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I. Introduction 

Rhodopsin, the protein responsible for converting 
light into an optic nerve impulse, and bacterio- 
rhodopsin, the light transducing protein of the purple 
membrane of Halobacterium halobium, have signifi- 
cantly different biological roles. Nevertheless, natural 
selection has converged on very similar designs for both 
proteins, and these similarities have prompted compara- 
tive experimental and theoretical studies. The nature of 
the primary photochemical events in rhodopsin and 
bacteriorhodopsin has been the subject of extensive 
research during the past decade. The lack of high-reso- 
lution X-ray structural data has precluded an assign- 
ment of the tertiary structure of either protein, and 
hence our knowledge of the binding sites and the 
primary events is based on indirect analyses of chemical 
and spectroscopic data. Despite a number of important 
advances during the past decade, however, much re- 
mains to be explained and a number of interesting 
experimental paradoxes remain unexplained. The goal 
of this review is to explore these controversies and 
paradoxes in sufficient detail to provide researchers 
with the background critical to an appreciation of the 
experimental and theoretical issues. Thus, this review is 
selective and not comprehensive. The interested reader 
may consult Refs. 11, 29, 39, 73, 101,138, 140, 151,186, 
187, 188, 219, 276, 289, 308, 312 for more detailed 
reviews of those issues not covered fully in this discus- 
sion. 

II. Structure and function of rhodopsin and baeterio- 
rhodopsin 

This section overviews the known primary and pre- 
sumed secondary and tertiary structures of vertebrate 
rhodopsin and light adapted bacteriorhodopsin. We also 
examine the in vivo functioning of both proteins in 
order to provide a framework for a more detailed analy- 
sis of the primary photochemical events. 

Rhodopsin (M r = 40000) is the protein responsible 
for generating an optic nerve impulse in the visual 
receptors of the three phyla that possess image-resolving 
eyes: mollusks, arthropods and vertebrates. Despite 
what is believed to he independent evolutionary devel- 
opment, these three phyla have converged on a re- 
markably similar protein structure and an identical 
light-absorbing chromophore, 11-cis-retinal. The genera- 
tion of a nerve impulse following excitation of rhodop- 
sin involves a complex series of reactions which ulti- 
mately hyperpolarize the plasma membrane of the rod 
cell in the retina [193,312]. The plasma membrane con- 
tains numerous cation-specific channels which are open 
to sodium ion flow in the dark. Light sets off a series of 
biochemical reactions which block these channels, and 
the resultant hyperpolarization generates a more nega- 

tive potential inside the cell. The key feature of this 
event is that a single photon of light can generate a 
hyperpolarization of close to 1 mV (about 106 Na ÷ ions 
blocked), which is sufficient to activate a nerve impulse 
in a dark adapted retina. (In practice, about 100 pho- 
tons must enter the eye in order to generate an observed 
reproducible physiological response (see subsection IV- 
F). Light adaptation decreases this sensitivity level fur- 
ther.) The significant amplification factor in the hyper- 
polarization of the plasma membrane is accomplished 
via a complex biochemical reaction cycle involving 
transducin, a peripheral membrane protein of the G- 
protein family. A single molecule of photoactivated 
rhodopsin (R*) catalyzes the activation of up to 1000 
transducin molecules (T, ar-GDP + R* ~ R*-T~7-GDP 
+ GTP ~ R*-T~ar-GTP + GDP), and represents the 
initial stage in the amplification process. The second 
stage of amplification involves a splitting off of the a 
subunit of transducin from the fl and -/ subunits, and 
activation of phosphodiesterase (PDE) by the a subunit 
(PDE + R* T~ar-GTP ~ PDE + T~-GTP + R* + Tar 
PDE* + R* + Tar ). (The binding of GTP to transducin 
releases activated rhodopsin (R*) for continued cata- 
lytic activity via the initial stage.) The activated phos- 
phodiesterase complex (PDE*-T~-GTP) hydrolyzes 
cyclic GMP (c-GMP) to 5'-GMP which closes the 
sodium ion channels {c-GMP + H20 + open channel(s) 

5'-GMP + H++ closed channel(s)}. The transducin 
cycle returns to the starting point through deactivation 
of phosphodiesterase via hydrolysis of GTP bound to T~ 
and recombination of the /3 and "r subunits with T~ 
(PDE*-T~-GTP + Tar ~ PDE + T~r-GDP ). Two 
mechanisms operate to close down the cascade and 
regenerate the resting state in preparation for reactiva- 
tion by a subsequent photon absorption event. Activated 
rhodopsin (R*) is removed through phosphorylation 
followed by the binding of arrestin (An) (R* + ATP + 
An --* R*-P + ADP + An --* An-R*-P). Arrestin is an 
inhibitory protein that blocks the binding of transducin 
to photoactivated rhodopsin. The second mechanism 
involves restoration of the open channels via catalysis of 
GTP with guanylate cyclase (GC) followed by hydroly- 
sis of pyrophosphate (PP) (closed channels + GTP + 
GC + H20 ---, c-GMP + PP + H 2 0  ~ c-GMP + 2P + 
open channels). 

Bacteriorhodopsin ( M  r ~- 26 000) is the light transduc- 
ing protein in the purple membrane of Halobacterium 
halobium [241,242,243,310]. This halophilic archaibac- 
terium grows in salt marshes where the concentration of 
the NaC1 can exceed 4 M, roughly 6-times higher than 
seawater (about 0.6 M NaC1). The purple membrane, 
which contains the protein bacteriorhodopsin in a lipid 
matrix (3:1 protein:lipid), is grown by the bacterium 
when the concentration of oxygen in the salty water 
becomes too low to sustain the generation of ATP via 
oxidative phosphorylation. This is a common occur- 
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rence in hot salt water, and thus marshes containing 
large populations of this bacterium are typically a deep 
red in color. The lipid is a complex mixture of about 40 
constituents. It includes a full set of enzymes for synthe- 
sizing carotenoids and retinal and the lipid portion is 
composed of 50% diether analog of phosphatidyl- 
glycerophosphate, 30% sulfoglycolipid, 6% carotenoids 
and assorted apolar lipids. Upon the absorption of 
light, bacteriorhodopsin converts from a dark adapted 
state to a light-adapted state. Subsequent absorption of 
light by the latter generates a photocycle which pumps 
protons across the membrane, with a net transport from 
the inside (cytoplasmic) to the outside (extracellular) of 
the membrane. The resulting pH gradient (ApH = 0.2) 
generates a protonmotive force which is used by the 
bacterium to synthesize ATP from inorganic phosphate 
and ADP. Halobacterium halobium is thus capable of 

Fig. 2. Electron density profiles (data from Ref. 141) of bacterio- 
rhodopsin viewed from the cytoplasmic side showing the seven trans- 
membrane spanning segments and the presumed location of the 
chromophore in relation to the helices based on the available experi- 
mental data (see text). FTIR studies indicate that the polyene chain of 
the retinyl chromophore in bacteriorhodopsin lies roughly perpendicu- 
lar to the membrane plane [99]. The retinyl chromophore is rotated 
artificially into the membrane plane to more clearly show the polyene 
chain (the imine nitrogen is indicated with an open circle) and the 
fl-ionylidene ring. The conformation of the lysine residue is tentative 

[531. 

either respiratory or photochemical ATP synthesis, a 
flexibility that is rather unique among both simple and 
complex organisms. 

H-A. Organization of the proteins in the membrane 

The primary sequences of rhodopsin and bacterio- 
rhodopsin, and the assumed organization of the pro- 
teins in their respective membranes, are shown in Fig. 1. 
Spectroscopic and low resolution diffraction studies on 
bacteriorhodopsin have indicated that the protein spans 
the membrane seven times [2,28,35,39,108,109,141-146, 
178,187,247,248,310,311]. These studies have not shown 
conclusively the relationship between membrane span- 
ning segments (A . . .  F in Fig. 1) and the electron den- 
sity profiles shown in Fig. 2, but the studies of Heyn et 
al. [145,146] and Agard and Stroud [2] suggest the 
assignments presented in Fig. 2. The aU-trans retinal 
Schiff base chromophore is covalently bound to 
baterio-opsin via a protonated Schiff base linkage to 
lysine 216 on helix G (Fig. 1) [35,178,247,248]. The 
chromophore spans the intrahelical region shown in Fig. 
2, and thus has potential nearest-neighbor interactions 
with five of the seven helices C, D, E, F and G. Because 
the primary event involves an all-trans to 13-cis photo- 
isomerization, the model shown in Fig. 2 suggests that 
the key chromophore-protein interactions are with 
helices C, F and G. The primary counterion interacts 
with the Ca3=C14-Cas=NH - portion of the chromo- 
phore in bacteriorhodopsin, and as noted below, it is 
likely to be either Tyr-185 or Asp-212, although Asp-85 
is also a possibility. Indeed, all three may provide some 
degree of stabilization of the protonated Schiff base 
chromophore in the binding site as proposed by Brai- 
man et al. [68]. Furthermore, it is possible that the 
primary counterion changes during the photocycle, and 
that two forms of light-adapted bacteriorhodopsin may 
exist, with the key difference involving a switch in the 
primary counterion (see below). 

We know much less about the structure of rhodopsin 
in the membrane, but spectroscopic and neutron dif- 
fraction studies, amino acid composition and analogies 
with bacteriorhodopsin suggest the secondary structure 
shown in Fig. 1 [1,138,139,140]. Thus, rhodopsin spans 
the membrane seven times and it is likely that the ll-cis 
chromophore linked to Lys-296 spans an intrahelix re- 
gion similar to that shown in Fig. 2 for bateriorhodop- 
sin. There are four amino acids which are candidates for 
the single primary counterion: Asp-83 (B helix), Glu- l l3  
(C helix), Glu-122 (C helix) and Glu-134 (C helix). We 
know from one-photon [51] and two-photon [57] spec- 
troscopic studies that the key perturbations involve 
C 13-CTN and Cas-CTN chromophore-counterion (CTN) 
interactions. Recent site directed mutagenesis studies 
indicate that Glu- l l3  is the primary counterion [274] 
(see subsection Ill-B). 



H-B. The photobleaching sequence of rhodopsin 

At ambient temperature and neutral pH, rhodopsin 
undergoes the photobleaching sequence shown in Fig. 3. 
The rhodopsin to bathorhodopsin phototransformation 
represents the so-called 'primary event' or 'primary 
photochemical event'. (It is perhaps misleading to use 
the latter term, because there are no secondary photo- 
chemical events. Nevertheless, it has become a com- 
monly used expression, and should be interpreted to 
mean a primary event involving a photochemical trans- 
formation.) The primary event stores about 32 kcal. 
mo1-1 of energy [74,75,277], and all subsequent reac- 
tions are thermal. It is now firmly established that the 
primary event involves an ll-cis to ll-trans photoiso- 
merization [54,55,129,152,263]. There is a precursor to 
bathorhodopsin, known as hypsorhodopsin, but the bio- 
logical relevance of this 'intermediate' remains a subject 
of debate, because it is formed preferentially under high 
light intensities [179,222,250]. Thus it may be an experi- 
mental artifact due to multiphoton processes. More 
recently, a ground-state precursor to bathorhodopsin, 
called photorhodopsin (or P-Batho) has been identified 
[290,329]. This precursor is discussed in more detail in 
Section IV. A key difference between rhodopsin and 
bacteriorhodopsin is that the final reaction in the 
photobleaching process of rhodopsin involves expulsion 
of the isomerized chromophore from the protein bind- 
ing site. This denaturation precludes a rapid recycling 
of the protein, because an enzyme (retinyl ester iso- 
merase) is required to reisomerize the all-trans chromo- 
phore to l l-cis°retinal prior to regeneration of the pro- 
tein [189]. The total process takes about 20 rain, and 
this time differential is utilized in vivo for light adapta- 
tion. Resonance Raman [72,73,82,110,219,246,249], 
FTIR [81,233,267,294] and other experimental studies 
[51,57,121,127,205,328] indicate that the chromophore is 
protonated in rhodopsin, bathorhodopsin, lumirhodop- 
sin, metarhodopsin I and metarhodopsin III and is 
deprotonated in metarhodopsin II. It is now generally 
believed that the meta I ~ meta II transition initiates 
the transducin cycle responsible for the optic nerve 
impulse (see previous section). Longstaff et al. [203,205] 
have demonstrated that all of the lysine residues of 
rhodopsin, with the exception of Lys-296 to which the 
chromophore is attached, can be dimethylated without 
destroying biochemical activity. In contrast, monometh- 
ylation of Lys-296 blocks the meta I ~ meta II transi- 
tion by preventing deprotonation of the retinyl Schiff 
base, and more interestingly, prevents activation of the 
G protein. Thus, deprotonation of the chromophore is 
required for generation of the optic nerve impulse. It is 
difficult to reconcile this observation with recent studies 
on phototaxis in Chlamydomonas reinhardtii, a unicellu- 
lar alga which contains a rhodopsin-like protein [114- 
116]. Foster and co-workers have studied close to 100 
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chromophore analogs incorporated into Chlamydomonas 
opsin, and have shown that a majority show phototaxis, 
even when no 'isomerizable' chromophore is incorpo- 
rated [114,115]. Thus, a photocycle involving photoiso- 
merization appears to be unnecessary for Chlamy- 
domonas rhodopsin activation. We will discuss the rele- 
vance of this observation to visual rhodopsin activation 
in further detail below. 

11-C. The photocycle of bacteriorhodopsin 

At ambient temperatures under low-light conditions, 
the purple membrane of Halobacterium halobium con- 
tains a binary mixture of two proteins, one containing 
13-cis-retinal and the other containing all-trans retinal. 
The protein containing 13-cis-retinal is known as dark- 
adapted bacteriorhodopsin and the protein containing 
all-trans retinal is known as light-adapted bacterio- 
rhodopsin. (It should be noted that many authors refer 
to the equilibrated mixture of all-trans and 13-cis pro- 
teins that spontaneously forms in the absence of light as 
'dark-adapted bacteriorhodopsin'. Thus, one must be 
careful to determine from the individual paper which 
convention is being used.) The latter protein undergoes 
the photocycle shown in Fig. 3, and is the only form of 
the protein which pumps protons. Thus, light-adapted 
bacteriorhodopsin is the biologically active form and in 
all future discussions in this review, we will often refer 
to light-adapted bacteriorhodopsin simply as bacterio- 
rhodopsin, or bR. 

The phototransformation of bR to K is the 'primary 
event'. The primary photoproduct, K, stores about 16 
kcal-mol-1 [49,50,52] and involves an all-trans to 13-cis 
photoisomerization of the protonated Schiff base chro- 
mophore [7,111,156,184,220,319]. There is at least one 
known precursor to K, called J, but we assign K as the 
primary photoproduct because J is not stable, even at 
liquid helium temperatures. It has also been proposed 
that J may represent a mixture of ground and trapped 
excited state species [53], but this hypothesis remains 
controversial. Recent experiments indicate that there 
are at least six intermediates following K [327], and thus 
the photocycle shown in Fig. 3 is an oversimplification. 
The search for new intermediates remains an area of 
active study. 

The key thermal intermediate in the photocycle is M, 
because the formation of this intermediate coincides 
with the pumping of the proton [65,192,204,209,244, 
269,310,311]. Resonance Raman [9,10,67,83,147,160, 
219,221,300,309,317], FTIR [3,81,99,105,122,233,260- 
262,265,267,269,294] and other experimental investiga- 
tions have established that the chromophore is proto- 
nated in all intermediates except M. 

Two key issues regarding the photocycle that remain 
unresolved are the quantum yield of the primary event 
and the number of protons pumped per photocycle. We 
will examine these two issues in detail in Section V. 
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Fig. 3. Photocycle of light-adapted bacteriorhodopsin (left) and photobleaching sequence of vertebrate rhodopsin (right). Individual species are 
indicated within the polygons and the numbers in parentheses following the labels indicate the approximate absorption maximum in nanometers 
extrapolated to ambient temperature. Species within shaded polygons are tentative and/or are not observed under all experimental conditions. 
Species that cannot be trapped at low temperatures are not shown. Accordingly, J (an unstable species that precedes K) and photorhodopsin (an 
unstable species that precedes bathorhodopsin) are not included. Relative free energies are related approximately to vertical position. Temperatures 
required for observing the formation of subsequent intermediates and formation times extrapolated to ambient temperature are indicated for 

selected reactions, and are very approximate. A few key thermal and photochemical branching reactions are shown. 

III. Nature of the protein binding sites of rhodopsin and 
bacteriorhodopsin 

A detailed examination of the primary photo- 
chemical event must start with a realistic model of the 
binding site, and in particular, the specific chromo- 
phore-protein interactions that are responsible for 
stabilizing the ground state protonated Schiff base 
retinyl polyene. The lack of high resolution diffraction 
data on rhodopsin and bacteriorhodopsin, however, has 
precluded definitive assignment of the binding site 
geometries in either protein. Nevertheless, spectro- 
scopic, site directed mutagenesis and chromophore ana- 
log studies have provided insights into the nature of the 
binding sites. We overview these experimental studies in 
the following two sections prior to presenting models of 
the binding sites. 

Theoretical studies have also made important contri- 
butions to our perspective on the binding sites and the 
primary photochemical events. For convenience, we will 
discuss the theoretical literature at various points 
throughout this review rather than isolating it in a 
separate section. As demonstrated below, theory has 
contributed significantly to the analysis and interpreta- 
tion of spectroscopic data on both the isolated chromo- 
phores [45,62,88,154,157-159,174,272,301,322] and the 
protein bound chromophores [44,47,50-55,57,80,87, 
151-156,159,174,175,231,234,255,264,296,302,306,323- 
325,331]. 

111-.4. Spectroscopic investigations of the binding site 

Spectroscopy has played a key role in the experimen- 
tal investigation of the binding sites of rhodopsin and 
bacteriorhodopsin. The following discussion is limited 
primarily to a selection of key spectroscopic observa- 
tions of the past 5 years. For convenience, we have 
organized our discussion by technique rather than by 
protein. 

Electron microscopy and neutron diffraction 
The pioneering studies of Henderson and coworkers 

provided the first three-dimensional models of the pur- 
ple membrane by using electron microscopy [109,142, 
143,144]. Additional electron microscopy studies by 
Hayward et al. [141] and Agard and Stroud [2] as well 
as a number of neutron diffraction investigations [145, 
146,273,282] are consistent with the helix assignments 
shown in Fig. 2. The recent neutron diffraction studies 
of Heyn et al. [145,146] are particularly noteworthy and 
provide a well-defined assignment of the chromophore 
location within the membrane spanning helices (Fig. 2). 
High resolution studies by Baldwin et al. indicate that 
all seven membrane spanning segments have a-helical 
secondary structure [28]. 

Circular dichroism spectroscopy 
The recent book by Shichi provides an excellent 

discussion of the application of circular dichroism to an 



analysis of rhodopsin [289]. Most studies on bacterio- 
rhodopsin have supported the concept that the mem- 
brane spanning regions are a-helical and have little, if 
any, fl-sheet content (for an excellent discussion see 
Ref. 232). However, many investigators interpret the 
CD spectra to indicate that one or two membrane 
spanning segments contain significant fl-sheet content 
[94,173,190]. As noted above, however, the presence of 
fl-sheet segments is not supported by diffraction stud- 
ies. 

UV-Vis electronic spectroscopy 
Electronic (one-photon) absorption spectra of 

rhodopsin and bacteriorhodopsin are shown in Fig. 4, 
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Fig. 4. E, lectronic (one-photon) absorption spectra of rhodopsin (R), 
bathorhodopsin (B), isorhodopsin (I), light adapted bacteriorhodopsin 
(bR) and K. Temperatures of the one-photon spectra are shown below 
the labels. The two-photon thermal lens spectrum of rhodopsin and 
the two-photon double resonance spectrum of bacteriorhodopsin (both 
in D:O at room temperature) are shown in darker insets. The two- 
photon spectra have been shifted to lower absorptivity so that only 
the maxima are shown. The 'Ag' labels indicate two-photon maxima 
assigned to 'IA~ - ' *-- S o transitions and the 'Bu' labels indicate two- 
photon maxima assigned to '~B* + ' *-- So transitions (see text). Oscilla- 
tor strengths ( f )  determined by log-normal fits of the hma X bands are 
indicated in parentheses. One photon spectra are from Refs. [50,51,77] 

and two-photon spectra are from Refs. 57, 331. 

299 

and the key spectroscopic results are presented in Table 
I. Note that some of the spectra shown in Fig. 4 are 
taken at liquid nitrogen (77 K) temperature. In the case 
of the primary photoproducts (bathorhodopsin and K), 
the most reliable spectra are those taken at tempera- 
tures for which the photoproducts are stable. We have 
shown a liquid nitrogen spectrum of bR because it 
exhibits more clearly resolved vibronic structure in the 
higher energy band. 

All of the pigment spectra display two absorption 
bands, a strong, unresolved Xmax band in the green-red 
region and a weaker band in the blue region. A third 
intense band at about 280 nm (not shown) is also 
present in all pigment spectra, but is due to aromatic 
amino acids and not chromophore transitions. There are 
three low-lying rr,rr* electronic states which are of 
particular importance to an analysis of the one-photon 
and two-photon spectra of both the isolated and pro- 
tein-bound visual chromophores: '1B*+'  ' IA~- '  
'~A *+ '  The quotation marks are to indicate that the = - g  • 

symmetry labels are approximate. The labels are derived 
by reference to the corresponding states in a linear 
polyene (C2h symmetry) [38,40,43-46,51,57,58,62,88, 
154,163,164,231]. The '1B* ÷ ' state is a strongly allowed 
state in all polyenes, and in the case of linear polyenes, 
it is the only low-lying allowed state. The '~A*- ' state is - -g  
a forbidden state which gains intensity in lower symme- 
try polyenes through coupling with the 'IB * ÷ '  state. 
Assignment of this state in inhomogeneously broadened 
systems is normally only possible by using two-photon 
spectroscopy [40,42-44,57,59,61,231], although crystal 
studies have also been successful [96,97]. The 'IA*+' - -g  

state is responsible for the so-called 'cis-band' in poly- 
enes [154]. In non-polar polyenes it gains intensity via 
cis linkages, and the closer the cis linkage to the center 
of the polyene chain, the more intense the '~A*+ ' ~ . _ g  S O 
transition. In polar polyenes, it gains intensity not only 
from cis linkages but also from dipole-dipole interac- 
tions, and the larger the dipole moment, the more 
intense the 'tA* ÷ ' ~  So transition. A more detailed dis- - -g  
cussion of the nature of these states may be found in 
the following references [38,40,43-46,51,57,58,62,88,96, 
97,154,163,164,231]. 

A great deal can be learned by analyzing the al- 
lowedness of an electronic transition. The allowedness 
is defined in terms of a dimensionless parameter known 
as the oscillator strength, which is represented by the 
symbol f .  By using log-normal curve fitting procedures 
[224] it is possible to assign the oscillator strength with 
reasonable accuracy (Fig. 4, Table I, and Ref. 51). If 
one knows both the absorption maximum and the oscil- 
lator strength of an electronic transition, theoretical 
analysis of this data pair provides a perspective on the 
geometry of the chromophore and the nature of the 
protein-chromophore interactions. Birge and coworkers 
have examined the oscillator strength data for both 
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TABLE I 

Spectroscopic properties of selected isomers of the visual chromophore, and the primary photoproducts of vertebrate rhodopsin and light-adapted 
bacteriorhodopsin at 77 K and 296 K 

Data are taken from Refs. 22, 34, 39, 44, 49, 50, 51, 58, 136, 154, 211, 258, 277, 306, 320. Note that for the visual chromophores, all data at 77 K are 
for the aldehydes in EPA (ethyl ether/isopentane/ethyl alcohol; 5 : 5 : 2, v /v)  and all data at ambient temperature (296 K) are for the protonated 
Schiff bases in methanol. The pigment spectra were collected in glycerol/H20 (77 K) or H20 (296 K). 

Property Visual chromophores Bovine rhodopsin H. halobium 

all-tram 9-cis 11 -cis 13-cis Rho Batho Iso bR K 

Isomer all-trans 9-cis l l-cis 13-cis l l-cis all-trans 9-cis all-trans 13-cis 
6-s-geometry cis cis cis cis cis cis cis trans trans 

77 K (EPA/glycerol): 
)kma x (nm) 387 380 389 382 505 543 492 577 620 
AEma x (eV) ( X 102) 320 326 319 325 246 228 252 215 200 
c~a X (M- l . cm -1) ( x  10 -2)  526 432 457 442 464 525 486 661 639 

f (hma x band)(  x 102) a 117 98 104 106 98 107 111 87 95 
AvFwrt M (cm -1) 4670 4840 4770 5060 4250 4260 4560 2860 3270 
O (skewness) ( x 102) 169 162 169 174 186 160 194 172 133 

X max (nm) (PSB) 460 446 455 455 505 543 492 577 620 
Opsin shift (cm- 1) . . . .  2 200 3 300 2100 4400 5 800 
AH~e 1 (kcal. mo1-1) (0)  1.5 3.5 0.7 (0) 32 27 (0)  16 

296 K (MeOH/H20):  
Xmax (nm) (PSB) 443 433 440 434 498 535 481 570 610 
Opsin shift (cm- 1) . . . .  2 500 3 800 2 300 5100 6 600 

a Oscillator strengths were determined via least-squares regression by using a log-normal distribution function [224] to represent the ~max 
absorption band [50,51]: 

_ _  2 a ~ F w " M 0 1  , ( ~ ) = 0 ,  ~--<~0 / ln2  ( v - v ° ) ( p 2 - 1 )  +1 v > v  0 - 
e ( v ) = % e x p - \ ( l n o )  2 In 3vv.wvl---~ , (P 2 - 1 )  1 '  (0  2 - 1  ) ] 

where c(v) is the molar absorptivity at wavenumber v, v 0 is the wavenumber at maximum absorptivity, c o is the molar absorptivity at v0, 
AVFW~M is the full-width at half-maximum in wavenumbers and O is the skewness. The skewness is a dimensionless parameter which is an 
indirect measure of the distribution of vibronic activity into higher vibrational modes due to Franck-Condon activity. The oscillator strength is 
given by: 

f = 4.319.10_9 ~/¢~Tn ~ , ( o(ln o) [ (ln p)2 '~]  
× t ) 

rhodopsin [51] and bacteriorhodopsin [50] and these 
studies, coupled with an analysis of the two-photon, 
photocalorimetric and Raman spectra (see below), lead 
to the following conclusions. 

(a) The 9-cis-retinal chromophore in solution (EPA, 
77K) has the smallest Xma x oscillator strength relative to 
the other isomers: 1.20 (all-tram), 1.00 (9-cis), 1.03 
(ll-cis), and 1.05 (13-cis) (Table I). The effect of con- 
formation is quite different for the opsin bound chro- 
mophores. The oscillator strength of the Xmx absorp- 
tion band of I is observed to be anomalously large 
(1.11) relative to the Xma x absorption bands of R (0.98) 
and B (1.07), This result can only be rationalized by 
postulating that the counterion (abbreviated as CTN) is 
not intimately associated with the imine proton in R, B 
or I. The counterion lies underneath the plane of the 
chromophore in R and I, and the primary chromo- 
phore-counterion electrostatic interactions involve 

C15-CTN and C13-CTN. These interactions are re- 
sponsible for the anomalous oscillator strength of I 
relative to R and B. 

(b) Rhodopsin is energetically stabilized relative to 
isorhodopsin due to both electrostatic interactions and 
conformational distortion, both favoring stabilization of 
R. Molecular orbital calculations suggest that rhodopsin 
chromophore-CTN electrostatic interactions provide an 
enhanced stabilization of about 2 kcal. tool-1 relative 
to I [51]. Conformational distortion of the 9-cis chromo- 
phore-lysine system accounts for about 3 kcal- mol-l.  

(c) Energy storage in bathorhodopsin is approx. 60% 
conformational distortion and 40% charge separation. A 
majority of the chromophore-protein conformational 
distortion energy involves interaction of the C13(- 
CHa)=C14-C15=N-lysine moiety with nearby (un- 
known) protein residues. 

(d) Strong interactions between the counterion and 



the chromophore in R and I will generate weak, but 
potentially observable, charge transfer bands in the 
near-infrared. They key predictions are the presence of 
an observable charge transfer transition at 859 nm 
(11640 cm -1) in I and an analogous, but slightly weaker 
band at 897 nm (11 150 cm -1) in R. Both transitions 
involve the transfer of an electron from the counterion 
into low-lying ~r* molecular orbitals. To date, however, 
these transitions have not been reported. 

Two-photon electronic spectroscopy 
Two-photon spectroscopy inverts the selection rules, 

and thus the 'aB* +'  state is now nominally forbidden 
and the '~A*-' state is strongly allowed. (The 'aA *+'  - - g  - - g  

state is also allowed, but is normally too high in energy 
to be observed, due to red-edge one-photon inter- 
ference.) The application of this technique to the analy- 
sis of the isolated and protein-bound visual chromo- 
phores has recently been reviewed [44]. 

Two-photon spectra of all-trans-retinol [46], all- 
trans-retinal [45], and the Schiff and protonated Schiff 
bases of all-trans-retinal [58,230] have been analyzed. 
These spectra indicate that the ' IA*- '  state is the - - g  

lowest-lying rr,~r* state in all of the visual chromo- 
phores with the exception of the protonated Schiff bases 
[58]. This observation is important to analyses of the 
pigment spectra. 

The two-photon absorption spectrum of rhodopsin in 
the region 370 nm < ~,/2 < 510 nm yields a single, 
inhomogeneously broadened band with a maximum at 
about 440 nm, about 2300 cm-~ above the one-photon 
absorption maximum [44,57,231]. (Note that the two- 
photon spectra shown in Fig. 4 have been plotted as a 
function of the combined energy of the two photons 
and are vertically shifted so that only the maxima are 
shown.) The two-photon maximum at 440 nm is prim- 
arily associated with the 'IA*- ' , -  S O transition, but the - - g  
' tB*+'  state is also two-photon allowed due to initial 
and final state contributions and contributes to the 
band contour. Thus the 'IA*- ' state is above the 'IR* + ' *-g --u 

state, a level ordering reversal which is only observed 
upon protonation of the Schiff base [58]. The energy 
separation observed in rhodopsin is only consistent with 
a protonated Schiff base in a neutral protein binding 
site [44,57,231]. Although Raman and FTIR studies had 
shown prior to the two-photon investigation that the 
chromophore was bound to the opsin via a protonated 
Schiff base linkage (see below), the issue of binding site 
net charge had not been established. Indeed, the popu- 
lar model for the binding site based on the dihydo 
chromophore analog studies of Nakanishi, Honig and 
co-workers [155] predicted two negative counterions, 
one interacting with the Schiff base proton and a sec- 
ond near C13. The two-photon results indicate that 
there is only one negative counterion near the positively 
charged chromophore. Models that accommodate the 
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two-photon [44,57,61,231,331], one-photon (see above) 
and analog data (subsection Ill-B) data were indepen- 
dently proposed by Kakitani et al. [175] and Birge et al. 
[57]. The key prediction is that a single counterion is 
below the plane of the molecule and has strong electro- 
static interactions with carbon atoms C13 and C15, 
both of which carry partial positive charges (see Fig. 5). 

The two-photon double-resonance spectrum of light- 
adapted bacteriorhodopsin in D20 at room temperature 
is shown in Fig. 4 [331]. This spectrum is unique relative 
to the other two-photon spectra measured for the visual 
chromophores and pigments [40,44,45,46,57,58,230] in 
that it exhibits two low-lying band maxima. The lowest 
energy band maximum at about 560 nm (8 -- 290 GM) 
corresponds within experimental error with the one- 
photon absorption maximum at 568 nm, and is assigned 
to the 'IB* + ' ~  S O transition. The higher energy two- 
photon band at about 488 nm (8 ---- 120 GM) does not 
correspond to a resolved one-photon feature and is 
assigned to the '1A*+ '~  S O transition. Not only is it - - g  

CHs C H 
~{ / 11= C~, 12 H --..~ O /  

~ /C~c~ c~c'° ~,,__-q,, . 
/ - - - - c .  o / \\ "~ -Z-~ls=N 

7 5 ~ C H 3  /~." OH 

(a) 
H 

;, +- 3 
(b) 

Fig. 5. Possible models of the binding sites of rhodopsin (a) and 
light-adapted bacteriorhodopsin (b,c). Key electrostatic interactions 
are indicated with hashed lines. The counterion in rhodopsin is 
believed to be Glu-113 on helix C near the extraceUular surface (see 
text and Ref. 274). The two models for bacteriorhodopsin are based 
on the tentative assignment of Asp-212 as the primary counterion, but 
other polar a n d / o r  charged amino acids within the binding site may 

also interact with the chromophore (see text). 
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surprising to find that both the ' I A *  ' and ' l l ~ * + '  " -  g - - u  

states generate two-photon maxima, but the observation 
that the 'IB~*+ ' state two-photon absorptivity is more 
than double that associated with the '1A*-' state re- - - g  

quires special notice. This result indicates that the two- 
photon absorptivities are dominated by initial and final 
state contributions (see discussion in Ref. 44), and thus 
the two-photon absorptivity is proportional to the 
change in dipole moment upon excitation into the final 
state. A detailed analysis yields A/~ ('1B *÷ ' )=  13.5 + 
0.8 D and A F ('lAg- ') = 9.1 + 4.8 D [331]. The change 
in the 'IB~* ÷ ' state dipole moment determined via two- 
photon spectroscopy is in good agreement with the field 
effect measurements of Ponder and Mathies A/~ = 12.4 
+ 0.7 D [256[. 

The recent two-photon measurements on bacterio- 
rhodopsin have not yet been analyzed with respect to 
the binding site. The results indicate, however, that the 
binding site of bacteriorhodopsin is very 'ionic' relative 
to the binding site of rhodopsin. It is thus possible that 
the binding site carries a net charge (either positive or 
negative), which add to the degree of difficulty in de- 
termining the binding site geometry. In that regard it is 
worth noting that the recent model proposed by Brai- 
man et al. has three negatively charged groups near the 
chromophore [68]. This is in sharp contrast to the 
two-photon results for rhodopsin which indicate a neu- 
tral binding site [44,57]. 

Nuclear magnetic resonance spectroscopy 
NMR studies on bacteriorhodopsin have yielded im- 

portant insights into the geometry of the chromophore 
in bacteriorhodopsin [58,135-137,201,218,297,298,303]. 
A key observation of the NMR studies is the fact that 
the chromophore in rhodopsin is 6-s-trans [136], whereas 
the visual chromophores in solution [39,47] and in 
vertebrate opsin [297] are 6-s-cis. Although previous 
spectroscopic studies had suggested the possibility that 
the chromophore in bacteriorhodopsin was unusually 
planar [278,279], the observation of a 6-s-trans chromo- 
phore was quite unexpected. Previous NMR experimen- 
tal [158] and a number of theoretical [47,158,159] inves- 
tigations suggest that the 6-s-trans conformation in the 
retinal isomers is about 4 kcal. mol-l higher in energy 
than the 6-s-cis conformation (see Fig. 4 of Ref. [47]). 
NMR studies have also provided direct evidence for 
proton exchange between the bacteriorhodopsin Schiff 
base and bulk water [135]. 

De Groot et al. have carried out a high-resolution, 
solid-state ~SN-NMR investigation of the Schiff base 
environment in bacteriorhodopsin [80]. Based on com- 
parisons with model compound chemical shift aniso- 
tropies, these authors conclude that the counterion en- 
vironment is complex and may involve several neutral 
protic species or may involve a water-mediated aspartic 
acid residue. The key observation is that a single aspartic 

acid or tyrosinate residue hydrogen bonded to the Schiff 
base proton is not compatible with the NMR data. 

Resonance Raman spectroscopy 
Resonance Raman spectroscopic studies have con- 

tributed more to our understanding of the geometry of 
the protein-bound chromophores than any other spec- 
troscopic investigations. The pioneering investigations 
of Mathies and co-workers [33,67,110,112,219,221,249, 
300,301,302] and Callender and co-workers [17,18,72, 
73,83,246,250] provided some of the key preliminary 
analyses of chromophore geometry. Subsequently, a col- 
laboration between Lugtenberg and Mathies has pro- 
vided definitive vibrational assignments for the reso- 
nane Raman spectra of both the isolated and protein- 
bound chromophores, through the synthesis and spec- 
troscopic analysis of a large collection of deuterated and 
T3C isomers [221,300,301,302]. More recently, time-re- 
solved resonance Raman techniques have provided in- 

800 1000 1200 1400 1600 
Wavenumbers (cm -1) 

Fig. 6. Resonance Raman spectra of rhodopsin (R), bathorhodopsin 
(B), isorhodopsin (I), fight adapted bacteriorhodopsin (bR) and K. 
Approximate vibrational assignments are indicated based on the 
analyses discussed in this review and presented in Table If. The 
spectra of R, B and I were provided in digital form by Prof. R.H. 
Callender and the spectra of bR and K were digitized from spectra 

provided by Prof. R.A, Mathies. 
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TABLE II 

Selected literature vibrational assignments and observed frequencies (cm - 1) for the all-trans, 9-cis, 11-cis and 13-cis protonated Schiff bases and for the 
corresponding vertebrate and bacterial opsin pigments 

Data are compiled from Refs. 18, 24, 25, 82, 100, 221, 249, 250, 266, 267, 270, 271, 295, 296, 300, 301, 304. When literature assignments differed, 
averages of the literature values are reported. Relative Raman line intensities are listed in parentheses (s = strong, m = medium, w = weak). 

Mode a l l-cis all-trans 9-cis 13-cis 

PSB R PSB B bR PSB I PSB K 

C15=NH Str 1658 (w) 1.657 (w) 1657 (w) 1655 (w) 1640 (w) 1659 (w) 1655 (w) 1656 (w) 1609 (w) 
C15=ND Str 1624 (w) 1632 (w) 1625 (w) 1624 (w) - 1631 (w) - 1575 (w) 
ND Shift - 33 26 31 16 - 24 - 34 
C8-C9 Str 1217 (s) 1217 (s) 1194 (s) 1214 (s) 1214 (m) 1204 (s) 1206 (s) 1202 (s) 1187 (m) 
C10-C11 Str 1093 (w) 1098 (w) 1159 (m) 1166 (w) 1170 (m) 1137 (m) 1154 (s) 1166 (m) - 
C12-C13 Str 1237 (s) 1239 (s) 1237 (w) 1240 (m) 1255 (w) 1238 (m) 1242 (s) 1226 (w) 
C14-C15 Str 1190 (w) 1190 (w) 1191 (w) 1210 (w) 1201 (s) 1189 (s) 1176 (w) 1195 (s) 

[C=C]sy m Str  1556 (s) 1547 (s) 1563 (s) 1536 (s) 1527(s) 1567 (s) 1549 (s) 1 565 (s) 1517 (s) 
C13=C14 Str - 1581 (m) - 1578 (w) 1581 (w) - 1585 (w) - 1560 (w) 
C9=C10 Str - 1599 (m) 1596 (w) 1595 (w) - - 1599 (m) 1595 (w) 1590 (w) 
C7=C8 Str - 1608 (w) - 1600 (w) - - - 
C5--C6 Str - 1636 (w) 1612 (w) 1629 (w) - - 1636 (w) - 1618 (w) 

a Modes are defined based on the principal C-C, C=C or C=N stretching (Str) normal mode eigenvectors. In most cases, other stretching and 
binding modes contribute to the vibrational band in significant proportion (see Refs. 82, 296, 301). Accordingly, these assignments are very 
approximate and are used primarily for labelling convenience (see text). The abbreviation '[C---C]sy m Str' refers to the strongly Raman active 
mode, or collection of overlapping modes, involving primarily in phase (symmetric) stretching motions of C7-C8, C9=C10, and Cl1=C12 bonds. 

sight into the molecu la r  changes  a c c o m p a n y i n g  the for- 
ma t ion  of  the ear ly  in te rmedia tes  [10,16,86,106,120, 
131,134,160,307,317]. A n u m b e r  of  excel lent  reviews are  
avai lable  [73,219,221] and  this d iscuss ion will  con- 
cen t ra te  on those ass ignments  pa r t i cu la r ly  re levant  to 
an analysis  of  c h r o m o p h o r e - p r o t e i n  in te rac t ions  as well 
as the confo rma t iona l  changes a c c o m p a n y i n g  the 
p r i ma ry  event.  

The R a m a n  spect ra  of  rhodops in  (R), i so rhodops in  
(I), bac t e r io rhodops in  (bR)  and  their  p r i m a r y  pho to -  
p roduc t s  (B and  K)  are shown in Fig. 6, and  selected 
v ibra t iona l  ass ignments  based  in large par t  on the Ra-  
m a n  da ta  are  p resen ted  in Table  II .  The  R a m a n  studies 
have resul ted in the fol lowing key  observa t ions  for  
bac te r io rhodops in :  

(a) The Schiff base  is p r o t o n a t e d  in all of  the pig- 
ments  and  their  p r i m a r y  p h o t o p r o d u c t s  [9,10,67,83,86, 
160,214,219,221,295,300,307,309,317]. 

(b) The imine  p r o t o n  is s t rongly  hydrogen  b o n d e d  in 
b R  and  L, bu t  is in a s ignif icant ly  d i f ferent  env i ronmen t  
in K [10,86,221,295]. 

(c) There  is evidence for  one or  more  water  molecules  
near,  or  hydrogen  bond ing  to, the imine  p r o t o n  in b R  
[147]. 

(d) The geomet ry  of  the C 1 4 - C 1 5  b o n d  is s-trans 
and  the C15=N b o n d  is trans in all of  the l i gh t - adap ted  
species inves t iga ted  [112,113]. This  is a cont rovers ia l  
f inding as it  appl ies  to K and  L, because  the p o p u l a r  
mode l  p roposed  b y  Tavan  and Schul ten for the  p r i m a r y  
event  predic ts  that  the p r i m a r y  pho tochemis t ry  is b R  

(13-trans, 14-s-trans, 15-trans) to K (13-cis, 14-s-cis, 
15-trans) fo l lowed b y  a thermal  reac t ion  to L (13-cis, 
14-s-cis, 15-trans) [280,281,314,315,316]. Clearly,  if  the 
analyses  of  Smi th  et al. are  correct ,  the key e lements  of  
the Tavan  and  Schulten mode l  are incorrect .  The  deba te  
centers  on the in t e rp re t a t ion  of  the f ingerpr in t  vibra-  
t ions,  and  as of  this review, the issue remains  unre-  
solved. The  reader  is referred to the recent  ar t icles  by  
F o d o r  et al. [113] and  Tavan  and Schulten [315] for  a 
d iscuss ion of  bo th  sides. W e  will discuss this in teres t ing  
issue f rom a d i f ferent  perspect ive  below. 

Fourier transform infra-red spectroscopy 
F T I R  spec t roscopy  provides  a d i f ferent  perspect ive  

on  the b ind ing  site than  that  p rov ided  by  resonance  
R a m a n  spec t roscopy.  The  key  di f ference is associa ted  
with the fact  that  the v ib ra t iona l  t rans i t ions  observed  
b y  using resonance  R a m a n  spec t roscopy  are associa ted  
solely wi th  the c h r o m o p h o r e  whereas  F T I R  dif ference 
me thods  observe  v ib ra t iona l  modes  associa ted  with bo th  
the c h r o m o p h o r e  and  the prote in ,  p rov ided  the modes  
differ  be tween  the two p ro te in  states.  Whi le  one might  
also an t i c ipa te  that  the di f ference in select ion rules 
be tween  inf ra red  abso rp t ion  and  R a m a n  scat ter ing 
would  also genera te  differences,  as no ted  b y  Rothsch i ld  
et al., the act ive c h r o m o p h o r e  v ibra t ions  are very simi- 
lar  in bo th  techniques  [268]. This  resul t  is due  to the 
lack of  s y m m e t r y  of  the c h r o m o p h o r e / p r o t e i n .  Never-  
theless, the two techniques are c o m p l e m e n t a r y  because  
of  the d i f ferent  selectivity.  
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FTIR spectroscopy has been applied with great 
success in evaluating the binding sites of both rhodop- 
sin [24,69,81,121,233,267,275,294] and bacteriorhodop- 
sin [3,68,69,90,99,105,233,260-262,265,266,268,269,271, 
275,293]. 

Some of the more interesting observations derived 
from FTIR studies involve the secondary amino acid 
changes during the photocycle of bacteriorhodopsin. 
The key changes involve tyrosine and aspartic acid 
changes [68,90,91,107,260,261,269]. The following repre- 
sents a recent model of Braiman et al. based on FTIR 
studies of mutants [68]: 

ments indicate the formation of a precursor to K, called 
J, which is believed by most researchers to be a ground 
state species with a 13-cisoid structure [89,220,253,255]: 

- 0 . 5  p s  - 5 p s  

bR ....... ~ J ..... 4 K 

The differential absorption changes accompanying the 
primary photochemical event in bacteriorhodopsin are 
shown in Fig. 7 [220]. The possibility that J might be a 
mixture of ground and trapped excited state species has 
been proposed based on theoretical calculations [53]. 

bR [Asp-85 ( C O 0 - ) ;  Asp-96 (COOH); Asp-115 (COOH); Asp-212 ( C O 0 - ) ;  Tyr-185 -O-  ] 
K [Asp-85 (COO-) ;  Asp-96 (COOH); Asp-115 (COOH); Asp-212 (COO-) ;  Tyr-185 -OH], 
L [Asp-85 (COO-) ;  Asp-96 (COO-) ;  Asp-ll5 (COOH); Asp-212 (COO-) ;  Tyr-185 -OH], 
M [Asp-85 (COOH); Asp-96 (COOH); Asp-ll5 (COOH); Asp-212 (COOH); Tyr-185 -O-  ]. 

FTIR studies have also provided evidence that the 
polyene chain of the chromophore in bacteriorhodopsin 
lies roughly perpendicular to the membrane plane [99]. 
(The chromophore shown in Fig. 2 was rotated into the 
membrane plane to show more clearly the polyene chain 
and fl-ionylidene ring.) The recent reviews by Braiman 
[69] and Rothschild [266] are recommended. 

Time-resolved optical spectroscopy 
The primary photochemical events in both rhodopsin 

and bacteriorhodopsin generate bathochromically 
shifted photoproducts on a picosecond time scale. The 
intermediates that are formed during the subsequent 
dark reactions each have well-defined optical absorp- 
tion spectra. Thus, time-resolved optical spectroscopy 
represents a key spectroscopic tool for analyzing the 
kinetics associated with the primary events as well as 
the subsequent dark reactions [8,71,85,89,93,123,129, 
148,167,170,183,220,222,229,238,252-255,283,284,292]. 

Time-resolved studies on rhodopsin indicate that 
bathorhodopsin can be formed from either rhodopsin or 
isorhodopsin within about 3 ps [8,71,93,129,167,229, 
292]: 

rhodopsin - 3 P-~bathorhodopsin < - 3 ps isorhodopsin 
( 11 -cis ) ( all-trans ) ( 9-cis ) 

Because it is known that rhodopsin contains an ll-cis 
chromophore, that isorhodopsin contains a 9-cis chro- 
mophore and that the bathorhodopsin products are 
identical, these observations indicate that chromophore 
isomerization occurs in picoseconds. We will demon- 
strate below that this observation requires a barrier-less 
excited state potential surface. 

Most of the recent time-resolved experiments have 
been carried out on bacteriorhodopsin [14,15,89,123, 
170,183,220,238,252,253,255,283,284]. These experi- 

This controversial position will be discussed in greater 
detail below. 

Time resolved spectroscopy on a slower time scale 
has also been carried out to investigate the number of 
intermediates in the photocycle of bacteriorhodopsin 
[327]. These studies indicate that at least six distinct 
intermediates are formed after K under the assumption 
of first-order kinetics. The authors note, however, that 
the photocycle of bacteriorhodopsin may exhibit dis- 
tributed kinetics, and thus the above number of inter- 
mediates may require revision [327]. 

Ill-B. Chromophore analog and site-directed mutagenesis 
studies 

Two methods of studying the binding sites of 
rhodopsin and bacteriorhodopsin deserve special notice, 
because they have provided unique insights into the 
binding sites of both proteins. Chromophore analogs, 
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Fig. 7. Transient absorption spectra of light-adapted bacterio- 
rhodopsin as a function of delay time in femtoseconds (1 fs = 10-15 
s). The pump pulse at 618 nm (dashed line) had a duration of 60 fs, 
and the delayed probe pulses were 6 fs in duration. (Reproduced with 

permission from Ref. 220). 



when incorporated into the binding site, provide a 
method of examining the nature of the protein chromo- 
phore interactions as well as geometry of the chromo- 
phore. Site-directed mutagenesis provides a method of 
examining the importance of individual amino acids on 
the structure and function of the protein. This section 
evaluates the contribution both methods have made to 
our understanding of the chromophore binding sites of 
rhodopsin and bacteriorhodopsin. 

Chromophore analog studies 
During the past decade, hundreds of chron-iophore 

analogs have been incorporated into the binding sites of 
rhodopsin and bacteriorhodopsin, and the observation 
of the resulting opsin shifts a n d / o r  photochemical char- 
acteristics have been analyzed in terms of chromo- 
phore-protein electrostatic and conformationally restric- 
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tive interactions [5,7,12,13,20-23,29,34,57,72,77,81, 
84,91,105,111,113,115,116,136,137,155,180,196,197,198, 
198,199,200,201,202,210,212,221,234,259,271,278,279, 
285-288,297,299,300,302,306,320,321]. The opsin shifts 
for selected chromophore analogs incorporated into 
bacterio-opsin, vertebrate opsin and Chlamydomonas 
opsin are presented in Fig. 8. The analogs will be 
identified in our discussion by reference to the boldface 
number that appears inside the/3-ionylidene ring. The 
following observations have been made based on analog 
studied: 

(1) Locked l l-cis analogs (5 and 6) yield a pigment 
which will not  generate bathorhodopsin upon excitation 
[5,57,71,84]. These observations indicate that the 
primary photochemical event in vertebrate rhodopsin 
involves an l l-eis to l l-trans photoisomerization. Be- 
cause these analogs block formation of metarhodopsin 

1 • " •  9 T M  "~13v "~O 
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Fig. 8. Opsin shifts associated with the incorporation of chromophore analogs into Halobacterium halobium (bacterio) opsin (OSbR), bovine 
(vertebrate) opsin (OSvR) and Chlamydomonas reinhardtii opsin (OSeR). All shifts are given in wavenumbers and are relative to the protonated 
Schiff base in methanol. For example, the absorption maximum of the chloride salt of the n-butylamine protonated Schiff base of all-trans-retinal 
(1) in methanol is 440 nm (22700 era-l). The absorption maximum of the pigment formed when all-trans.retinat is incorporated into bacterio-opsin 
is 568 nm (17600 era-l). The opsin shift is therefore 22700-17600=5100 cm -~. Uncertainties in band maxima assignments due to 
inhomogeneous broadening yield opsin shift uncertainties of + 300 cm-1. The data are taken from Table I and Refs. 12, 29, 114, 115, 155, 234, 252, 

305, 306. 
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II, and the formation of this intermediate is required to 
activate transducin [127,203], we conclude that isomeri- 
zation is required for the activation of vertebrate 
rhodopsin. 

(2) Similarly, bacteriorhodopsin pigments generated 
with locked 13-cis analogs do not pump protons, sug- 
gesting that isomerization is also required for bR activ- 
ity [180]. 

(3) All of the analogs that could be incorporated into 
Chlamydomonas opsin (1-12,15)-generated active pig- 
ments [114,115]. Either chromophore isomerization is 
not required to activate C. reinhardtii or photoisomeri- 
zation about the terminal C=N bond is a potential 
activation mechanism that operates in the absence of 
alternative isomerizations (such as l l -cis  ~ l l- trans).  

(4) Spectroscopic studies of analogs 7 and 8 incorpo- 
rated into bacteriorhodopsin [320] supports the NMR 
study predicting that the native protein contains a 6-s- 
trans chromophore [136]. In particular, 8 rapidly gener- 
ates a pigment with an absorption maximum at 564 nm, 
undergoes light-dark adaptation, and has a proton pump 
efficiency of about 90% [320]. In contrast, 7 slowly 
generates a pigment with an absorption maximum at 
596 nm, does not undergo light-dark adaptation and has 
a proton pump efficiency of about 20%. The observa- 
tion that 7 and 8 have very similar opsin shifts, how- 
ever, would seem to argue against a salt bridge in close 
proximity to the /3-ionylidene ring unless the negative 
charge is placed directly above (or below) the center of 
the ring. 

(5) A study of the di-hydro analogs (9-12) incorpo- 
rated into vertebrate opsin generated the well-known 
external point charge model of the rhodopsin binding 
site [12,155]. This model proposed two negatively 
charged counterions near the chromophore, one associ- 
ated with the Schiff base proton and the second near 
C13. Subsequent two-photon studies indicated, how- 
ever, that there is only one negative counterion near the 
positively charged chromophore [44,57,61,231]. The 
model shown in Fig. 5 accommodates both the one-pho- 
ton and two-photon data [51,57,175]. 

(6) Incorporation of the 9-cis isomer of the 5,6-dihy- 
dro chromophore (9) into bovine opsin yields an iso- 
rhodopsin pigment analog (Xma× =461 rim) with un- 
usual photochemical properties [6,329]. Photolysis of 
5,6-diH-isorhodopsin at ambient temperature generates 
a blue-shifted photoproduct (called BSI, ~krnax = 430 
nm) [6], bypassing the formation of the primary batho 
photoproduct (2~ m a x  ~--- 508 nm) which is stable below 31 
K [329]. This observation suggests that a major relaxa- 
tion mode in bathorhodopsin involves the/3-ionylidene 
ring. Recent studies by Kliger and co-workers on 
rhodopsin and isorhodopsin indicate that there is a 
blue-shifted photoproduct between batho and lumi in 
the native protein photobleaching sequence [102,165, 
1911 . 

(7) Di-hydro analogs (9-11) have also been incorpo- 
rated into bacteriorhodopsin [234] and sensory rhodop- 
sin [306]. A point charge model with a negative charge 
about 4 A from the Schiff base proton, a negative 
charge near C s and a positive charge above the fl- 
ionylidene ring near C 1 and C 2 [306]. While this model 
accommodates the dihydro data, the placement of 
charges near the ring does not accommodate the opsin 
shift data for 7 and 8. The model for bR in Fig. 5 
accommodates the opsin shifts for both data sets. 

(8) The viability of models involving adjacent (C10- 
Cl l )  single bond rotations during the primary event of 
rhodopsin [198,202] was studied by Sheves and co- 
workers [286]. These investigators demonstrated that an 
artificial visual pigment with restricted C9-Cl l  di- 
hedral motion generated normal photolysis inter- 
mediates indicating that rotation about the C10-Cll  
bond does not take place. 

The above examples are selective and represent but a 
small fraction of the analog studies that have been 
carried out. For detailed discussions of other analog 
studies see Refs. [29,84,285]. 

Site-directed mutagenesis studies 
Site-directed mutagenesis (SDM) provides one of the 

most powerful tools for investigating structure-function 
relationships in proteins. Although some investigations 
of rhodopsin have been reported (see below), the major- 
ity of work in this area has concentrated on bacterio- 
rhodopsin [3,35,63,68,70,98,133,178,227,228,265]. 
Through the selective replacement of individual amino 
acids within bacterioopsin, it is in principal possible to 
determine the role that each amino acid plays in trans- 
locating protons. The major problem that generates 
ambiguity is the possibility that the protein can modify 
its tertiary structure to accommodate the loss of a key 
amino acid, and in the process mask the relevance of 
the replaced amino acid in the structure-function 
scheme. It is also often difficult to differentiate between 
structurally important amino acids versus mechanisti- 
cally important amino acids. Thus, an amino acid that 
upon replacement dramatically diminishes the proton 
pumping ability of bacteriorhodopsin may be a crucial 
component of the proton conduction/pumping system 
or be a crucial mediator of tertiary structure. Analysis 
of SDS results must be tempered by such considera- 
tions. 

There is no general agreement in the literature with 
regard to assignment of the primary counterion in bac- 
teriorhodopsin. While our models have assigned Asp-212 
as the primary counterion [50,52,53,60,331] (e.g., Fig. 5), 
other studies have suggested that Tyr-185 is the primary 
counterion [261,269]. The possibility that there are three 
negatively charged groups near the chromophore (Asp- 
85, Tyr-185 and Asp-212) with the two Asp groups 
mediated by a positively charged Arg-82 has also been 
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proposed [68]. Khorana and co-workers [133,228] have 
investigated the effect of individual replacements of 
each of the above-mentioned amino aicds, as well as 
other potential counterion candidates, and the results 
are summarized in Table III. From these data it appears 
that Asp-212 is the most likely candidate for the primary 
counterion in light adapted bacteriorhodopsin because 
the replacement of Asp-212 with Ala generates a light 
unstable pigment with a 50-fold longer regeneration 
time. The fact that this replacement can still generate a 
light stable dark adapted species suggests that the coun- 
teflon in the 13-cis dark-adapted species differs from 
that in the all-trans light-adapted species. These studies 
also provide evidence that Asp-85, Asp-96, Asp-212 and 
Tyr-185 are involved in the proton-conduction mecha- 
nism [133,228]. The above discussion on FTIR provides 
further details on this issue. 

A recent SDM study by Sakmar et al. indicates that 
Ghi-113 is the primary counterion in bovine rhodopsin 
[274]. Whereas substitution of Glu-122 and Glu-134 
with uncharged amino acids generates only modest 
spectroscopic shifts, substitution of Glu-113 by Gln-113 
generates a blue shifted pigment with Am~x = 380 nm. 
This result suggests that there is only one counterion 

near the chromophore, and provides support for the 
neutral binding site model predicted by two-photon 
spectroscopy [57]. 

III-C. The binding site of rhodopsin 

The above studies yield the binding site model shown 
in the top of Fig. 5. The purpose of this section is to 
briefly overview the key features of this model. Two- 
photon studies indicate that the binding site is neutral 
[44,57,231], and hence there is only one negatively 
charged counterion in the vicinity of the chromophore. 
An analysis of the primary structure (Fig. 1) indicates 
that the most likely candidates are Asp-83 (B helix), 
Glu-113 (C helix), Glu-122 (C helix) and Glu-134 (C 
helix). Presumption of a similarity of the rhodopsin 
tertiary structure with that observed for bR (Fig. 2) 
suggests that one of the glutamic acid residues on helix 
C is the primary counterion. Site-directed mutagenesis 
studies indicate that Glu-113 is the most likely candi- 
date [274]. Raman, FTIR, one-photon, two-photon, 
photocalorimetric and chromophore analog studies are 
consistent with the model shown in Fig. 5 [51,57,175]. 

TABLE III 

Site specific mutagenesis investigations of substitutions of potential chromophore counterions in dark-adapted and light-adapted bacteriorhodopsin 

All data are from Refs. 133, 227, 228. 

No. a Native b Mutan t  b tlR~ c Reg d •DmAax e ~kLmAax f kHi~. g AHs h 

(rain) (%) (nm) (nm) ( b R -  1. s -  1) ( b R -  a) 

36 Cyt Asp Asn 1.3 60 550 560 3.9 56 
38 Cyt Asp Asn 1.3 72 553 563 3.6 58 

85 C Asp Asn 20 34 587 594 n.d. i n.d. 
85 C Asp Glu < 0.1 57 556 560 1.1 20 
96 C Asp Asn 2.3 73 553 560 0.1 3 
96 C Asp Glu 1.2 72 553 561 2.8 47 

102 Cyt Asp Asn 1.1 72 553 563 3.3 47 
104 Cyt Asp Ash 2.1 76 550 560 3.5 48 

115 D Asp Asn 6.0 42 545 544 1.9 40 
115 D Asp Glu 4.6 34 541 543 1.1 20 

185 F Tyr Phe 8.7 - 540 570 0.8 13 
194 F Glu Gln 2.0 - 541 545 1.0 16 

212 G Asp Asn 31 64 560 548 0.5 6 
212 G Asp Glu 38 57 584 581 0.2 2 
212 G Asp Ala 50 51 540 l.u. i 1.u. l.u. 

a Amino acid number  and putative helix assignment (see Fig. 1). 
b The amino acid in the native protein is listed under  the column labelled 'Nat ive '  and the amino acid replacing it in the mutated 

under  the column labelled 'Mutant ' .  
° Half-time in minutes for regeneration of the mutant  opsin with all-trans-retinal to form the chromophore-protein complex. 
d Percent of protein regeneration based on all-trans-retinal incorporation. 
e Long-wavelength absorption max imum of dark-adapted protein (nanometers). 
f Long-wavelength absorption max imum of l ight-adapted protein (nanometers).  
g Initial rate of  proton pumping ( p r o t o n s / b R  per s). 
h Steady state extent of  proton pumping (pro tons /bR) .  
i n.d., not  detected. 
J l.u., light unstable. 

protein is listed 
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Models which move the counterion one or two atoms 
closer to the center of the polyene chain and simulta- 
neously closer to the polyene atoms are also possible. 
However, the positive charge is primarily localized on 
atoms C13, C15 and the imine proton [54,58], and one 
oxygen atom must be within about 4 ,~ of this section in 
order to accommodate the transition energy and oscilla- 
tor strength data [51]. 

One or more water molecules are present within the 
binding site [257], and the observation of an ND shift of 
33 cm -1 (Table II) suggests that one water molecule is 
hydrogen bonded to the imine proton (Fig. 5). This is a 
somewhat controversial assignment, because many in- 
vestigators assume that the imine proton is hydrogen 
bonded to a negatively charged counterion based on 
deuterium isotope effects. It is generally recognized that 
a large Vc= N deuterium (ND shift) isotope shift is 
characteristic of strong hydrogen bonding to the imine 
proton [24,82,249]. Based on this argument, hydrogen 
bonding is strongest in R (ND shift = 33 cm-1),  strong 
in B (ND shift = 31 cm -~) and moderately strong in I 
(ND shift ~ 24 cm -1) (Table II). As comparison, the 
all-trans protonated Schiff base (ATRPSB) in methanol 
exhibits a ND shift of about 26 cm 1. Spectroscopic 
studies of ATRPSB indicate that the counterion is in- 
timately associated with the imine proton in non-polar 
environments [58]. The work of Blatz [64] suggests that 
in highly polar, strongly hydrogen bonding solvents, the 
counterion is highly solvated and the imine proton is 
hydrogen bonded with the solvent. The ND shift has 
been measured for ATRPSB in both environments and 
differs by only 3 cm-~ [82,249,301]. One concludes that 
the ND shift, while diagnostic of hydrogen bonding, is 
not sensitive to the nature of the hydrogen bond. A 
quantitative relationship between the ND shift and the 
strength of a hydrogen bond to the imine proton has 
not been firmly established (for more details see Refs. 
82, 174, 206, 207). 

Although the ND shift is largest in R, it drops by 
only 2 cm-~ in going from R to B. This difference is 
anomalously small for an isomerization moving the 
-C15=NH - moiety away from a fixed counterion. Any 
attempt to maintain a strong hydrogen bond between 
the imine proton and the counterion following a one- 
bond l l-cis ~ l l- trans photoisomerization will fail to 
accommodate the observed oscillator strength and spec- 
tral shifts. 

Many proponents of hydrogen bonding between the 
counterion and the imine proton in R suggest that the 
imine proton is hydrogen bonded to an uncharged 
protein residue in B. This model accommodates the 
bathochromic shift, but does not explain adequately the 
remarkable similarity of /)C=NH and /)C=ND in R, B and 
I (Table II). One concludes, based on the force field 
calculations of Deng and Callender [82], and the model 
compound studies of Baasov et al. [19,20,22], that VC=NH 

and VC_N D are rather sensitive to the charge on the 
hydrogen bonding species. The above model is also 
incapable of rationalizing a weaker hydrogen bond to 
the counterion along with a blue shifted absorption 
maximum in I. Hydrogen bonding of the imine proton 
to water provides the best model, because it explains 
both the magnitude and the similarity in the ND shift 
observed in R, B and I. We conclude that Fig. 5 
provides the most realistic model for the binding site in 
rhodopsin. 

III-D. The binding site of bacteriorhodopsin 

The nature of the bacteriorhodopsin binding site 
remains a subject of intense study and only modest 
agreement. Two possibilities are presented in Fig. 5 
based on the assumption that Asp-212 is the primary 
counterion. While it is known that the polyene chain of 
the chromophore lies perpendicular to the membrane 
plane [99], the orientation of the N H  bond is not known 
with certainty. The orientation shown in Fig. 5b will 
move the imine proton in the direction of the proton 
pumping upon 13-trans to 13-cis photoisomerization. 
While this assignment is intuitively pleasing, recent 
neutron diffraction [145,146] and linear dichroism [194] 
studies suggest the inverted orientation shown in Fig. 
5c. To complicate this issue further, time-resolved pho- 
toinduced voltage measurements on oriented bacterio- 
rhodopsin indicate that positive charge is moved in a 
direction opposite to that of the ultimate proton pump- 
ing direction [132,150,177,245,318]. This observation 
might upon first inspection be interpreted to indicate 
that the Schiff base proton moves in the opposite direc- 
tion during the bR-- ,  K step versus in the L--* M 
proton release step. If this interpretation is correct, it 
would favor the oritentation shown in Fig. 5c. However, 
if the primary event is a one-bond 13-trans--* 13-cis 
photoisomerization, and if the B-ionylidene ring re- 
mains fixed during the primary event, net motion of the 
Schiff base proton during this transformation is minor. 
Most of the charge translocation involves motion of 
C15, which carries a position charge of about 0.25. A 
close examination of Fig. 5 indicates that a 13-trans 
13-cis photoisomerization of the chromophore in Fig. 
5b would generate charge migration in an opposite 
sense to the net proton pumping. In contrast, a 13-trans 

13-eis photoisomerization of the chromophore in 
Fig. 5c would generate charge migration in the same 
direction as the net proton pumping. Thus, in the ab- 
sence of contrary motions by polar protein residues 
during the primary event, the above analysis would 
appear to support the orientation shown in Fig. 5b. The 
above conflicting observations preclude a definitive 
orientation assignment, and thus Figs. 5b and 5c are 
included to emphasize the uncertainty. While there is 
evidence for charged perturbations near the fl-ionyli- 
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dene ring [80,136,298], the nature of the charges, or the 
possibility that a dipolar group is responsible, remains 
an open question. Third, the two-photon measurements 
suggest that the binding site may be charged, and hence 
there may be more than one counterion in the vicinity 
of the chromophore. Recent N M R  studies confirm the 
complexity of the counterion environment [80]. 

III-E. The binding sites of the human cone pigments 

The amino acid sequences and putative membrane 
spanning regions of the human cones are shown in Fig. 
9 displays the homology between the blue cone and 
human rhodopsin. The diagram at lower right of Fig. 9 
displays the homology between the green cone and the 
red cone. Knowledge of the primary structure of the 
cone pigments offers a significant opportunity to probe 
the molecular origins of wavelength regulation in the 
visual pigments. Unfortunately, few studies have been 
carried out on the cone pigments, and we present this 
section largely to stimulate further work in this area. 
For convenience, we will use rhodopsin sequence num- 
bers to refer to individual amino acids, but as shown in 
Fig. 9, the transmembrane assignments for the cone 
pigments differ for homologous amino acids. 

The blue cone has significant homological overlap 
with rhodopsin and is particularly interesting to study 
because two of the potential counterions in rhodopsin 
(Asp-83 and Glu-122) are replaced with neutral amino 
acids (see Fig. 9). However, the amino acid assigned via 
SMD to be the primary counterion (Glu- l l3)  is con- 
served in the blue, red and green cone opsins. Thus, if 
the Glu- l l3  primary counterion assignment is correct, 
wavelength regulation in the cone pigments could 
potentially involve altering the geometry of the chromo- 
phore counterion interaction. The following study, how- 
ever, suggests that in the blue cone pigment a change in 
the primary counterion may be involved in wavelength 
regulation. 

A recent resonance Raman study has demonstrated 
that the 440 nm cone pigment of the toad (Bufo marinus) 
contains a protonated Schiff base chromophore lacking 
a counterion interaction near the center of the polyene 
chain [208]. This conclusion might appear to conflict 
with the observatiort that Glu- l l3  is conserved. How- 
ever, it is possible that the binding site is modified in 
the blue pigment to prevent nearest neighbor interac- 
tions between the chromophore and Glu- l l3 .  However, 
the total removal of all counterions from the vicinity of 
the protonated Schiff base chromophore would generate 
a red shifted (?~max = 600 nm) rather than a blue shifted 
chromophore, and hence the observation of no chromo- 
phore--counterion interactions near the center of the 
polyene provides only one part of the answer. What 
remains to be explained is what amino acid provides the 
new counterion, and why does this counterion blue shift 

the absorption maximum relative to the primary coun- 
terion? It is possible that Tyr-262 (or Tyr-265) on helix 
F (Fig. 9) provides the primary counterion in the blue 
cone and the loss of the counterion near the center of 
the polyene chain induces tyrosine ~ tyrosinate forma- 
tion in order to stabilize the protonated Schiff base. 
This interaction would take place closer to the C15=NH 
linkage (where most of the positive charge is localized 
[54]) and shift the absorption band to shorter wave- 
lengths through more effective electrostatic stabilization 
of the ground state. 

IV. The primary photochemical event in rhodopsin 

There remains uncertainty with respect to the assign- 
ment of the true 'primary'  photoproduct.  There are 
three candidates: photorhodopsin (Xmax -=- 560 rim), hy- 
psorhodopsin (~kmax~435 nm) and bathorhodopsin 
(kmax --- 530 nm). There is now a general consensus that 
hypsorhodopsin is an artifact generated via multiphoton 
processes [290,329]. The question that remains to be 
answered is whether bathorhodopsin has a ground state 
precursor, photorhodopsin. Recent picosecond experi- 
ments suggest that there is a ground state intermediate 
(photorhodopsin) that forms prior to bathorhodopsin, 
and that bathorhodopsin (in cattle) has a formation 
time on the order of about 40 ps [290,329]. Early 
picosecond experiments indicated that 'bathorhodopsin'  
forms in about 3 ps [229,251], and that this same 
photoproduct could also be formed from isorhodopsin 
in about 3 ps [229]. These experiments attributed the 
first bathochromically shifted absorption band to 
'bathorhodopsin' ,  and thus these studies may have been 
observing photorhodopsin rather than bathorhodopsin. 
However, photorhodopsin cannot be trapped at low 
temperatures, and therein lies an interesting dilemma. 
First, if one cannot trap a 'primary intermediate' at 
liquid helium temperatures, then it is not clear that we 
are dealing with a spectral event associated with an 
intermediate (which implies a potential energy mini- 
mum along the reaction surface) or a spectral event 
characteristic of a slow relaxation process. For the 
purposes of this discussion, therefore, we will treat 
bathorhodopsin as the primary photoproduct,  but note 
that one or more ground-state relaxation processes, 
involving the chromophore as well as nearby protein 
residues, are involved in its formation. 

IV-A. Models of the primary event 

Our model of the primary event in vertebrate 
rhodopsin is shown in Fig. 10 [51]. This model is based 
on the l l -cis  ---, l l- trans isomerization model originally 
proposed by Yoshizawa and Wald [330] and the binding 
site model shown in Fig. 5 and discussed in Section III. 
Although this model accommodates the major spectro- 



Fig. 10. A possible model of the primary photochemical event in 
rhodopsin based on the experimental and theoretical analyses of Ref. 
51. Rhodopsin is shown in the top diagram and bathorhodopsin is 
shown in the bottom diagram. Key electrostatic interactions that 
stabilize the chromophore are shown by using dashed lines. The entire 
fl-ionylidene ring, the a-carbon of the lysine residue and the counter- 
ion are assumed to be held stationary by the protein matrix during the 
phototransformations, so that all geometric relaxation is localized 
within the C7 . . .N16 . . . f l -C ly  s fragment. The counterion (an aspartic 
or glutamic acid residue) was approximated in the theoretical simula- 
tions by using a CH3-CO 2 moiety [51]. The counterion (CTN) is not 
intimately associated with the imine proton in either rhodopsin or 
bathorhodopsin. The counterion lies underneath the plane of the 
chromophore in rhodopsin, and the primary chromophore-counterion 
electrostatic interactions involve C15-CTN and C13-CTN. Energy 
storage in bathorhodopsin ( - -32  kcal-mo1-1) is approximately 60% 

conformational distortion and 40% charge separation. 

scopic observations, there are a number of modifica- 
tions that could be made which might also accommod- 
ate the available data. The purpose of this section is to 
evaluate the key elements of this model. This goal will 
be accomplished in part by comparing it to other mod- 
els recently proposed in the literature. 

The first issue that deserves examination is whether 
the primary event involves an isomerization. The ob- 
servation that bathorhodopsin is generated in a few 
picoseconds prompted the suggestion that the primary 
event involved a proton translocation rather than an 
isomerization [251]. This suggestion was based in part 
on the assumption that an isomerization involving a 
large change in conformation would take 100-1000- 
times longer, but subsequent molecular dynamics calcu- 
lations predicted picosecond isomerization times [54,55]. 
The controversy has been resolved by a series of spec- 
troscopic studies which indicate that the chromophore 
in bathorhodopsin is an all-trans protonated Schiff base 
and that the primary photoproducts formed from iso- 
rhodopsin (9-cis) and rhodopsin ( l l -cis)  are identical 
[24,48,72,73,82,92,110,129,156,169,212,213,219,229,246, 
249,250,264,313,319]. Thus, the primary photochemical 
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event in vertebrate rhodopsin involves an 11-cis to 
l l- trans photoisomerization. The recent observation of 
Foster and coworkers that C. reinhardtii can be activated 
even when 'non-isomerizable' chromophores are incor- 
porated into the binding site [114,115,117] should not 
be used as ammunition against an isomerization during 
the primary event of vertebrate rhodopsin. It is clear 
from an analysis of the opsin shifts for various analogs 
(Fig. 8) that the binding site of Chlamydomonas 
rhodopsin is quite different from vertebrate rhodopsin. 
Furthermore, the possibility that Chlamydornonas can 
be activated via C=N photoisomerization remains an 
open question. Finally, the observations of Longstaff 
and Rando [127,203,205] indicate that deprotonation of 
the chromophore is required for activation of rhodop- 
sin. Because deprotonation occurs upon the formation 
of metarhodopsin II, and metarhodopsin II is only 
formed after isomerization of the chromophore, it fol- 
lows that isomerization of the chromophore is required 
for activation of native vertebrate rhodopsin. The latter 
observation, however, does not preclude the possibility 
that a chromophore analog might be found that depro- 
tonates upon excitation, and that deprotonation of the 
chromophore may be sufficient to activate rhodopsin 
(see subsection IV-F). To date, no such analog for 
vertebrate rhodopsin has been found, however. In con- 
trast, C. reinhardtii appears to be activated by virtually 
all chromophore analogs that form protonated Schiff 
bases within the binding site [114,115,117]. One possi- 
bility is that the chromophore in the binding site of 
Chlamydomonas rhodopsin is bound in a sufficiently 
unstable binding site that deprotonation (and perhaps 
expulsion) of the chromophore upon excitation can 
occur with, or without, concomitant isomerization. Re- 
gardless of the explanation, we conclude that the bind- 
ing site and the activation mechanism of C. reinhardtii 
is distinctly different from that of vertebrate rhodopsin. 
Further work on C. reinhardtii is important, however, 
for it is often in understanding the differences between 
two nominally similar systems that new insights are 
gained. 

The observation that the primary event of rhodopsin 
involves an l l-cis ~ ll-trans photoisomerization does 
not preclude concerted single or C=N double bond 
twists. The early 'Bicycle Pedal' model involving con- 
certed torsion about two double bonds [323] and the 
more recent 'Hula Twist' model involving concerted 
torsion of the Cl1=C12 double bond and the adjacent 
C10-Cl l  single bond [198,202] are examples. Reso- 
nance Raman [221,249], FTIR [24,121,267,294] and ana- 
log studies [5,84,286,291], however, have provided strong 
evidence that only the Cl1=C12 bond isomerizes during 
the primary event. Thus, the primary event is a one-bond 
l l-cis to l l- trans photoisomerization of the chromo- 
phore. The complex motions of the lysine residue 
accompanying the chromophore isomerization remains 
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a subject of active experimental [223,277] and theoreti- 
cal [41,51,324] study. We explore the key molecular and 
electronic features of the photochemical process below. 

IV-B. Quantum efficiency of photoisomerization 

The quantum yields for the photoconversions involv- 
ing rhodopsin, bathorhodopsin and isorhodopsin are 
shown in Fig. 11 and the salient assignments are given 
below: 

@I = 0.67 43 = 0.073 
rhodopsin (R) ~ ~ bathorhodopsin (B) ~ ~ isorhodopsin (I) 

42 = 0.49 @4(X,T) 

where the values ~1 = 0.67 + 0.02, {/}2 = 0.49 _+ 0.03, ~3 
= 0.076 + 0.006 are independent with respect to both 
temperature and excitation wavelength within the error 
ranges specified [48]. In sharp contrast, ~4 is observed 
to be both temperature- and wavelength-dependent 
[51,264,277]. This latter observation has interesting im- 
plications and will be the subject of the next section. 
The quantum yield of the primary event was originally 
assigned by Dartnall [79] and subsequent studies have 
yielded values in agreement within experimental error 
[48,169,264]. The observation that t~ 1 of rhodopsin is 
larger by a factor of at least two compared to the 
photoisomerization quantum efficiency of the 11-cis-ret- 

~85% ~15% ~40% _.~__ / 

\ o.073 1 
t 0 . 4 9 - ' ~ t f f " - ' ~ , ~  " t ~ - - "  ~ . . . . . .  t 
! f "~ 0.67 i ~ -{(0.2)~,} I 

I ...... \ I 
I (0.33) f ~ B a t h o r h o d o p s m  t ~ I 

," / -3  o oo, ! 

Rhodopsin 

Fig. 11. Schematic representation of the ground and first excited 
singlet state surfaces connecting rhodopsin, bathorhodopsin and iso- 
rhodopsin using a simplified (linearized) reaction coordinate. The 
shapes of the ground and excited state surfaces are based on INDO-  
PSDCI calculations [51]. Ground-state  enthalpies are taken from the 
experimental measurements  of Cooper [74,75] and Schick et al. [277]. 
Absolute quan tum yields of photoisomerization are displayed at the 
tips of the arrows indicating the processes [48,51]. Values given in 
parentheses (O) are predicted by using semiempirical molecular dy- 
narnics theory to calculate the reverse/forward yield ratios and multi- 
plying these values by the experimental forward yields (shown without 
parentheses). Values listed in brackets (O} are ambient  temperature 
quan tum yields which display temperature dependence. The arrows 
indicate the effect that lowering the temperature will have on these 
values, e.g., (0.22 J, } indicates that at lower temperatures, the quan- 
tum yield will be lower than 0.22. Reproduced with permission from 

Ref. 51. 

inyl protonated Schiff base (RPSB) in solution [118,119] 
is one indication that the protein has a binding site 
optimized for 11-cis ~ ll-trans photoisomerization. The 
fact that the primary event also stores about 32 kcal- 
mol 1 [66,75,277], whereas the photoisomerization of 
the ll-cis-RPSB in solution generates a more stable 
species, provides further evidence that the protein is 
modifying both the ground and the excited state poten- 
tial surfaces. The observation that ~1 + ~2 add up to a 
number larger than unity (1.16_+ 0.05) indicates that, 
while a common excited state intermediate may be 
populated during photochemistry, coupling into the 
ground state is a trajectory dependent (i.e., dynamic) 
process (see below). A key conclusion is that the excited 
state Cl1=C12 torsional surface is barrier-less [39,41, 
48,51,55,92,152,156]. Interestingly, it appears that the 
C9=C10 torsional surface is not barrier-less (see below). 

IV-C. Origin of the isorhodopsin quantum yield wave- 
length dependence 

At ambient temperature, the quantum efficiency of 
the isorhodopsin ~ bathorhodopsin phototransforma- 
tion (~b4) equals 0.22 + 0.03 and displays no wavelength 
dependence within the error range specified [169]. In 
contrast, at liquid nitrogen temperatures, isorhodopsin 
photochemistry displays a significant wavelength depen- 
dence. Measurements at seven wavelengths yielded val- 
ues of ~4 ranging from a low of 0.089 + 0.021 at 565 
nm to a high of 0.168+0.012 at 440 nm [51]. An 
analysis of these data based on a variety of kinetic 
models suggests that the I --* B photochemistry is char- 
acterized by a small activation barrier ( - 0 . 2  kcal. 
mol-1) associated with the 9-cis ~ 9-trans excited state 
torsional potential surface [51]. This barrier is suffi- 
ciently small that at ambient temperautre (kT--0 .6  
kcal- mol 1), thermal effects mask the presence of this 
barrier. In contrast, at 77 K (kT-=0.15 kcal. mol-1), 
thermal energy and barrier height are comparable, and 
the wavelength dependence has its origin in the parti- 
tioning of excess vibrational energy into the C9=C10 
torsional coordinate. A detailed spectroscopic and theo- 
retical analysis of these data suggests that the origin of 
the excited state barrier in isorhodopsin arises primarily 
from electrostatic effects associated with the interaction 
of the counterion and the protonated species [51]. Low 
temperature picosecond studies of the primary event in 
isorhodopsin could provide new insights into the nature 
and characteristics of this barrier. 

IV-D. Energy storage in the primary event 

The first photocalorimetric measurement of the en- 
ergy stored in the primary photochemical event of 
rhodopsin was carried out by Alan Cooper in 1979, and 
his measurement of AHRB = 34.7 + 2.2 kcal- mo1-1 [75] 



prompted considerable interest in the mechanistic 
origins. First, this value indicates that about 60% of the 
absorbed photon energy is converted into stored energy, 
an efficiency that seems unrealistically high given the 
concomitant high quantum efficiency of 0.67 (net sys- 
tem efficiency ----40%). Second, models of the primary 
event published during the same year predicted much 
lower values: (e.g., 26 kcal. mo1-1 [54] and 14-28 kcal. 
mo1-1 [156]). A subsequent experimental study using a 
different technique (pulsed laser photocalorimetry) and 
a range of excitation wavelengths yielded AHRB = 32.2 
+ 0.9 kcal. mo1-1 [277], in good agreement with 
Cooper's measurement. This study also measured the 
energy stored in the isorhodopsin ~ bathorhodopsin 
phototransformation and observed AH m = 27.1 + 3.2 
kcal-tool -a [277]. This value of AtB indicates that the 
bathorhodopsins formed from rhodopsin and from iso- 
rhodopsin are energetically equivalent, because iso- 
rhodopsin has an enthalpy about 5 kcal. mol- 1 higher 
than rhodopsin [74]. This observation, combined with 
optical spectroscopic studies, confirms the fact that the 
bathorhodopsins formed from rhodopsin and iso- 
rhodopsin are identical [103,166,212,229]. A schematic 
showing the ground and excited state energetics is pre- 
sented in Fig. 11. 

There is no universally accepted model of energy 
storage, and some models emphasize energy storage due 
to charge separation [156] while others emphasize en- 
ergy storage due to conformational distortion [54,55]. 
Virtually all models recognize that both mechanisms 
contribute, and discussions center on the extent to 
which one mechanism dominates the other. A recent 
experimental and theoretical study of energy storage in 
bathorhodopsin yielded the following partitioning: 
charge separation (=12  kcal.mol-1), intrachromo- 
phore-lysine conformational distortion (= 10 kcal. 
mol-a), and chromophore-protein conformational dis- 
tortion (= 10 kcal. mo1-1) [51]. The model predicts that 
a majority of the chromophore-protein conformational 
distortion energy involves the interaction of the 
C13(-CH3)=C14-C15=N-Iysine moiety with nearby (un- 
known) protein residues [51]. 

IV-E. Molecular dynamics of the primary event 

The primary event in rhodopsin is an ll-cis to l l -  
trans photoisomerization, a conformational change that 
involves rearrangement of a large fraction of the retinyl 
polyene (Fig. 10). The observation that bathorhodopsin 
forms in a few picoseconds [229,251] with a quantum 
yield of 0.67 [48,79,169,264] places rather severe con- 
straints on the nature of the excited state dynamics. 
Birge and Hubbard carried out molecular dynamics 
calculations on the primary event and predicted a 
bathorhodopsin formation time of 2.3 ps with a quan- 
tum yield of 0.61 [41,54,55]. While these calculations 
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were based on semiempirical molecular orbital and 
molecular dynamics procedures, and the model of the 
binding site had the counterion too close to the imine 
linkage, the qualitative features of the photoisomeriza- 
tion process are likely to be correct. We base this 
assumption in part on the fact that the theory predicted 
a bathorhodopsin ~ rhodopsin quantum yield of 0.48 
[55], a value much larger than was currently accepted 
but which ultimately turned out to be reasonably accu- 
rate (see above). 

The following observations of the primary event are 
possible: 

(1) Excitation of rhodopsin into the lowest-lying 
Franck-Condon excited state generates a large redistri- 
bution of the charge resulting in the transfer of about 
0.53 electron units of negative charge into the 
C l l . . . N 1 6  portion of the polyene chain. (Selected 
INDO-PSDCI charges (electron units× 103) in the 
ground, vertical excited states are as follows: Cn(68,-  
47), Cl2(-9,92), Cl3(103,-112), C14(-29,9 ), C15(244, 
13), N16( -86  , -  190), net charges C l l . . . N 1 6  (291, 
-235); data from Fig. 1 of Ref. 54.) This charge 
reorganization alters the electrostatic interaction with 
the counterion (e.g., Fig. 10) from a stabilization into a 
destabilization and forces the polyene away from the 
counterion. Torsion about the Cl1=C12 bond is the 
path of minimum energy, and thus the photoisomeriza- 
tion is initiated with a negative barrier. 

(2) Torsion about the Cl1=C12 bond is calculated to 
mix the second excited '1A*- ' state into the lowest-lying - - g  

riB*÷' state. In the torsional region 75-105 ° (90 ° =  
orthogonal), the lowest excited state has considerable 
'IA~- ' character (see Fig. 3, Ref. 54). This generates a 
local minimum in the excited state potential surface (see 
Fig. 11). This local minimum is reached in about 1 ps 
following excitation. 

(3) The torsional trajectory is trapped in the local 
minimum and oscillates within this region with a 
frequency of about 4.5.1012 Hz (= 150 cm-1). Each 
pass of the molecule through the orthogonal dihedral 
region (where the ground and excited state surfaces 
come in closest proximity) transfers roughly one-third 
of the molecules into the ground state. The calculated 
quantum yield of 0.62 was obtained by following all of 
the trajectories, but an approximate analysis of quan- 
tum yield can be obtained by using the formula ~--- 
a/(1 - ( 1  - a )  2) where a is the average transfer prob- 
ability [313]. An average of the probabilities of the first 
eight passes through the crossing region yields about 
0.30 (Table I of Ref. 54) and the above formula predicts 

--0.59. Weiss and Warshel have suggested that our 
formula for the crossing probability will underestimate 
the probability, and they propose that non-adiabatic 
coupling will increase a to about 0.5 [325]. This will 
yield a quantum yield of exactly 0.67, in much better 
agreement with experiment. However, their algorithm 
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apparently predicts the same quantum yield for the 
B ~ R photochemistry. Our procedures predict 0.48 
[55], in much better agreement with the experimental 
value of 0.49 [48]. The lower quantum yield in going 
from bathorhodopsin to rhodopsin is due to the rapid 
arrival of the trajectory into the activated complex 
precluding equilibration of the excited state which en- 
hances coupling (the surfaces are further apart energeti- 
cally). Indeed, the average of the probabilities of the 
first eight passes through the crossing region yields 
a = 0.031 (Table II of Ref. 54) and the formula • 
a / ( 1 -  ( 1 -  a)  2) predicts • = 0.51. The molecular dy- 
namics simulation predicts 0.48 because the forward 
crossing probability (R --, B) is calculated to be slightly 
higher than the reverse crossing probability (B ~ R) due 
to the shape of the surface (see Ref. 54). 

IV-F. Origin of photoreceptor noise in vivo 

The weakest pulse of light that the human eye can 
reliably distinguish from background noise sends 
roughly 100 photons through the pupil and produces 
10-20 activated rhodopsin molecules [4,30,36]. It has 
been proposed that single photon sensitivities are not 
possible due to dark noise associated with randomly 
occurring thermal isomerizations of the protein-bound 
chromophore in rhodopsin [4,30]. Indeed, Aho and co- 
workers have demonstrated that animals with low body 
temperature, which decreases the rate of thermal activa- 
tion processes, have higher visual sensitivity [4]. They 
propose that thermal isomerizations are the key source 
of dark noise in both vertebrate and invertebrate visual 
systems [4]. In contrast, Barlow and co-workers have 
studied photoreceptor noise in Limulus and have con- 
cluded that thermal isomerization of the chromophore 
is unlikely to be the source of the dark noise [31,32]. 
The following section examines the viability of the 
thermal isomerization model. 

Baylor and co-workers have carried out a detailed 
analysis of electrical dark noise in toad retinal rod outer 
segments, and assigned the thermodynamic properties 
of the thermally activated dark processes: (E ,  = 21.9 + 
1.6 kcal- mol -~, AG* = 31.9 + 0.13 kcal.  mol -~, AH* 
= 21.6 +_ 1.6 kcal- mo1-1, AS* = -35 .3  + 5.6 e.u.) [36]. 
The activation energies measured for Limulus are in 
agreement within experimental error (E~ = 26.3 + 7.8 
kcal.  tool -1 (day), 27.9 + 6.5 kcal.  tool -1 (night), 26.5 
+ 7.5 kcal. tool -~ (in vitro)) [31,321. A comparison of 
these data with denaturation activation energies mea- 
sured by Hubbard for cattle rhodopsin (E~ --- 100 kcal.  
tool - 1 ), frog rhodopsin ( E  a = 45 kcal.  tool - 1 ) and squid 
rhodopsin (E  a --- 72 kcal.  too l - l )  indicates that protein 
denaturation is not the origin of the dark signal [161]. 
Measurements of thermal isomerization of ll-cis-reti- 
nal, however, appear to offer a much more compatible 
set of thermodynamic properties (Ea = 22.4 kcal- mol -  ~, 
AG* = 29.3 kcal. mo1-1, AH* = 21.7 kcal.  mo1-1, AS* 

= - 2 1 . 4  e.u.) (1-propanol solution) [162]. Comparison 
of the latter measurements on ll-cis-retinal with those 
observed by Baylor on rod segments has prompted 
some investigators to propose that thermal isomeriza- 
tion of the 'chromophore'  is responsible for dark activa- 
tion of rhodopsin [4,30,36]. Unfortunately, this hy- 
pothesis is not consistent with the energetics of ground 
state isomerization of the protein bound chromophore. 
As discussed in detail above, the protein bound chromo- 
phore is not 11-cis-retinal, but the protonated Schiff 
base of 11-cis-retinal. The ground state barrier to iso- 
merization of the protein bound chromophore is esti- 
mated to be 8H* = 45 + 3 kcal. mol 1 (see Fig. 12). We 
can establish a lower limit of AH* >_ 42 _+ 3 kcal • m o l i  
based on the relative enthalpy of bathorhodopsin 
(AHRB = 32.2 _+ 0.9 kcal.  mo1-1) [277] plus the activa- 
tion enthalpy of the bathorhodopsin---, lumirhodopsin 
dark reaction ( A H * =  1 0 + 2  kca l .mol  1) [130] and 
assuming additive errors. Thus, thermal (ground state) 
isomerization of the native (protonated) chromophore 
cannot be responsible for thermal activation of the 
protein. 

There are at least three alternative possibilities that 
are more likely than the thermal isomerization proposal. 
The first possibility is that rhodopsin can undergo a 

a 
conformational change ( R ~ R * * )  that is interpreted 
(incorrectly) by transducin (T, Bv-GDP ) to represent 
photochemically activated rhodopsin (R*). Thus the 
initial step in the amplification process takes place 
involving this thermally activated rhodopsin (T~y-GDP 
+ R* * ~ R* *-T~Br-GDP + GTP ~ R* *-T,B~-GTP + 
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Fig. 12. The key energetic components of the ground and lowest 
excited singlet state potential surfaces asociated with the rhodopsin --* 
bathorhodopsin --, lumirhodopsin transformations. All energies are in 
kcal mo1-1. Solid arrows define Franck-Condon transition energies 
and dashed arrows define energies for maxima and minima in the 
potential surface relative to ground state rhodopsin. The energy of the 
primary photoproduct, bathorhodopsin, is based on pulsed laser pho- 
tocalorimetric measurements (32.3±0.9 kcal mo1-1 [277]). The 
rhodopsin ~ bathorhodopsin ground state barrier is based on the 
analyses of Cooper et al. [74,75,76] and Honig et al. [156]. The 
activation enthalpy of the bathorhodopsin ~ lumirhodopsin dark re- 

action (A H* = 10 ± 2 kcal. tool-1) is from Grellman et al. [130]. 



GDP) (see Section II). The second possibility is that 
there is an equilibrium within the rhodopsin binding 
site coupling protonated versus unprotonated chromo- 
phores. Although spectroscopic studies indicate that less 
than 3% of rhodopsin molecules contain unprotonated 
Schiff base chromophores, this small population con- 
tains chromophores which will isomerize thermally with 
an activation energy very similar to that observed for 
retinal (AH*---22 kcal-mo1-1) [162]. Finally, the ex- 
periments of Longstaff and Rando have demonstrated 
that deprotonation of the Schiff base of retinal is ob- 
ligate for rhodopsin activation [203]. It is possible that 
deprotonation of the Schiff base is sufficient for activa- 
tion. If so, the event that may be responsible for dark 
noise is thermally activated deprotonation of the chro- 
mophore. The activation energy of deprotonation and 
the lifetime of the deprotonated moiety are unknown, 
however, making this mechanism the most speculative 
of the three possibilities. 

The above three hypotheses provide interesting alter- 
natives to the current theory. All must be examined in 
greater detail before any should be taken seriously. An 
important observation that must be accommodated by 
any proposed mechanism is that the physiological sig- 
nals that are generated via photon activation and ther- 
mal activation are identical in shape and amplitude 
[4,30,31,32,36]. The key point of the above discussion, 
however, is that thermal isomerization of the native 
(protonated) chromophore cannot be responsible be- 
cause the enthalpy of isomerization (AH* = 45 + 3 kcal 
• mol-1) is significantly larger than the enthalpy of the 
dark noise phenomenon (AH*=21.6  + 1.6 kcal- 
mol - 1 ). 

V. The primary photochemical event in light-adapted 
bacteriorhodopsin 

Differential absorption changes associated with the 
first - 1 ps following excitation of light adapted bac- 
teriorhodopsin are shown in Fig. 7 [220]. These data, 
and other spectroscopic measurements in the picosec- 
ond regime, are interpreted by most investigators to 
indicate the following sequence of events [220,238,253, 
255]: 

hi, * 
bR(all-trans ) ~ b R ( F C )  = 10o fs ) b R (  ~'13 ) * = 300 fs ) j  ( 1 3 - c i s  ) 

= 5 p s ) K  (13-cis) 

where bR(FC)* represents the Franck-Condon (verti- 
cal) excited state, bR('r13 )* represents the excited state 
with the chromophore distorted out of the Franck-Con- 
don region along the C13=C14 torsional coordinate, J is 
a 13-cis ground-state species and K is the first 'trappa- 
ble' ground-state species• We define K as the primary 
photoproduct for reasons analogous to those discussed 
in the case of bathorhodopsin and the precursor photo- 
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rhodopsin (Section IV). In other words, the fact that J 
cannot be trapped at lower temperatures may indicate 
that this species does not occupy a true ground state 
minimum, but simply represents an unrelaxed K species. 
Alternatively, Birge and co-workers have suggested the 
possibility that the absorption band attributed to J is 
associated with a mixture of ground-state and excited- 
state species [53]. Mathies and co-workers disagree and 
suggest that the time-resolved data shown in Fig. 7 are 
more consistent with a fully populated ground state 
within the formation time of J [220]• The latter assign- 
ment might appear more consistent with an analogy 
with rhodopsin photochemistry (photorhodopsin-J;  
bathorhodopsin - K). However, based on the kinetics, a 
more consistent analogy is (photorhodopsin- K; 
bathorhodopsin - KL). For the purposes of this discus- 
sion we will assume J is an unrelaxed ground-state 
precursor to K with both species having a 13-cis chro- 
mophore geometry. 

V-A. Models of the primary event 

Our model of the primary photochemical event in 
light-adapted bacteriorhodopsin is shown in Fig. 13. 
This model is based on the binding site geometry as- 
signed in Section III and shown in Fig. 5b. Molecular 
orbital and molecular dynamics calculations based on 
this model reproduce the energetics (AHcalc  = 14.9 kcal 
• mol-1; AHob s = 16 + 3 kcal. mol-1), dynamics (%ale 
= 656 fs, %bs -= 500 fs) and quantum yield (~1 = 0.259 
(0.33 observed), ~2 = 0.738 (0.67 observed) at 77 K) of 
the primary event observed at 77 K [50,52,53]• However, 
these observations should not be interpreted as support 
for the model shown in Fig. 5b versus Fig. 5c, because 
the geometry was manipulated to maximize agreement 
with experiment. 

The conformational changes in the chromophore 
shown in Fig. 13 (bR (all-trans, 6-s-trans, C=N anti), 
J,K (13-cis, 6-s-trans, C=N anti)) are in general agree- 
ment with the models proposed by Mathies and co- 
workers based on resonance Raman studies [67,112, 
219,221,299,300,302], Rothschild and co-workers based 
on FTIR studies [3,68,99,100,260,261,262,265,269,270, 
271], and Griffin and co-workers based on NMR stud- 
ies [136,137,298]. However, the assignment of the 
primary counterion to ASP-212 is based on the argu- 
ments presented in subsections III-A, B and D. The 
advantage of the model shown in Fig. 13 is that the 
imine proton, which is known to be involved in the 
proton pumping photocycle, is translocated in the direc- 
tion of the pumping process upon primary photochem- 
istry. This model is also in good agreement with the 
transient photovoltage measurements during the first 30 
ps (see discussion in subsection III-D). Alternative 
models in which the chromophore is rotated by about 
180 degrees (e.g., Fig. 5c), however, are more consistent 
with neutron diffraction data [145,146] and linear di- 
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Fig. 13. A model of the primary photochemical event in light-adapted bacteriorhodopsin based on the binding site geometry shown in Fig. 5b. 
These two structures are labelled bR 1 (top) and K 1 (bottom), and yield the potential surfaces and excited state trajectories shown in the left 
rectangle in Fig. 14. An alternative pair of structures, labelled bR 2 and K 2 can be generated by moving the chromophore away from the counterion 
by a slight rotation of the entire polyene chromophore about the f l - 7  lysine bond. This rotation decreases electrostatic stabilization of the all-trans 
chromophore in bR 2 and results in a smaller amount of energy storage in the primary photoproduct K 2 (right rectangle in Fig. 14). The location of 
the counterion, the entire fl ionylidene ring and the lysine residue atoms fixed via attachment to the a-helix were (arbitrarily) held stationary during 
the isomerization. This was a required constraint because these degrees of freedom were manipulated to best reproduce the experimental 

spectroscopic and energetic properties. 

chroism spectra [194]. We conclude that the orientation 
of the chromophore with respect to this counterion is an 
open issue. 

There is one popular, alternative model which de- 
serves mention. Tavana and Schulten have proposed 
that the primary photochemical event involves a con- 
certed isomerization from 13-trans,14-s-trans to 13- 
cis ,14-s-cis [280,281,314,315]: 

~ C6, " bR H 
--. ~C14 ... ./I'4.. 

T crc'- rC'o-c:? c:2 c:, lys 

[h~, lys 
I 

~ C6,,. J ,K H C 15_ (14-s-cis ) 
~C8~.. ,~.C10 ~. ff~C12 --~ ~C14 

~5 C ~ C ~ Cll C13' (13-cts) 
! 

Although F TIR  [122] and picosecond [253] experiments 
have been reported to be consistent with this model, 
there are three problems with the notion of a concerted 
13,14-cis primary event that preclude enthusiasm. First, 
the kinetics of the primary event as well as the wave- 
length and temperature independence of the quantum 
efficiency of the primary event requires a barrier-less 
excited state surface coupling bR and the primary 
photoproduct (see below). It is unlikely that a concerted 
photochemical reaction involving the simultaneous rota- 
tion about two polyene bonds would produce a barrier- 
less excited state surface. Second, the detailed resonance 
Raman studies of Mathies and coworkers are not con- 
sistent with a 14-s-cis geometry in K or L 
[112,113,299,304]. (However, Tavan and Schulten have 
presented M N D O  calculations which contradict the Ra- 
man assignments [315].) Third, photostationary state 
spectroscopic studies are inconsistent with a 13,14-cis 
primary photoproduct  [50]. The mole fraction of K 



(X~ °°) in the 77 K, 500 nm photostationary state is 
observed to equal 0.46 + 0.04 [50]. The calculated ab- 
sorption spectrum of K at 77 K has a maximum ab- 
sorbance at 620 nm, and a molar absorptivity at ?~max of 
63900 M -1" cm -~. The oscillator strength associated 
with excitation into the Xmax band, fi<, is determined to 
be 0.95 based on log-normal regression analysis [50]. 
The corresponding values for bR at 77 K are: ?~ma~ = 577 
nm, c ~  x = 66100 M -1.  cm -a, and fbR = 0.87. The ob- 
servation that fK > fbR is consistent with the displace- 
ment of the C15=NH portion of the retinyl chromo- 
phore away from a negatively charged counterion as a 
consequence of the all-trans to 13-cis photoisomeriza- 
tion. It is difficult to reconcile the observation that 
fK > f u r  with the proposal that the primary event in- 
volves an all-trans to 13-cis,15-s-cis photoisomerization, 
because the latter geometry is predicted to have a sig- 
nificantly lower X max band oscillator strength relative to 
the all-trans precursor, regardless of counterion loca- 
tion. 

V-B. Molecular dynamics of the primary event 

Molecular dynamics simulations based on the 
primary event model shown in Fig. 13 predict complex 
dynamics and biphasic repopulation of the ground state 
following excitation of bR (Fig. 14). The calculations 
shown in the left rectangle are reproduced from Ref. 53 
are based on the model shown in Fig. 13. Roughly 
one-third of the excited molecules are trapped in an 
excited state potential well, and decay back to the 
ground state via non-dynamic processes. The simula- 
tions predict that this S~' potential well has a 13-trans- 
oid minimum so that decay of those species trapped in 
this well preferentially regenerate bR. The ground state 
conformation of bR (referred to as bRa) assumed in the 
calculations shown on the left was optimized to repro- 
duce as accurately as possible the optical and photo- 
calorimetric data at 77 K. The calculations shown in the 
rectangle at right were carried out by allowing for a 
smaller amount of energy storage in the primary event 
and arbitrarily moving the entire chromophore away 
from the counterion by rotating about the fl-3' lysine 
bond (top diagram of Fig. 13). This change decreases 
electrostatic stabilization of the all-trans chromophore, 
and shifts the S~' potential well to a 13-cisoid confor- 
mation. We refer to this geometry as bR2. The molecu- 
lar dynamics calculations predict that roughly one-third 
of the bR 2 molecules excited into the lowest singlet 
state are trapped in this S~" potential well and prefer- 
entially decay to form product (J or K). The calcula- 
tions predict that a small change in ground state geome- 
try produces a dramatic increase in the primary quan- 
tum yield [~a(bR1)= 0.266; ~ l ( b R 2 ) =  0.743] [50]. Be- 
cause the probability of coupling into the ground state 
is relatively low for each trajectory (average crossing 

317 

probability is less than 10% for the first ten passes over 
the orthogonal crossing region), the quantum yield sums 
are very close to unity for both geometries [(~a + 
~2)(bR1) = 1.004; (~1 + ~2)(bR2) = 1.02]. Although the 
bR 2 geometry is calculated to have a higher chromo- 
phore-counterion energy ( - -2  kcal. mol -~) relative to 
the bR 1 geometry (based on the binding site model of 
Ref. 25), the bR2 geometry may be more stable when 
the entire protein energy is taken into account. Thus, 
there are two forms of light adapted bacteriorhodopsin 
which have very similar geometries, ground state en- 
ergies and spectroscopic properties, but sigificantly dif- 
ferent photochemical and energy storage characteristics. 

V-C. The quantum efficiency of the primary event 

Despite extensive experimental study [37,50,52,125, 
168,171,239,240,253] assignment of the primary photo- 
chemical quantum yield of light-adapted bacterio- 
rhodopsin remains a subject of controversy. As can be 
seen by reference to Table IV, measurements of ~ 1  

range from a low of 0.25 [124] to a high of 0.79 [240]. 
This measurement range is in sharp contrast to the 
agreement that is observed in the literature with respect 
to the measurement of the primary quantum yield for 
vertebrate rhodopsin photochemistry (see Section IV-B). 
A closer examination of the data presented in Table IV 
indicates that all of the experimental measurements fall 
into one of two categories - those that predict ~1 -- 0.33 
or below and those that predict t0 a = 0.6 or above. No 
experimental measurements fall into the large inter- 
mediate range spanning from 0.34 to 0.59. If experimen- 
tal uncertainty were the dominant source of the dis- 
crepancies in the measured quantum yields, one would 
predict that a majority of the measurements would fall 
into this intermediate range in contrast to none at all. 
Thus, the data in Table IV supports the concept that 
there are two types (or conformational states) of bac- 
teriorhodopsin, one that has a forward quantum yield of 
approximately 0.3 and a second that has a forward 
quantum yield of 0.6. Before we accept this interpreta- 
tion, however, it is important to consider alternative 
explanations that may be responsible for producing 
systematic errors capable of generating an apparent 
duality. 

Kouyama et al. have examined the influence of the N 
intermediate on the bacteriorhodopsin photocyle [182]. 
The N intermediate has a major absorption maximum 
very close to that of bacteriorhodopsin and is photoac- 
tive. Kouyama et al. propose that at high pH and high 
light intensity, the overall photoreaction of bacterio- 
rhodopsin may be approximated by the two-photon 
cycle, 

h~ hv 
bR--* K "--' L ---' M ~ N "--" (NL "~ NM)  "-* b R ,  
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Fig. 14. Potential energy surfaces and molecular dynamics of the primary photochemical transformation of light adapted bacteriorhodopsin based 
on two different models of the binding site (Fig. 13). The ground and excited state surfaces are defined in reference to the principal torsional 
coordiante [z(C12-C13=C14-C15)] and were generated by adiabatic minimization of all labile lysine internal coordinates as well as the following 
polyene stretching (R), bending ( < ) ,  and torsional (~') coordinates: R(Cll=C12), R(c12-C13), R(C13----C14), R(C14-C15), R(C15-N16), 
< (Cl1=C12-C13), < (C12-C13=C14), < (C13=C14-C15), < (C14-C15=N16), ~-(C10-Cl1=C12-C13), ~(Cl1=C12-C13=C14), ~(C12- 
C13=C14-C15), and r(C13=C14-C15=N16). The calculations shown in the left rectangle (bR 1 ~ K1) are from Ref. 53 and are based on the 
binding site model shown in Fig. 13. The calculations shown in the rectangle at right (bR 2 ~ K2) were carried out by allowing for a smaller 
amount of energy storage in the primary event by arbitrarily displacing the entire chromophore away from the counterion by rotatin~ about the 
fl-~, lysine bond [50]. All dynamics were carried out by using Lagranglan interpolation on the ground and excited state surfaces to define the 
steepest decent gradients (see Appendix of Ref. 55). The equations of motion were solved and the positions of the nuclei updated in temporal 
increments of 0.1 fs. The probability of crossing from the excited state into the ground states was calculated by using the semiclassical S matrix 
methods described by Birge and Hubbard [54,55]. While these methods are approximate, identical methods were used to simulate rhodopsin 
photochemistry, and the calculated quantum yields (41 = 0.62, 42 = 0.48) are in reasonable agreement with the observed values (41 = 0.67, 

42 = 0.49) (see subsection IV-E). 

w h e r e a s  a t  n e u t r a l  p H  a n d  l o w  l i gh t  i n t e n s i t y ,  i t  c a n  b e  

d e s c r i b e d  b y  t h e  o n e - p h o t o n  cyc le  

h ~  
bR ~ K --, L --, M --, N ~ O --, bR. 

T h u s ,  t h e  a b o v e  t w o  s c h e m e s  c o u l d  a c c o u n t  fo r  a n o m a -  

l ies  i n  q u a n t u m  y i e l d  m e a s u r e m e n t s  a t  a m b i e n t  t e m p e r -  

a t u r e s  i n v o l v i n g  t h e  o b s e r v a t i o n  of  M.  F o r  e x a m p l e ,  the  

p r e s e n c e  o f  t h e  t w o - p h o t o n  cyc le  w o u l d  a r t i f i c i a l ly  de-  



crease the measured quantum yield of M formation by 
up to one-half. Thus, if we assume ~1 -- 0.6, a continu- 
ous wave experimental measurement at high pH and 
high light intensity could yield about 0.3, because 
roughly one-half of the photons absorbed would be 
absorbed by N, which has an absorption spectrum very 
similar to bR. While it is possible that some of the 
measurements reported in Table IV might have been 
affected by this competitive absorption phenomenon, a 
majority were not. Thus, we must seek alternative ex- 
planations. 

A cursory examination of Table IV suggests that 
temperature might be responsible for generating a de- 
creased forward quantum yield. This is an important 
possibility to investigate, because a small barrier in the 
excited state potential surface, rather than two forms of 
bacteriorhodopsin, could be the source of the observed 
duality. Indeed, isorhodopsin photochemistry displays a 
temperature dependent quantum yield due to a very 
small barrier in the excited state (see subsection IV-C). 
While it is true that all of the measurements resulting in 
the values of ~a > 0.6 were carried out at ambient 
temperature, two ambient temperature measurements 
yielded values in the range 0.25-0.31. Thus, tempera- 
ture is not uniquely responsible for generating the large 
differences in q~l. 

Two of the three ambient temperature measurements 
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generating values of ~a > 0.6 were carried out by mea- 
suring the formation of M in high salt, ether solution. 
Diethyl ether is known to increase the lifetime of the M 
intermediate [37,240], although the mechanism is not 
understood. It is also known that salt concentration has 
a dramatic effect on the quantum yield of proton trans- 
location [65,128,215,216,217]. Recent investigations sug- 
gest that the nature of the photocycle is dramatically 
affected by pH [78,134]. These latter studies suggest 
that there are at least two independent photocycles for 
light adapted bacteriorhodopsin, one which is responsi- 
ble for generating Mfast, and a second which is responsi- 
ble for generating Mslow. A third photocycle may be 
responsible for generating the recently observed inter- 
mediate called R [78,95,126]. Thus, a distribution of 
photocycles may exist. There is additional information 
that supports the concept of at least two photocycles. A 
number of investigators have proposed the presence of 
branching points and/or  parallel pathways in the pho- 
tocycle [26,27,104,176,181,195]. Hanamoto et al. pro- 
posed that there are two forms of M that are alternately 
populated depending upon the ionization state of an 
apoprotein moiety with a pK near 9.6 [134]. Iwasa et al. 
[172] and Balashov et al. [26,27] have proposed the 
existence of two forms of bR and K. Similarly, Alshuth 
et al. have proposed the existence of two forms of L 
[10]. There is strong evidence to indicate that there are 

TABLE IV 

Literature assignments of the primary quantum yields of light-adapted bacteriorhodopsin 

Investigators a ~1 b ~2 c ~ 1 / ~ 2  ~1 + ¢2 T d Reaction d Conditions ¢ 

O&H (1973) 0.79 f - 
G O D  (1976) - - 
B&E (1977) 0 .30+0.03 0.775:0.12 
G K R O  (1977) 0.25 5:0.05 0.63 5:0.20 
H&E (1978) 0 .33+0.05 0.675:0.04 
O H T  (1985) > 0.6 - 
P et al. (1986) - 0.6 
B et al. (1989) < 0.49 - 

> 0.78) - 300 bR --, M HS/e the r  
0.40 - 300 bR ¢* K aqueous 
0.39+0.15 1.07+0.15 233 bR ¢0 M glycerol 
0.40 + 0.18 0.88 + 0.25 300 bR ~ K aqueous 
0.49 + 0.10 1.00 + 0.09 77 bR ¢* K glycerol 

> 0.6) - 300 bR ~ M HS/e the r  
> 0.6) - 300 bR ~ K aqueous 

0.45 -t- 0.03 < 1.49 77 bR  ~ K glycerol 

a Investigators are defined as follows: 
G O K  (1976) Goldschmidt  et al. [125]; O&H (1973) Oesterhelt and Hess [240]; 
G K R O  (1977) Goldschmidt  et al. [124]; B&E (1977) Becher and Ebrey [37]; 
OHT (1985) Oesterhelt et al. [239]; H&E (1978) Hurley and Ebrey [168]; 
Be t  al. (1989) Birge et al. [50]. P e t  al. (1986) Polland et al. [253]; 

b Quan tum yield for the formation of the primary photoproduct,  K, from bR. Boldface numbers  indicate direct measurements.  Some investigators 
assigned this value by measuring the quan tum yield of the bR ~ M photoreaction and by assuming that the quan tum yield for the bR ~ M 
photoreaction isidentical tothat for the bR ~ K reaction (i.e., no branching back to bR occurs during the dark steps). 

c Quan tum yield for the formation of bR  from the primary photoproduct,  K. Boldface numbers  indicate direct measurements .  Some investigators 
assigned this value by measuring the quan tum yield of t he  M ~ bR photoreaction and by assuming that the quan tum yield for the M - ,  bR 
photoreaction is identical to that for the K ~ bR reaction. 

d The measurement  temperature (in Kelvin) and the photoreaction studied. The symbol ' ~=~' is used to represent a photostationary state 
measurement.  

e Solvent conditions used in the experimental measurement.  When specific solvent conditions are not  provided, 'aqueous '  is assumed. HS 
represents high salt, and 'glycerol' conditions are typically mixtures of  glycerol and water. Individual references should be consulted for more 
detailed descriptions of the experimental conditions. 

f Values shown in boldface were measured directly and the error ranges, when reported, are those provided by the investigators. Remaining values 
in the same row were derived from the data in boldface. 
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different conformational states of bacteriorhodopsin 
[86,149]. All of these observations are consistent with 
the concept of two (or more) photocycles. 

A key observation that can be made by reference to 
Table IV is that all photostationary state measurements 
yield values of ~ near 0.3 and all direct measurements 
yield values of ~1 near 0.6. It is therefore tempting to 
propose that there is some systematic error that is 
affecting one type of measurement, but not the other. 
While this explanation cannot be ruled out, it is very 
unlikely. Photostat ionary state measurements on 
rhodopsin yield results identical to those obtained via 
direct measurements [48]. Furthermore, many of the 
investigators carrying out the photostationary state 
measurements listed in Table IV carried out similar 
'successful' measurements on rhodopsin, which argues 
against experimental incompetence. Finally, a careful 
reading of those papers that predict ~ near 0.6 indi- 
cates that the investigators took care to avoid systematic 
errors of the type that might overestimate the primary 
quantum yield. We conclude that systematic errors are 
unlikely to be responsible for the observed duality in 
the experimental measurements of the primary quantum 
yield. 

Photophysical origins of the quantum yield duality 
The discussion above provides evidence that there 

are two forms of bacteriorhodopsin, each with a charac- 
teristic photocycle. We will adopt the labels bR~ and 
bR 2 to indicate these two forms, following the theoreti- 
cal model presented in Fgis. 13 and 14. In this section 
we will explore the possible external stimuli that may be 
responsible for preferentially selecting one form over 
the other. 

Analysis of the data of Table IV suggests that 
whatever perturbation is responsible for preferentially 
selecting bR~ versus bR 2, it is difficult, if not impossi- 
ble, to populate both forms simultaneously. Otherwise, 
we would observe quantum yield values characteristic of 
averages of bR~ and bR 2. As discussed in the previous 
section, solvent, temperature, ionic strength and pH 
may affect the distribution of these photocycles in a 
complex way that remains to be explored in detail. 
However, it is difficult to rationalize why any of these 
environmental perturbations would force population of 
one form of bR versus another and avoid the generation 
of a thermodynamic equilibrium containing both. 

Birge and coworkers have proposed that photochem- 
istry, rather than environment, is the key selector of 
photocycle [50,52]. This proposal is based on the ob- 
servation that all direct experimental measruements on 
~1 yield values greater than or equal to 0.6, while all 
photostationary state measurement on ~t yield values 
less than or equal to 0.33. This observation suggests a 
dual photocycle system as depicted in Fig. 15. The thick 
arrows in this figure indicate photochemical transforma- 

~ , 2  2 2 M2"-~ 2 ' ' ~  - ~  

Fig. 15. A dual photocycle model of bacteriorhodopsin which rational- 
izes the experimental observation that all direct measurements  on q~] 
yield values greater than or equal to 0.6, while all photostationary 
state measurements  on ~1 yield values less than or equal to 0.33. The 
thick arrows indicate photochemical transformations, and the quan- 
tum efficiency of the photochemical transformations are indicated by 
using filled circles: white ( ~  unknown), black ( ~  -- 0.3), grey ( ~  = 0.6). 
The thin arrows indicate thermal transformations.  Thus, the bR 2 
photocycle, which has the higher primary quan tum yield, is the 
thermally more stable. Direct measurements  will yield high values for 

hv 
~1, because the bR2--,  K :  I~hotoreaction will be/selected. However, 
the back reaction is not K2- - ,bR  2 but  rather K 2 ~ b R  1. Subsequent 
photochemistry will take place within the bR 1 photocycle, which will 

hv 
select the bR 1 ~ K 1 photoreaction, and yield a lower primary quan- 
tum yield. Because the reverse photoreaction from K1 also selects 

h~ 
bR1, all photostat ionary measurements  will measure the bR~ ~ K ~  
quan tum yield, which is about 0.3. At some stage in the photocycles, 
the intermediates of the two photocycles may be equivalent (i.e.. 
N 1 =-N 2, and O I-= 02). Thus, bR 2 could be formed via thermal 

relaxation of bR I or directly via O 1 -= 02 

tions while the thin arrows indicate thermal transforma- 
tions. Thus, the bR 2 photocycle, which has the higher 
primary quantum yield, is the thermally more stable. 
Direct measurements will yield high values for ~ ,  

hp 
because the bR 2--+ K 2 photoreactionhwill be selected. 
However, the back reaction is not K 2 --+ bR z but rather 
K2--+bR 1. Subsequent photochemistry will take place 
within the bR 1 photocycle, which will select the 

hv 
bR 1 --+ K t reaction, and yield a lower primary quantum 
yield. Because the reverse photoreaction from K] also 
selects bR 1, all photostationary measurements will mea- 

hp 
sure the bR1 ~ K 1 quantum yield, which is about 0.3. 

It is possible that a change in the ionization state of a 
group on the apoprotein, rather than a change in the 
chromophore-counterion geometry (Fig. 13), is respon- 
sible for transforming bR l to bR 2. The recent studies of 
E1-Sayed and co-workers [134] provide support for this 
alternative hypothesis. These investigators proposed that 
the biphasic kinetics observed in the formation of M are 
associated with two different chromophore environ- 
ments provided by the apoprotein [134]. They proposed 
further that the two forms are alternately populated 
depending upon the ionization state of an apoprotein 
moiety with a pK near 9.6. Regardless of which of the 
above alternatives is assigned as the dominant mecha- 



nism for selecting bR~ versus bR2, the key proposal is 
that a small change in protein geometry or binding site 
electrostatic environment can have a dramatic effect on 
the primary quantum yield. 

V-D. Energy storage in the primary event 
Birge and Cooper measured the energy stored in the 

primary photochemical event of light adapted bacterio- 
rhodopsin to equal 15.8 +2.5 kcal-mo1-1 based on 
pulsed laser photocalorimetry at 77 K [49]. This assign- 
ment assumed the bR ¢* K quantum yields measured by 
Hurley and Ebrey (see Table IV) [168]. The controversy 
concerning the assignment of the primary quantum 
yield, however, prompted a reevaluation of this assign- 
ment. A recent study indicates that the above energy 
storage value is valid for 77 K, but may be an over- 
estimate of energy stored under experimental conditions 
that yield higher quantum yields [50]. Under the experi- 
mental conditions used in the photocalorimetry experi- 
ment [49], the energy stored in the K intermediate can 
be assigned by using the following equation [50], 

1 1 ( 4 71 12.0 1 
AH K (kca l -mol ) - - - - -~ '~ ' - -~ -  + ~ - 2  + (0.10~2+{).0079~1)} 

where ~1 is the forward quantum yield and ~2 is the 
reverse quantum yield for the interconversion bR ,~ K. 
Although the photocalorimetry and stationary state 
spectroscopic experiments cannot determine ~1 or ~2 
directly, it is possible to assign the ratio ~1/~2 inde- 
pendently. The observed number (~1/~2 = 0.45 _+ 0.03 
[50]) is in good agreement with the Hurley and Ebrey 
measurement (~ l /~z  = 0.49 _+ 0.10 [168]), and not com- 
patible with the measurements yielding values of ~1 > 
0.5. Thus the photocalorimetric energy assignment is 
internally consistent, but is not necessarily applicable to 
environments that select quantum yields of 0.6 or above. 
We anticipate that energy storage for bR in environ- 
ments that select quantum yields of 0.6 or above is 
smaller, and can be estimated to be about 10 kcal- mol- 1 

[50]. The implications of this prediction are discussed 
below. 

V-E. Energy storage and proton pumping capability 

Steady state illumination of intact cells induces the 
light adapted form of bacteriorhodopsin to eject one or 
more protons from the cytoplasm generating an electro- 
chemical gradient across the cell membrane. This gradi- 
ent can be partitioned into two components [52,56,185, 
187,225,226], 

A p  = A ~  -- 2 . 3 R T A p H / F  (2) 

= A~ - 59ApH (rnV at 25 o C) (3) 

where Ap is the protonmotive force (or electrochemical 
gradient), Aq, is the electrical potential difference across 
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the membrane and A pH is the pH gradient across the 
membrane. Eqn. 2 is obtained by evaluating R T / F  
(R = gas constant, F =  Faraday constant) at T=  298 
K. The pH gradient during illumination is dependent 
upon extracellular pH as well as other factors and is 
thus subject to uncertainty. Estimates of ApH generally 
range from 0.7 to 1.5 units (inside alkaline) 
[185,225,226]. Estimates of A~p during illumination gen- 
erally span the range from -120 to -220 mV 
[185,225,226]. Thus, the electrochemical gradient across 
the cell may reach about 350 mV, but for the purposes 
of this discussion we will assume an average gradient of 
250 mV (= -Ap) .  

The free energy required to pump a single proton 
across a gradient of 250 mV is about 6 kcal. mol-1 (1 
kcal. mo1-1= 43.4 mV/molecule). If we neglect ent- 
ropy and assume the equivalence of enthalpy and free 
energy in estimating the relationship between energy 
storage and proton pumping capability, the energy 
stored in the primary event (about 16 kcal-mo1-1) is 
sufficient to pump two, but not three, protons per 
photocycle under typical ambient conditions. This max- 
imum stoichiometry is consistent with many of the 
measurements of proton pumping stoichiometry, which 
indicate that two protons are pumped per photocycle 
[65,128,215-217]. However, those measurements yield- 
ing 2 protons/photocycle are typically based on an 
assumption that the primary quantum yield is about 0.3. 
In general, the actual observations yield 

protons pumped/photocycle -= 0 . 6 / •  l 

and thus the proton pumping quantum yield will be 
closer to unity if ~1 is above 0.6. As noted above, 
however, environments that select photocycles with 
primary quantum yields of about 0.6 may result in a 
concomitant reduction in energy storage to about 10 
kcal. mo1-1 (e.g., Fig. 14). The latter energy storage 
value is consistent with a proton pumping stoichiometry 
no larger than one under ambient to high gradient 
conditions. 

It is interesting to speculate on the potential biologi- 
cal relevance of our proposal that two photocycles may 
exist with different quantum yields and energy storage 
capacities. We will assign these two photocycles to have 
the following properties: 

b R a ( ~ l  ~0 .3 ,  AH12~16kcal .mo1-1,  

[H + ]/photocycle = 2( l a P l  -< 25O mV), = 1 ( l ap [  > 250 mV) }, 

bR2 ( q~l = 0.6, A H12 = 10 kcal. mol -  1, 

[H + ] /photocycle = 1( [~p[ < 250 mV), = 0( l apl > 25o mV) }, 

Following the model presented in Fig. 15, we assign 
bR 2 as the lower free energy form of the protein that is 
nominally active under in vivo conditions. Natural 
selection may have designed bacteriorhodopsin to inter- 
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convert from bR 2 to bR 1 under conditions of high 
electrochemical gradient ( tApl  > 250 mV) where bR 2 
is no longer capable of pumping a proton because the 
free energy stored is insufficient to override the mem- 
brane gradient. Because bR 1 stores more energy in the 
primary event, it is a more efficient proton pump under 
conditions of high membrane electrochemical gradient. 
Analysis of the data of Table IV also suggests the 
possibility that bR 1 is photochemically selected via re- 
verse photoreactions from K or M. Thus, under high 
light intensities, which will result in the generation of 
high electrochemical gradients, the protein is converted 
into the most efficient form. While the speculative na- 
ture of this discussion should be emphasized, we should 
not overlook the fact that the unusual photochemical 
properties of bacteriorhodopsin may have biological 
relevance. 
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