport of amino acids and cations, 
and may also drive cell locomotion (Racker & 
Stoeckenius, 1974; Stoeckenius & Bogomolni, 
1982). Bacteriorhodopsin's amino acid sequence 
has been determined (Khorana et al., 1979; Ovchin- 
nikov et al., 1979), and based on low-resolution 
electron density maps it is believed that the poly- 
peptide spans the membrane in seven a-helical seg- 
ments (Henderson & Unwin, 1975). The retinal 
chromophore is located within the hydrophobic in- 
terior of the protein (Kouyama, Kinosita & Ike- 
gami, 1983) attached to lysine 216 via a protonated 
Schiff base linkage (Lewis et al., 1974; Rothschild 
et al., 1982). Determining the structure of the retinal 
chromophore in BR and its photocycle intermedi- 
ates is a prerequisite for defining the funct ional  role 
retinal plays in the proton-pumping mechanism. 

Resonance Raman spectroscopy can be used as 
an in situ probe of the light-induced structural 
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changes of the retinal chromophore in BR (for re- 
views, see Callender & Honig, 1977; Warshel, 1977; 
Mathies, 1979). In the resonance Raman experi- 
ment, scattering from the chromophore alone can 
be strongly enhanced by selecting an exciting laser 
wavelength that lies within the pigment's visible ab- 
sorption band. The resulting vibrational spectra are 
highly sensitive to chromophore structure and envi- 
ronment. The Raman spectra shown in Fig. 2 illus- 
trate the dramatic differences which result in both 
the frequencies and intensities of the chromophore 
vibrations during the proton-pumping photocycle. 
These spectra are dominated by an intense ethyle- 
nic C = C  stretching vibration between 1500 and 
1600 cm -1. The C- -C  single bond stretches and the 
vinyl hydrogen in-plane rocks appear in the distinc- 
tive 1100-1400 cm -~ "fingerprint" region. The in- 
tensities and frequencies of these modes are sensi- 
tive to the cis-trans configuration of the C~-~-C 
double bonds as well as the conformation of the 
C- -C  single bonds. Translating these vibrational 
frequencies and intensities into chromophore struc- 
ture, however, requires assigning the Raman lines 
to specific vibrational normal modes. 

Early vibrational assignments of the retinal 
chromophore in bacteriorhodopsin were based on 
isotopic labeling near the Schiff base and on com- 
parison with retinal model compounds. Lewis et al. 
(1974) recognized that suspension of purple mem- 
brane in D20 exchanges the Schiff base proton for a 
deuteron, causing a characteristic shift in the fre- 
quency of the C = N H  Schiff base stretching vi- 
bration. Also, qualitative comparison of Raman 
spectra of BR568 and M412 with spectra of retinal 
Schiff base isomers provided an in situ demonstra- 
tion that the retinal configuration in BR568 is all- 
trans and that the configuration in M412 is 13-cis 
(Aton et al., 1977; Stockburger et al., 1979; Braiman 
& Mathies, 1980). These studies also revealed that 
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Fig. 1. Photochemical reaction scheme of bacteriorhodopsin, 
giving the retinal chromophore structure in each intermediate 
(Smith et al., 1984a). The parent pigment, light-adapted bacte- 
riorhodopsin (BR568), contains an all-trans retinal chromophore 
that is attached to lysine 216 through a protonated Schiff base 
linkage. Photolysis forms the red-absorbing K625 intermediate 
which cycles in -10 msec back to BR~68 through L550, M4~2 and 
0640. Photoisomerization about the C 1 3 ~ C 1 4  bond in the BR568 
K625 transition translates the Schiff base proton across the retinal 
binding site to a new environment storing ~16 kcal/mole of en- 
thalpy (Birge & Cooper, 1983). Subsequent thermal steps chan- 
nel this energy into proton transport. In the dark, BR568 slowly 
converts to dark-adapted bacteriorhodopsin which contains an 
approximately equal mixture of all-trans and 13-cis protonated 
Schiff base chromophores (denoted BR568 and BR548, respec- 
tively). Subscripts refer to room temperature absorption max- 
ima, except for the K photoproduct which is most conveniently 
studied when trapped at low temperature (77~ 

protein  binding induces  significant changes  in the 
vibrat ional  spec t rum of  the ch romophore .  

Recen t  studies using select ive isotopic modifi- 
cat ion o f  a var ie ty  o f  c h r o m o p h o r e  posi t ions have  
demons t r a t ed  that  quant i ta t ive compar i son  o f  spe- 
cific c h r o m o p h o r e  vibrat ions allows even greater  ac- 
cess  to the detai led s tructural  informat ion conta ined 
in the R a m a n  spect rum.  By  assigning the R a m a n  
bands  to specific normal  modes  in both  the retinal 
mode l  c o m p o u n d s  (Curry  et al., 1982, 1984; Saito & 
Tasumi ,  1983; Smith et al., 1985) and in the pig- 
ments  (Massig et al., 1982; Smith et al., 1983a, 
1984a), compar i son  of  vibrat ional  assignments can 
be used  as a p robe  o f  bo th  c h r o m o p h o r e  geomet ry  
and p ro t e in - ch rom ophore  interact ions.  

The  first sect ion o f  this rev iew briefly discusses 
r e sonance  R a m a n  theory  and the methods  used to 
obtain  r e sonance  R a m a n  spec t ra  of  bac te r io rhodop-  
sin. N e x t  we descr ibe  how the r e sonance  R a m a n  
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Fig. 2. Resonance Raman spectra of bacteriorhodopsin's photo- 
cycle intermediates. Changes in chromophore structure and en- 
vironment are detected and analyzed through the differences in 
the vibrational frequencies and intensities, especially in the 
1100-1400 cm -~ "fingerprint" region. The spectra of BR568, 
M412, and K625 are from Braiman and Mathies (1980, 1982). The 
BR548, Lss0 and 064o spectra are from Smith et al. (1983a, 1984a). 
Room-temperature spectra were obtained using purple mem- 
brane fragments consisting of -75% BR and 25% lipid suspended 
in H20 buffer, The K625 spectra were obtained at 77~ using a 
purple membrane pellet 

spec t rum can be used  to de termine  the s t ructure  of  
the p ro te in -bound  retinal c h r o m o p h o r e  through the 
use o f  select ive isotopic  substi tution.  With this 
background ,  the spec t ra  o f  bac te r io rhodops in ' s  
pho to in te rmedia tes  are ana lyzed  and key chromo-  
phore  s t ructural  fea tures  that  are involved in p ro ton  
pumping  are discussed,  

Methods for Obtaining Resonance Raman Spectra 

The basic principles of  R a m a n  scat ter ing are illus- 
t rated in Fig. 3. A m o n o c h r o m a t i c  laser beam of  
f r equency  vL, chosen  to lie within the electronic 
absorp t ion  band  of  a c h r o m o p h o r e ,  is focused  on 
the sample,  and the f r equency  and intensity o f  the 
inelastieally scattered light is measured .  The  fre- 
quency difference be tween  the incident (ul.) and 
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Raman scattered (u,) light corresponds to the 
vibrational frequencies of the chromophore. The 
advantage of using resonance Raman spectroscopy 
to study chromophore structure lies in the reso- 
nance enhancement effect. As the incident laser fre- 
quency approaches the frequency separation be- 
tween the chromophore's ground and excited 
electronic states, the cross section for Raman scat- 
tering increases, resulting in an enormous enhance- 
ment of the scattering intensity in the chromo- 
phore's vibrational modes. For example, when 
excited near 568 nm, the cross section for the 1526 
cm -1 ethylenic stretching mode of BR568 is more 
than 10 s times larger than that for the 992 cm -~ line 
in benzene, one of the strongest lines observed from 
a nonresonant solvent (Myers, Harris & Mathies, 
1983). The resulting increase in sensitivity permits 
sample concentrations as low as 10 -6 M and illumi- 
nated sample volumes of only a few microliters. 
Furthermore, because this enhancement is selective 
for chromophore modes, it is possible to obtain 
spectra of a protein-bound chromophore without in- 
terference from the more numerous protein vibra- 
tions. 

Another advantage of resonance enhancement 
is that the scattering from a particular intermediate 
can be selectively enhanced by using laser excita- 
tion at a wavelength where only that intermediate 
absorbs. For instance, using 412 nm excitation, 
scattering from the MaJ2 intermediate dominates the 
Raman spectrum even when only 10-20% of the 
pigment is in the M4]2 form. In practice, the choice 
of laser wavelength is also governed by laser-in- 
duced fluorescence of the sample, as well as absorp- 
tion overlap with other spectral intermediates. Be- 
cause large fluorescence backgrounds generated by 
the incident laser light can mask the relatively weak 
Raman lines, it is often necessary to select an exci- 
tation wavelength such that the Raman spectrum 
falls outside of the fluorescence band. Furthermore, 
when the absorption bands of two intermediates 
overlap, it is desirable to choose a laser wavelength 
which maximizes the relative resonance enhance- 
ment of the intermediate of interest. 

There are two challenges encountered in per- 
forming Raman experiments on retinal-containing 
pigments. First, the retinal chromophore is photo- 
sensitive and absorption of probe laser light can 
result in photoalteration of the sample as it is being 
studied. Second, the bacteriorhodopsin intermedi- 
ates appear with rise times ranging from picose- 
conds to milliseconds, so that methods must be de- 
veloped to obtain Raman spectra with varying time 
resolution. A wide range of novel solutions to these 
problems have now been developed, and several of 
the more useful approaches are discussed below. 
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Fig. 3. Schematic of the resonance Raman experiment.  In A the 
ground and excited state potential surfaces for one normal coor- 
dinate in a molecule are depicted. A laser beam of  f iequency v~. 
irradiates the sample, and the inelastical[y scattered light, u,, 
leaves the molecule in an excited vibrational level of  the ground 
state. The energy differences between incident and scattered 
photons yield the vibrational spectrum. As the energy of  the 
laser approaches the energy of  a vibronic transition in the mole- 
cule (huc~, + tw,,), the denominator in the equation for the Raman 
intensity approaches zero. This causes a dramatic increase in the 
intensity or " 'resonance enhancement"  of the vibrational lines. 
The numerator in the intensity expression contains Franck-Con- 
don factors which are overlap integrals between vibrational 
wavefunctions on the ground and excited stale potential sur- 
faces. In B a schematic of the experimental configuration is pre- 
sented 

R A P I D - F L O W  T E C H N I Q U E S  

Rapid-flow sampling systems, designed to minimize 
the contribution of photoproducts to the Raman 
spectrum, were first developed for Raman studies 
on visual pigments (Callender et al., 1976; Mathies, 
Oseroff & Stryer, 1976). In the rapid flow experi- 
ment, the photosensitive sample is passed through 
the laser beam in a high-velocity stream so that any 
photoproducts formed will be swept out of the irra- 
diated volume before they can accumulate to a sig- 
nificant level. The fraction of molecules that pho- 
toisomerize while passing through the laser beam is 
given by the photoalteration parameter (Mathies et 
al., 1976) 

F = (3.824 x lO-21)Pego/vd 
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Fig. 4. Dual-beam rapid-flow apparatus for obtaining time-re- 
solved Raman spectra (Smith et al., 1983a). Typical flow speeds 
in a 1.4-mm diameter capillary range from 300 to 500 cm/sec. The 
time delay (20/xsec 30 msec) is set by displacing the pump 
beam -0.1 to 100 mm upstream from the probe beam with a 
micrometer. A computer controlled shutter permits the auto- 
matic recording of pump-on and pump-off spectra 

which depends directly on the laser power (P, pho- 
tons/sec), the extinction coefficient of the absorbing 
species at the laser wavelength (e, M -1 cm-J), and 
the quantum yield for photoreaction (4)). F is in- 
versely proportional to the flow velocity (v, cm/sec) 
and the focused beam diameter (d, cm). To obtain 
spectra of BR568 with a given laser power, the flow 
rate and beam diameter are simply increased to 
maintain F less than -0.1.  This means, in essence, 
that fewer than 10% of the BR molecules photoiso- 
merize while traversing the laser beam. Since the 
photocycle is complete in - 1 0  msec, these photo- 
lyzed molecules cycle back to BR568 long before the 
recirculating sample returns to the laser beam, so 
no accumulation of photoproducts occurs. 

In many cases, it is necessary to explicitly con- 
sider the rate of accumulated photoalteration in the 
entire sample volume. For example, when a small 
volume of dark-adapted purple membrane is recir- 
culated, even weak laser excitation can "light- 
adapt" the pigment. This is because the return to 
the dark-adapted form takes a relatively long time 
( -20  min) at room temperature. In this circum- 
stance, the photoalteration of the entire volume 

Fbulk = (3.824 X IO-21)PeheLT/V 

can be controlled by decreasing the total irradiation 
time (T), the path length of the laser beam through 
the sample (L) and the laser power (P), or by in- 
creasing the sample volume (V) (Mathies, 1979). 
Thus, to obtain spectra of the dark-adapted pig- 
ment, large sample volumes and low laser intensi- 
ties are normally used (see, for example: Marcus & 
Lewis, 1978; Alshuth & Stockburger, 1981). 

TIME-RESOLVED TECHNIQUES 

Time-resolved resonance Raman spectroscopy has 
been developed extensively by El-Sayed and co- 
workers who have obtained spectra of bacteriorho- 
dopsin with time resolution from picoseconds to 
milliseconds (E1-Sayed, 1982). For the highest time 
resolution experiments pulsed lasers are employed, 
while for microsecond to millisecond experiments 
flowing samples can be used with continuous wave 
(cw) lasers. Most experimental designs use a 
"pump" laser beam to initiate photocycling of 
BR568 and a "probe"  laser beam to excite the Ra- 
man spectrum. The procedures for attaining time 
resolution between the pump and probe events, 
however, differ considerably depending on whether 
one laser beam (Stockburger et al., 1979; Terner et 
al., 1979b,c; Argade & Rothschild, 1983) or two la- 
ser beams (Marcus & Lewis, 1978; Braiman & 
Mathies, 1980; Smith et al., 1983a) are used. 

Figure 4 depicts a double-beam rapid-flow ap- 
paratus used to attain/~sec to msec time resolution 
with cw lasers. The sample is recirculated through a 
glass capillary and the time resolution between the 
pump and probe events is controlled by changing 
the flow rate of the sample and the spatial separa- 
tion between the two beams. In practice, a two- 
color experiment works best since it allows one to 
maximize resonance enhancement of the intermedi- 
ate being studied while minimizing the contribution 
of undesired photoproducts to the Raman spec- 
trum. Maximum photocycling is achieved by select- 
ing an intense yellow pump laser that is strongly 
absorbed by BR568 (F ~ 1), while the scattering from 
a particular intermediate is maximized by using a 
probe beam wavelength that lies within the interme- 
diate's absorption band. 

It is also possible to perform experiments with a 
single cw laser beam. In this case, time resolution is 
attained by varying the residence time of a flowing 
sample in the focused laser beam. The single beam 
serves both to initiate photocycling of the pigment 
and to excite the Raman spectrum. Spectra of dif- 
ferent photocycle intermediates are obtained by in- 
creasing the incident laser power and/or changing 
the flow rate. Because the high-photoalteration 
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spectra contain scattering from both the intermedi- 
ates and the unphotolyzed pigment, it is necessary 
to subtract a Iow-photoalteration B R ~  spectrum. 
There are two drawbacks to the single beam tech- 
nique. First, it is not possible to optimize both the 
"pump" and "probe"  events. If the laser wave- 
length is selected to maximize BR~6a photolysis, res- 
onance enhancement of the intermediate is often 
reduced relative to BR56s. Alternatively, if the laser 
wavelength is selected to maximize Raman scatter- 
ing from the intermediate, then the initial photolysis 
of the B R ~  pigment is often inefficient. Second, the 
use of a single high-photoalteration laser beam can 
result in spectra containing a complex mixture of 
intermediates and their photoproducts. The high- 
photoalteration spectrum of a particular intermedi- 
ate has contributions from all intermediates which 
precede it in the photocycle in addition to contribu- 
tions from "second order" photoproducts gener- 
ated when one of these intermediates is photolyzed. 
Therefore, these single beam experiments are most 
useful for the early intermediates where the mixture 
of species formed is simple. For example, Terner et 
al. (1979c) observed scattering from K with time 
resolution of -<100 nsec by irradiating a rapidly 
flowing (20 m/see) purple membrane sample with a 
tightly focused laser beam. 

For nanosecond to picosecond time resolution, 
pulsed lasers must be employed. Single-pulse 15- 
nsec and 40-psec experiments have been performed 
using a cavity-dumped mode-locked dye laser 
(Hsieh et al., 1981, 1983). However, for the reasons 
discussed above, a two-pulse sequence from two 
different lasers is the ideal way to perform fast time- 
resolved experiments. For example, two-color ex- 
periments have been used to obtain the K Raman 
spectrum with time resolution of 60 nanoseconds 
(Smith, Braiman & Mathies, 1983b). In this case, a 
25-nsec pump pulse from a cavity-dumped argon 
ion laser (514.5 nm) initiates the photochemistry. 
This is followed by a 25-nsec probe pulse at 647 nm, 
which excites the K Raman spectrum. The time de- 
lay between the pump and probe pulses (60 nsec) 
determines the time resolution. The advantage of 
this configuration is that the delay time can be var- 
ied independent of the photolysis conditions, al- 
though this does require the use of two lasers. 

Low-TEMPERATURE TECHNIQUES 

Freezing bacteriorhodopsin at 77~ blocks the ther- 
mal decay of the K625 intermediate, making it possi- 
ble to study this primary photoproduct with a static 
experiment. Photolysis of BR568 at this temperature 
produces a photostationary steady-state mixture of 
BR568 and K625 (see Fig. 1). Raman spectra of this 
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Fig. 5. Low temperature (77~ spinning cell for obtaining spec- 
tra of bacteriorhodopsin (Braiman & Marbles, 1982). The purple 
membrane sample fills a circular groove in the rotating copper 
tip. The pump beam illuminates the sample on one side of the 
spinning cell, producing K625 along with BR568 fluorescence. The 
sample is then rotated to the probe beam, which excites the 
Raman spectrum. This procedure effectively keeps the pump 
beam-excited fluorescence from being viewed by the detectoi" 

mixture are excited with a probe laser wavelength 
chosen to give maximum resonance enhancement 
of the K625 component. Pure K spectra are then 
obtained by computer subtraction of the residual 
BR568 scattering. Such low-temperature pump- 
probe methods were first developed to obtain reso- 
nance Raman spectra of the primary photoproduct 
of rhodopsin (Oseroff & Callender, 1974). In bacte- 
riorhodopsin, however, if the pump and probe 
beams are coaxial, fluorescence induced by the 
pump laser can mask the weaker Raman scattering 
generated by the probe laser. Pande, Callender and 
Ebrey (1981) avoided high fluorescence back- 
grounds in their K625 spectra by using a probe wave- 
length on the blue edge of the pump-induced fluo- 
rescence (530.9 nm). However,  this results in poor 
resonance enhancement of K625 relative to BR568. 
Braiman and Mathies (1982) reduced the pump-in- 
duced fluorescence in their K spectra by using the 
spinning cell apparatus shown in Fig. 5. Purple 
membrane is applied to a groove in the conical cop- 
per tip which can be cooled to 77~ and spun at 
1700 rpm. The key advantage of this approach is 
that the pump beam, which prepares the photosta- 
tionary steady state and excites the fluorescence, is 
spatially displaced from the probe beam. Rotation 
of the copper tip translates the sample from the 
pump beam to the probe beam where the K62s spec- 
trum is obtained without a high fluorescence back- 
ground. 
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Fig. 6. Resonance Raman spectra of native BR568 and its 11-, 10-, 
9- and 8- [~C] isotopic derivatives. These spectra illustrate the 
assignment of the "Ct0--CH" and "C8--C9" single bond 
stretches at 1170 and 1214 cm -1, respectively 

Methods for Determining Chromophore Structure 

To interpret the Raman spectra of bacteriorhodop- 
sin, it is necessary to assign the Raman bands to 
specific vibrations of the retinal chromophore. Vi- 
brational assignments of the C--C single-bond 
stretches are made by selective isotopic substitution 
with J3C, while deuterium substitution of the vinyl 
hydrogens is used to determine the frequencies of 
the CCH in-plane rocks and the extent of vibra- 
tional coupling between the CCH rocks and the 
C--C stretches. Isotopic derivatives of retinal can 
be incorporated into bacteriorhodopsin by bleach- 
ing the native chromophore with light and hydroxyl- 
amine followed by addition of labeled retinal to the 
apoprotein (Braiman & Mathies, 1980). An alterna- 
tive, more convenient procedure involves the addi- 
tion of retinal to bacterio-opsin obtained from a reti- 
nal-deficient mutant of H. halobium (Smith et al., 
1983a). These "isomorphous" substitutions pro- 
vide an excellent probe of the vibrational structure 
as they do not change the chromophore's structure 
or interactions with the surrounding protein. 

Figure 6 presents an example of how selective 
13C-substitution can be used to assign the single- 
bond stretching modes in BR568. In the native pig- 
ment, the C--C stretching region exhibits lines at 
1170, 1201 and 1214 cm -~. In the 11-[~3C] derivative, 
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0 .50 (C IoC l I ) -  0.10(C8-C9) § 0.26(CIIH)- 0.19(CI2H ) 
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0.14((;8-(]9)- 0.12(C6-C)+ 0.47(COH) + 0,50(C;2H)- 0.06(C9-CH ) 

Fig. 7. Mass-weighted atomic displacements and calculated nor- 
mal mode descriptions for (A) the 1170 cm -~ "Ct0--CH stretch" 
and (B) the 1214 cm -~ "C8--C9 stretch" of BR568. The Ct0--Cii 
stretching coordinate is the dominant component in the 1170 
cm < mode, while the 1214 cm -~ mode is more delocalized with 
large contributions from C8--C9 stretching as well as CioH and 
CIzH rocking motions. Although the hydrogen rocks have signifi- 
cant normal mode coefficients, they are not dominant contribu- 
tors to the overall potential energy because their reduced mass is 
-1/'~/6 less than that of the C- -C  stretches 

the 1170 cm -1 line shifts down 10 cm -j to 1160 
cm -~, while the frequencies of the other Raman 
lines are not changed. Similarly, in the 10-[13C] de- 
rivative, the 1170 cm -1 line shifts 13 cm l confirm- 
ing the assignment of this vibration as a localized 
Cm--C~1 stretch. Figure 7A presents the atomic dis- 
placements for the 1170 cm -~ normal mode. The 
localized character of the C~0--C~ stretch is obvi- 
ous from the large relative displacements of Cm and 
Cll. The vinyl hydrogen rocks and other C--C 
stretches make a much smaller contribution to this 
normal mode. Figures 6D and E show that the 
"C8--C9 stretching" mode can be assigned at 1214 
cm -j based on an -16  cm -~ shift of this line in the 9- 
[13C] derivative and a 3 cm -1 shift in the 8-[13C] 
derivative. The difference in sensitivity of this 
mode to ~3C substitution at C8 and C9 results from 
vibrational coupling of the C8--C9 stretch with the 
C9--CH3 stretch and the CmH in-plane rock. These 
coordinates combine in the normal mode to produce 
much larger motion of C9 than Cs and hence the 
larger 13C-shift (see Fig. 7B). The large contribution 
of CCH rocking character to the 1214 cm -j mode is 
also evident in Fig. 7B. 
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Fig. 8. Resonance Raman spectra of native BRs08 and its 1 tD and 
10D isotopic derivatives. The CnH rock couples weakly with the 
C- -C  stretches, and deuteration produces only minor changes in 
the vibrational fingerprint. This allows the CHtt rocking mode to 
be assigned at 1273 cm ~ based on its disappearance upon l l- 
deuteration. The Cz0H rock is strongly coupled with the C- -C  
stretches, and deuteration produces large changes in the finger- 
print modes due to a shift of Cs--C9 stretch character to higher 
frequency where it mixes strongly with other vibrations 

The extent of coupling between the C- -C  
stretches and CCH rocks can be determined by se- 
lective deuteration of the vinyl hydrogens. When a 
vinyl hydrogen in-plane rock and a C- -C  stretch 
are coupled, the resulting normal modes exchange 
character and "split apart" in frequency. The 
higher frequency CCH rocking mode gains C- -C  
stretching character and its frequency is raised, 
while the lower frequency C- -C  stretching mode 
gains CCH rocking character and its frequency is 
lowered. Deuteration eliminates this coupling by 
lowering the frequency of the CCH rocking vibra- 
tion from -1300 to -970 cm -~, resulting in a fre- 
quency increase of the C- -C  stretch. Figure 8 illus- 
trates the difference in coupling patterns of the 
CllH and CmH rocks in BR~(,8. The C~jH rock is not 
strongly coupled to any of the C- -C  stretches, so 
that l l-deuteration causes only minor changes in 
the fingerprint region other than the disappearance 
of the 1273 cm J CjlH rock. In contrast, the CmH 
rock is strongly coupled with the C8--C~ stretch 
(see Fig. 7B) so that deuteration at C,j produces 
large changes in both the frequency and intensity of 
the fingerprint modes. These changes result primar- 
ily from a shift of C8--C9 character into the 1237 
and 1294 cm -~ modes. The differences in rock- 
stretch coupling illustrated here are particularly im- 
portant when they can be directly related to 
changes in chromophore structure. 

The configurations about the C~3~=-C~4, 

0 

/ ~ ' ~  1-~ 944  cm -1 

Fig. 9. Mass-weighted atomic displacements for the C~2D + 
C~4D rock combination at 916 cm ~ in BR568 and at 944 cm -~ in 
BRs48. The frequency of this highly-localized normal mode is 
characteristic of the C~--C~4 configm-ation. A low frequency 
(901-916 cm-b  indicates a t rans  configuration, while a high fre- 
quency (936-953 cm -() is diagnostic of a 13-cis configuration 

C14--C15 , and C~--~-N bonds are of mechanistic im- 
portance in the bacteriorhodopsin chromophore. 
Methods for determining the structure about these 
bonds wilt now be presented. 

C 1 3 = C 1 4  CONFIGURATION 

The configuration about the C13~C14 bond in bacte- 
riorhodopsin's intermediates can be determined 
from differences in vibrational coupling between the 
internal coordinates localized near the C13-~-C~4 
bond. Deuteration of C15 was the first isotopic modi- 
fication used to show empirically that characteristic 
shifts occur in the Raman spectra of 13-cis and all- 
trans Schiff base model compounds (Braiman & 
Mathies, 1980). Subsequent vibrational analysis of 
all-trans and 13-cis retinal (Curry et al., 1984) has 
shown in addition that the in-plane rocking vibra- 
tions of the C~2H and Cl4U hydrogens are sensitive 
to C13=CI4 configuration. The characteristic depen- 
dence of these frequencies on C13=C14 configura- 
tion is most apparent when the CI~ and Cj4 positions 
are deuterated. The deuterated rocking vibrations 
are then shifted into the 900-I050 cm -~ range, 
where they are easy to assign and interpret because 
of their relative isolation from C- -C  stretches and 
other CCH rocks. The CI2D and C]4D rocks couple 
with one another to form an in-phase combination 
at -910 cm -] in 13-trans chromophores, while in 
13-cis chromophores the in-phase combination is at 
-940  cm -l (see Fig. 9). The Table presents the CI2D 
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Table. Marker bands for C13=C14 configuration using 12,14-D_, 
retinal derivatives 

C i 2 D  + C~4D rock frequency 

Molecule 13-trans 13-cis 

All-trans retinal 901 
All-trans PSB 909 
13-cis retinal 936 
13-cis PSB 940 
BR548 944 
BR568 916 
K625 941 
L55o 953 
M412 943 
064o 914 

The all-trans and 13-cis retinal data are from Curry et al. (1984). 
The BR568, BR548 and 0640 data are from Smith et al. (1983a), the 
K625 and L550 data are from Smith et al. (1984a), and the M412 data 
are from Braiman (1983). 

Jr- Cl4D frequencies for retinal, its protonated Schiff 
base (PSB), and the BR intermediates. It is evident 
that the frequency of  the CI2D + CI4D rock provides 
an excellent marker band for Cl3=C14 configura- 
tion, regardless of  the nature of  the end group. 

C = N  CONFIGURATION 

The configuration about the Schiff base bond is im- 
portant in determining the location and displace- 
ment of the Schiff base proton during the BR photo- 
cycle. This bond is difficult to examine by chemical 
extraction techniques (Pettei et al., 1977; Tsuda et 
al., 1980) because they must break the Schiff base 
bond in the course of the analysis. However, this 
question can be addressed with the in situ Raman 
technique. Due to the common atom involved in the 
C14--Cl5 stretch and the C15NH rock, these coordi- 
nates are kinetically coupled. This coupling is dras- 
tically different for C = N  cis and C ~ N  trans mole- 
cules (Smith et al., 1984a). In the C = N  cis 
configuration the rock-stretch coupling is large, re- 
sulting in a 40-60 cm 1 shift of the C14--C15 stretch 
upon deuteration of the Schiff base nitrogen. How- 
ever, in the C = N  trans configuration, the rock- 
stretch coupling is small, producing only a slight 
(-<5 cm l) shift of the C14--C15 stretch upon N-deu- 
teration. Figure 10 illustrates the determination of 
the C--~-~N configuration in BR568 and BR548. The fre- 
quency of the 1201 cm -1 Ci4--C15 stretch in BR568 is 
not changed upon N-deuteration. This is character- 
istic of a trans C~---N bond. However, the 1167 cm-i 
CI4--CI5 stretch of BR548 shifts 41 cm l to 1208 
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Fig, 10. Determination of C = N  configuration. In BRs~, the in- 
sensitivity of the 1201 cm ~ C~4--C~5 stretch to N-deuteration 
demonstrates that its C = N  configuration is trans. In BR54~ the 
dramatic shift of the 1167 cm ~ CE4--C,5 stretch upon suspension 
in D20 shows that the C = N  configuration in this intermediate is 
cis 

cm -~ in the ND derivative, characteristic of a cis 
C~-N bond. It is evident that deuteration of the 
Schiff base is an effective method for studying the 
C~---N geometry in protonated Schiff bases. 

C l 4 - - C 1 5  CONFORMATION 

The low energy barrier for isomerization about 
C--C single bonds raises the attractive possibility 
that single-bond isomerizations occur in the BR 
photocycle. Schulten has proposed that, in addition 
to the usual CI3~CI4 isomerization, the CI4--C~5 
bond undergoes an s-trans --, s-cis isomerization in 
the BR568--> K625 transition generating a 13-cis, 14-s- 
cis intermediate (Schulten & Tavan, 1978; Orlandi 
& Schulten, 1979). Reisomerization of the Cl4--Cl5 
bond would then be triggered by deprotonation of 
the Schiff base nitrogen during the formation of 
M412, which could play a key role in the pump 
mechanism. The development of a method for de- 
termining single-bond conformation is therefore of 
importance. 

Vibrational analysis of s-cis and s-trans butadi- 
ene (Curry, 1983) shows that the central C--C 
stretch is 50-100 cm -~ lower in frequency in the 
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s-cis' conformer due to altered kinetic interactions 
of the C--C stretch with bends of a cis polyene. 
Calculations support the application of these results 
to the CT4--Cj5 bond. Using a force field adapted 
from the retinal protonated Schiff bases (Smith el 
al., 1985), the CH--CIs stretch is predicted to be 69 
cm ~ lower in the s-cis conformer than in the s-trans 
conformer (Fig. 11). This argues that the,freqHency 
of the C~4--C~s stretching mode is sensitive to the 
Ct4--C~5 conformation. This difference between the 
s-eis and s-trans conformers results from the differ- 
ence in coupling between the Cj4--C~ stretch and 
the C13C14Ci5 and CHC~sN bends due to changes in 
C~4--C~ ~,eometry and thus should be a reliable di- 
agnostic tool. To establish the conformation about 
the CH--C~5 bond, it is necessary to determine the 
frequency of C~4--C~ stretching coordinate in an 
intermediate and compare this with the frequency 
of the CH--C~ stretch in the appropriate retinal 
Schiff base model compound. 

Structural Conclusions about the Retinal 
Chromophore in Bacteriorhodopsin 

Light-induced structural changes in bacteriorho- 
dopsin's retinal chromophore drive the transloca- 
tion of hydrogen ions across the bacterial cell mem- 
brane. Vibrational studies of the bacteriorhodopsin 
intermediates have begun to characterize these re- 
actions and determine the mechanism by which the 
chromophore directs vectorial motion of protons 
through the interior of the protein. Some of the con- 
clusions relating the structure of the retinal chromo- 
phore in the BR intermediates to the proton-pump 
ing mechanism are discussed below. 

BR56s 

Resonance Raman, NMR, and chemical extraction 
studies have all contributed to showing that the 
chromophore in BR56s is a C13~C14 trans, C ~ N H  
trans protonated Schiff base (Lewis et al., 1974; 
Aton et al., 1977; Pettei et al., 1977; Braiman & 
Mathies, 1980; Tsuda et al., 1980; Harbison et al., 
1983, 1984; Smith et al., 1984a). However, the Ra- 
man spectrum of BR568 is significantly different 
from that of the all-trans retinal protonated Schiff 
base (PSB). Figure 12 compares the vibrational as- 
signments of the C--C stretching modes in all-trans 
retinal, the all-trans unprotonated and protonated 
Schiff bases, and BR568 (Curry et al., 1982; Smith et 
al., 1985). The correlation diagram suggests that the 
differences between the PSB and BR568 result from 

14 I5 
1116 stretch 

383 ~ ~ / ~ / - -  
296 

out-of-phose 
509 bend 

m-phose 
2/5 bend 

CH 3 CH 3 

3/]> ~/-H 13 14 H 
Of 2 \ T  ~ c-2 " T  s-c~s s-trans H '~ ' ,  N'/H H '~.f/l~.,. 
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Fig. 11. Calculated vibrationaI frequencies for planar CI4--CI5 
s-trans and s-cis Schiff base fragments. In the s- trans conformer, 
the in-phase combination of the C~CI4C~ and CHC~sN bends at 
383 cm ~ couples strongly with the C~4--CE~ stretch and raises its 
frequency to 1185 cm L However, in the s-cis conformer the 
symmetric combination is lowered, reducing the stretch-bend 
interaction, and the Cr stretch drops to 1ll6 cm L The 
out-of-phase bend is unable to couple with the C~4--Cts stretch 
and thus has no effect on the C- -C  stretch frequency. These 
frequencies and coupling patterns are based on those observed in 
s-cis and s- trans butadiene (Curry, 1983) 

increased delocalization of the conjugated 7r-system 
upon binding to the protein (Smith et al., 1985). As 
the 7r-electrons become more delocalized, the C--C 
single-bond stretches gain more "double-bond char- 
acter" and shift to higher frequency. For instance, 
protonation of the Schiff base nitrogen causes an 
increase in ~--electron delocalization, which is 
greatest near the Schiff base and decreases toward 
the ionone ring. By comparing the Schiff base and 
the protonated Schiff base spectra (Fig. 12), we see 
that there is a large shift of the C~4--Cjs (16-38 
cm J) and Cj2--Cj3 (15 cm -j) stretches and a mod- 
est shift of the Ci0--Cll (6-16 cm -1) and C~--C9 (8 
cm ~) stretches. Placing the PSB into bacterio-opsin 
shifts each of these C--C stretches up an additional 
10 cm -~. The observation that the C~4--Cj5 stretch 
increases in frequency in BR56s relative to the PSB 
argues that the Cj4--Cj5 conformation in the protein 
is s-trans. If BR56s were CH--C~5 cis, then the 
Cr4--Cr5 stretch would be reduced in frequency by 
more than 50 cm -~. In addition, the similar shifts 
and frequency ordering and spacing of the Cs--Cg, 
C~0--Cj~, Cj2--C~3 and Cj4--C~ stretches suggests 
that no strong local protein-chromophore perturba- 
tions exist in the Cs--Cj5 region of the chromo- 
phore. This is consistent with the point-charge 
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Fig. 12, Resonance Raman spectra and C--C frequency correla- 
tions for all-trans retinal, its unprotonated and protonated Schiff 
bases, and BR568. The most dramatic effect of Schiffbase forma- 
tion is the shift of the C~4--C~5 stretch to ~1163 cm -] where it 
couples with the Cl0--Ctl stretch (indicated by cross-hatching) 
forming two nearly equally mixed modes at 1153 and 1175 cm -I. 
Protonation of the Schiff base results in an additional - 10  cm -~ 
increase of the C- -C  stretches due to the more delocalized elec- 
tronic structure. Incorporation of the all-trans PSB into bacterio- 
opsin shifts each C- -C  stretching frequency - 10  cm -t higher in 
frequency as a result of even greater electron delocalization. 
]Reproduced from Smith et al., Biophys. J., 1985, (in press) by 
copyright permission of the Biophysical Society] 

model, which argues that the chromophore in BRs6s 
interacts with a negative protein residue near the 
ionone ring (Nakanishi et ai., 1980). 

Recent resonance Raman experiments by 

Hildebrandt and Stockburger (1984) have examined 
the environment of the Schiff base in BR56~. They 
argue, based on a detailed linewidth analysis, that 
the positively charged Schiff base nitrogen and its 
negative protein counterion are stabilized by sur- 
rounding water molecules. They also observe a line 
which they assign as the Schiff base N - - H  stretch 
at a frequency (3379 cm -~) characteristic of a 
weakly hydrogen-bonded proton. These observa- 
tions may help to explain the reduced coupling be- 
tween the N - - H  rock and the C = N  stretch which 
causes the low C = N  stretching frequency in BR568 
(Kakitani et al., 1983). 

BR548 

In the dark, BR568 slowly converts to dark-adapted 
bacteriorhodopsin, which contains an approxi- 
mately equal mixture of all-trans and 13-cis pro- 
tonated Schiff base chromophores (Maeda, Iwasa & 
Yoshizawa, 1977; Sperling et al., 1977). The all- 
trans component of dark-adapted BR is generally 
accepted to be identical with BR568, while the 13-cis 
component represents a distinct spectral species 
called BR548. Interest in the dark conversion of 
BR568 to BR548 has arisen for two reasons. First, 
dark equilibration of all-trans and 13-cis isomers re- 
quires a protein-induced lowering of the thermal 
barrier for isomerization about the C13~-~--CI4 bond. 
It would be useful to know how this is done since 
protein-catalyzed 13-cis -+ 13-trans isomerization 
plays an important role in the dark conversion of 
M412 back to BR568. Second, the dark-adapted 13-cis 
pigment does not pump protons although it does 
photocycle. The structural reason for the lack of 
proton pumping and the physiological relevance of 
dark-adaptation are unknown. 

The resonance Raman spectrum of BR548 is ob- 
tained by subtracting a BR568 spectrum from dark- 
adapted BR (Marcus & Lewis, 1978; Stockburger et 
al., 1979; Terner et al., 1979b). It is generally ac- 
cepted that the Cj3=C14 configuration is cis, and 
this is strongly supported by the 944 cm r C~2D + 
Ci4 D frequency. Also, the N-deuteration studies 
discussed earlier (Fig. 10) clearly show that the 
C--~-N configuration is also cis (Smith et al., 1984a). 
This conclusion is fully supported by independent 
solid-state NMR studies (Harbison et al., 1984). 
The distinctive pattern of vibrational frequencies 
and intensities observed in the BR548 fingerprint re- 
gion results in part from the lower frequency of the 
1167 cm -I C14--C15 stretch compared to the 1201 
cm ~ C14--C15 stretching mode in BRs6~ (see Fig. 
I0; Smith et al., 1983a, 1984a). The reduced 
C~4--CI5 stretch frequency in BR548 is consistent 
with the arguments of Curry et al. (1984) that a 
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C--C single-bond stretch adjacent to a cis double 
bond should be lowered in frequency due to de- 
creased kinetic interaction with the associated skel- 
etal bends. In fact, the C~4--Cj5 stretching mode in 
BR54s is 9 cm ~ lower in frequency than in the 13-cis 
PSB (1 176 cm ~) (Smith, 1985). This is initially sur- 
prising since we saw above that protein binding 
results in a general fl'equency increase of - 10 cm *. 
However, in BR54s the CH--CLs stretch is adjacent 
to two cis double bonds, the C~3~C~4 and C = N ,  
accounting for the additional frequency decrease of 
the CI4--CI5 stretch. 

In summary, dark-adaptation involves a con- 
certed thermal "bicycle pedal" isomerization about 
both the Cl3=Ci4 and C = N  double bonds, which 
leaves the Schiff base proton in the same orienta- 
tion as in BR568 (see Fig. 1). This is in agreement 
with the earlier proposal by Orlandi and Schulten 
(1979), who argued that the energy barrier for the 
concerted isomerization could be crossed thermally 
by a protonated retinal Schiff base. This suggests 
that the inability of BR548 to pump protons is caused 
by the presence of the cis C = N  bond which gives 
the chromophore an incorrect N - - H  orientation 
during photoreaction of the BR54s pigment. 

K625 

The primary photoproduct K625 is a key intermedi- 
ate in proton translocation. Light energy absorbed 
by BR568 is stored in K625, and used to drive the 
thermal reactions of the photocycle (Birge & 
Cooper, 1983). Resonance Raman spectra of the K 
intermediate have been obtained in a photostation- 
ary steady state at 77~ (Pande et al., 1981; 
Braiman & Mathies, 1982) and with picosecond 
(Hsieh et al., 1981, 1983) and nanosecond (Terner et 
al., 1979c; Smith et al., 1983b) time-resolution at 
room temperature. In addition, excellent Fourier 
transform infrared (FTIR) difference spectra have 
been obtained of the BR568 ~ K625 transition (Bag- 
ley et al., 1982; Rothschild & Marrero, 1982; 
Siebert & Maentele, 1983). It is worth noting that 
these K625 FTIR spectra are very similar to the K 
Raman data obtained using the low-temperature 
spinning cell technique (Rothschild et al., 1984a). 
There are three features of the K625 spectrum which 
provide information about energy storage and pro- 
ton transport: (1) the intense hydrogen out-of-plane 
wagging vibrations between 800 and 1000 cm ~, (2) 
the low frequency of the C ~ N  stretching mode and 
its shift upon N-deuteration, and (3) the high fre- 
quency of the C~4--C~5 stretching mode. 

Raman spectra obtained at 77~ by Braiman 
and Mathies (1982) using a 15D-labeled bacteriorho- 
dopsin derivative suggest that the C13=C14 configu- 

ration in K625 iS cis. This is strongly supported by 
the observation of a 941 cm -~ CI2D + CI4D rocking 
vibration. They also observed intense Raman lines 
in the 800-1000 cm -~ region of the spectrum which 
were assigned as out-of-plane wagging vibrations of 
the retinal vinyl hydrogens. These modes are ex- 
pected to have little or no intensity in the Raman 
spectrum of a planar retinal chromophore, but can 
be strongly enhanced when the chromophore is 
conformationally distorted (Eyring et al., 1980; 
Warshel & Barboy, 1982). Intense hydrogen out-of- 
plane modes presumably occur in K625 because the 
isomerizing chromophore "runs into" protein resi- 
dues in the retinal binding site and cannot relax to a 
planar structure. 

Energy storage in the K intermediate is hypoth- 
esized to result from isomerization-induced charge 
separation between the positively charged Schiff 
base nitrogen and a negatively charged protein 
counterion (Honig et al., 1979; Warshel, 1979). The 
validity of this hypothesis can be tested by deter- 
mining the C~-~--N configuration in K. The insensitiv- 
ity of the C--C stretches in K625 to N-deuteration 
argues that the C = N  configuration is trans (Smith 
et al., 1984a). Thus the BR56~ --+ K625 transition in- 
volves a single isomerization about the C13=Cj4 
bond which must translate the Schiff base proton 
into a different protein environment (see Fig. 1). 
This provides direct experimental evidence for 
charge separation in the primary photochemical 
event. 

To probe the Schiff base environment in K, 
vibrational studies have focused on the fre- 
quency and isotopic shifts of the Schiff base vibra- 
tion. The C = N  stretching mode in the room 
temperature Raman spectrum of K was initially as- 
signed at 1626 cm ~ based on a shift of 10 cm 1 upon 
N-deuteration (Terrier et al., 1979c). Subsequent 
BR568 - K625 difference spectra at 77~ have shown 
that the -1623 cm -~ line is insensitive to deutera- 
tion, but that a line at 1608 cm -~ shifts in D20 (Bag- 
ley et al., 1982; Rothschild & Marrero, 1982; 
Siebert & Maentele, 1983). FTIR results using 10- 
[~3C]-labeled bacteriorhodopsin have more clearly 
established that the 1608 cm -1 line at low tempera- 
ture is the Schiff base mode (Rothschild et al., 
1984b). A C = N  stretching mode at or below 1620 
cm-~ is unusually 10w for a protonated Schiff base 
vibration and would be more characteristic of an 
unprotonated Schiff base. However, it seems clear 
t ha t  K625 is protonated based on its red-shifted ab- 
sorption band and the sensitivity of other K625 vibra- 
tional lines to suspension in D20 (Bagley et al., 
1982). A low C = N H  frequency could result from 
increased 7r-electron delocalization in K due to dis- 
placement of the Schiff base from its protein coun- 
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terion. A more detailed characterization of the 
Schiff base mode in K at low temperature and at 
ambient temperature will be important because this 
vibration should provide information about changes 
in the hydrogen-bonding of the Schiff base proton. 

The assignment of the C14--C~5 stretch in K625 
is important for determining the C~4--Cj5 conforma- 
tion. 13C-substitution of the K625 chromophore at C~4 
and C15 results in a 6 cm -I shift of the 1195 cm -L 
fingerprint line (Smith et al., 1984a). Furthermore, 
deuteration at C15 shifts the 1195 cm -j line to 1191 
cm l and increases intensity at 1224 cm ~ (Braiman 
& Mathies, 1982). These results indicate that the 
C14--C~5 stretch contributes significantly to the in- 
tense 1195 cm ~ line in the native K spectrum which 
is ~20 cm 1 above the Cl4--C15 stretch in the 13-cis 
protonated Schiff base. This suggests that the con- 
formation about the C~4--C~5 bond in K is s-trans. If 
K625 had an s-cis geometry, its C14--C15 stretch 
would be expected at a significantly lower fre- 
quency than in the 13-cis, 14-s-trans protonated 
Schiff base. It must be noted, however, that the 
C14--C15 bond order and thus the C14--C15 fre- 
quency would be expected to increase in K as a 
result of ~r-electron delocalization and might cancel 
out the direct effects of a cis single bond. Compari- 
son of the all-trans PSB with BR568 shows that pro- 
tein-induced electron deiocalization, which results 
in a shift of the absorption maximum from 440 to 
568 nm, is correlated with only a I0 cm -~ frequency 
shift of the CH--CLs stretch. When this correlation 
is applied to K (Xm~ = 625), the predicted upshift 
(15 cm -I) is clearly not large enough to counteract 
the ->50 cm -~ frequency reduction expected for 
s-cis isomerization. The conclusion that K625 is 
Ci4--Ci5 s-trans is consistent with the model of 
Schulten and Tavan (1978) which predicts isomeri- 
zation from C13~Ci4 trans, CI4--CI5 t r a n s  to 
C~3-~-C14 cis, C~4--C~5 cis in the BR568----> K625 transi- 
tion. 

L550 

The L550 intermediate is formed by relaxation of the 
torsionally distorted primary photoproduct. Both 
low temperature (Narva, Callender & Ebrey, 1981) 
and room temperature (Marcus & Lewis, 1978; 
Stockburger et al., 1979; Terner et al., 1979b; 
Argade & Rothschild, 1983; Smith et al., 1984a) Ls_s0 
resonance Raman spectra have been obtained. The 
configuration about the C~3~---C14 bond in L550 has 
been assumed to be cis since both K625 and M412 
have 13-cis chromophores. Direct in-situ evidence 
for the configuration about the C~3=C14 bond in L550 
comes from the frequency of the C12D + C14D in- 

plane rock in the 12,14-Dz derivative. The observa- 
tion of a line at 953 cm ~ demonstrates that L550 is 
13-eis. Furthermore, deuteration of the Schiff base 
has been used to show that the C = N  configuration 
in L~5o is trans (Smith et al., 1984a). Finally, the 
assignment of the C~4--C~5 stretching mode at 1172 
cm ~, very close to its frequency in the 13-cis PSB, 
argues that the Cj4--C~5 conformation is s-trans. 
Thus, the structural assignments in L550 agree with 
the idea that the K625 ~ Lsso transition results from 
a simple relaxation about slightly distorted C--C 
single bonds. The model of Schulten and Tavan 
(1978) agrees with the conclusion that the K~2s --' 
Lsso transition does not involve any formal isomeri- 
zations, although it incorrectly predicts that the 
Ci4--Ci5 conformation in L550 is s-cis. 

One striking feature of the L550 Raman spec- 
trum is the presence of two ethylenic stretching vi- 
brations at 1540 and 1550 cm -l. Although the retinal 
chromophore contains f ive ethylenic stretching fun- 
damentals, only one mode typically has the correct 
in-phase combination of the individual C = C  
stretches to be observed with significant intensity. 
Marcus and Lewis (1978) attempted to account for 
the second intense C = C  stretching mode in the L550 
spectrum by proposing that an additional intermedi- 
ate, X, occurred between Ls~0 and MeJ2, although no 
such intermediate has been observed in kinetic ab- 
sorption spectra. Argade and Rothschild (1983) ad- 
dressed the possibility that a photoproduct of L550 is 
responsible for the second intense ethylenic line by 
carefully measuring the relative intensities of the 
two ethylenic bands as a function of incident laser 
power and exposure times. They observed no dif- 
ferences between the low- and high-photoalteration 
spectra, suggesting that the two lines result from a 
single L550 species. Furthermore, the similar rela- 
tive intensities of the two ethylenic bands at differ- 
ent time points during the photocycle argues that 
the L --+ X--+ M scheme proposed by Marcus and 
Lewis is incorrect. 

The conversion of L550 to M412 involves depro- 
tonation of the Schiff base nitrogen. Such a transi- 
tion presumably results from a change in the pK~ of 
the Schiff base proton due to a change in the Schiff 
base environment. Deprotonation of a tyrosine resi- 
due has been observed during the decay of L550 to 
M412 (Bogomolni, Stubbs & Lanyi, 1978; Hana- 
moto, Dupis & El-Sayed, 1984) which raises the 
intriguing possibility that the second intense ethyle- 
nic line in the L550 spectrum may be due to a second 
L species with an altered protein environment. 
Additional studies are needed to establish whether 
the Lsso spectrum results from a single molecular 
species or from two components in rapid thermal 
equilibrium. 
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M412 

Deprotonation of the Schiff base nitrogen in the for- 
mation of M412 transfers a proton to a protein resi- 
due on one side of the retinal binding pocket. For 
proton transfer to occur in only one direction across 
the cell membrane, it seems likely that the Schiff 
base in M41? reprotonates by accepting a proton 
from a different protein residue. Models in which 
the M412 intermediate serves as a unidirectional 
"gate" for proton transfer postulate either isomeri- 
zation about the C~4--Cj5 bond (Schulten & Tavan, 
1978) or configurational changes about the C = N  
bond (Braiman, 1983) before reprotonation. The ob- 
servation that M412 decay is biphasic suggests the 
presence of two intermediates (Slifkin & Caplan, 
1975; Hess & Kuschmitz, 1977; Li, Govindjee & 
Ebrey, 1984), which may differ in C14--C15 confor- 
mation or C = N  configuration. 

Resonance Raman spectra of M412 have been 
obtained at high pH (Aton et al., 1977) where the M 
intermediate accumulates, and at pH 7 using time- 
resolved techniques (Terner, Campion & EI-Sayed, 
1977; Marcus & Lewis, 1978; Stockburger et al., 
1979; Braiman & Mathies, 1980). These spectra 
have established that the chromophore is a 13-cis 
unprotonated Schiff base (see also the 12,14-D2 Ta- 
ble). However, the C = N  configuration has not 
been determined because the vibrational coupling 
method discussed previously requires that the 
Schiff base be protonated. Also, the CH--C~5 con- 
formation in M412 is unknown. These will obviously 
be key areas for future experiments. 

0640 

Formation of 0640, the principal intermediate in the 
M412 ---> BR56a conversion, is kinetically associated 
with the uptake of protons by the cell membrane 
(Lozier et al,, 1975), and its subsequent decay com- 
pletes the BR photocycle. Thus, the structural 
changes in the formation and decay of the 0640 inter- 
mediate are important in "resetting" the proton- 
pumping mechanism. The isotopic shifts observed 
in the 15D and 12,14-D2 0640 spectra demonstrate 
that 0640 has an all-trans Schiff base chromophore 
(Smith et al., 1983a), while the shift of the C = N  
stretching mode in D20 shows that the Schiff base 
nitrogen is protonated (Terrier et al., 1979a; Smith 
et al., 1983a). Furthermore, the insensitivity of the 
fingerprint modes to N-deuteration argues that the 
C~---N bond has a trans configuration. Thus, the 
conversion of M412 to 0640 involves both C13=C14 
isomerization and Schiff base protonation. The 
mechanism through which this occurs is unclear. 

Since the energy barrier for thermal isomerization 
about C = C  double bonds is much lower for pro- 
tonated than for unprotonated Schiff bases (Orlandi 
& Schulten, 1979), protonation would be expected 
to precede (and catalyze?) isomerization in the M412 
--+ 0640 transition. Experiments looking for a pro- 
tonated 13-cis chomophore between M412 and O640 
(N520?; Lozier et al., 1975) may prove fruitful. 

Summary 

The analysis of the vibrational spectrum of the reti- 
nal chromophore in bacteriorhodopsin with iso- 
topic derivatives provides a powerful "structural 
dictionary" for the translation of vibrational fre- 
quencies and intensities into structural information. 
Of importance for the proton-pumping mechanism 
is the unambiguous determination of the configura- 
tion about the C13=C~4 and C = N  bonds, and the 
protonation state of the Schiff base nitrogen. Vibra- 
tional studies have shown that in light-adapted 
BR568 the Schiff base nitrogen is protonated and 
both the Ci3=C14 and C~--~-N bonds are in a trans 
geometry. The formation of K625 involves the pho- 
tochemical isomerization about only the CI3~CI4 
bond which displaces the Schiff base proton into a 
different protein environment. Subsequent Schiff 
base deprotonation produces the M412 intermediate. 
Thermal reisomerization of the CI3---~Cj4 bond and 
reprotonation of the Schiff base occur in the M41._ 
064o transition, resetting the proton-pumping mech- 
anism. The vibrational spectra can also be used to 
examine the conformation about the C- -C  single 
bonds. The frequency of the C~4--Cj~ stretching vi- 
bration in BRs6~, K625, L550 and 064o argues that the 
C~4--C~5 conformation in these intermediates is 
s-trans. 

Conformational distortions of the chromophore 
have been identified in K625 and 064o through the 
observation of intense hydrogen out-of-plane wag- 
ging vibrations in the Raman spectra (see Fig. 2). 
These two intermediates are the direct products of 
chromophore isomerization. Thus it appears that 
following isomerization in a tight protein binding 
pocket, the chromophore cannot easily relax to a 
planar geometry. The analogous observation of in- 
tense hydrogen out-of-plane modes in the primary 
photoproduct in vision (Eyring et al., 1982) suggests 
that this may be a general phenomenon in protein- 
bound isomerizations. 

Future resonance Raman studies should pro- 
vide even more details on how bacterio-opsin and 
retinal act in concert to produce an efficient light- 
energy convertor. Important unresolved questions 
involve the mechanism by which the protein cata- 
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lyzes deprotonation of the L550 intermediate and the 
mechanism of the thermal conversion of M412 back 
to BR568. Also, it has been shown that under condi- 
tions of high ionic strength and/or low light intensity 
two protons are pumped per photocycle (Kus- 
chmitz & Hess, 1981). How might this be accom- 
plished? Finally, the methods described in this re- 
view will also be useful in studies of transduction 
mechanisms in other retinal-containing pigments, 
including halorhodopsin, the chloride-ion pump in 
H. halobium (Smith et al., 1984b), and rhodopsin, 
the visual pigment in retina| rod ceils (Eyring et al., 
1982). 
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