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aBSTRACT  The reported rates of thermal 13-cis to all-trans isomerization of the protonated Schiff base of retinal (PSBR) in solution
and in bacteriorhodopsin (BR) are shown to be correlated with the red shift in the absorption maximum of the chromaophore, though
the linear fit is different for BR and for a model PSBR in solution. Because the red shift in the absorption has been previously shown
to be correlated with w-electron delocalization in the chromophore, this suggests that the thermal isomerization rate is largely
regulated by the amount of double bond character in the chromophore. Because the linear fit of isomerization rates with absorption
maxima is different for BR and the model PSBR, specific interactions of the protein with the chromophore must also be a factor in
determining thermal isomerization rates in BR. A model of the later steps in the photocycle of BR is presented in which the 13-cis to
all-trans thermal isomerization occurs during the O intermediate.

INTRODUCTION

Bacteriorhodopsin (BR) is the primary protein in the
cell membrane of Halobacterium halobium. Within pico-
seconds of absorption of visible light by light adapted
BR (1aBR), its chromophore, a protonated Schiff base of
retinal (PSBR), isomerizes from all-trans to 13-cis
(Sharkov et al., 1985; Mathies et al., 1989; Ottolenghi
and Sheves, 1989). This event initiates a process called
the BR photocycle, in which the protein goes through a
series of intermediates whose ultimate function is to
pump a proton across the cell membrane (Stoeckenius
and Bogomolni, 1982; Ottolenghi and Sheves, 1989).
The photoisomerization event acts as the energy trans-
forming switch that initiates the BR photocycle, as in
those laBR that absorb light but do not isomerize, no
photocycle ensues and no protons are pumped. The
photocycle is completed in <10 ms at room tempera-
ture, and when it is finished, all-zrans-BR is obtained in
its initial state (Lozier et al., 1975; Hofrichter et al.,
1989), implying that thermal 13-cis to all-trans isomeriza-
tion occurs in <10 ms. Slower thermal isomerization of
the PSBR during the photocycle would slow down the
regeneration of laBR and retard the rate at which BR
could absorb light and pump protons. The regeneration
of 1aBR is slowed in certain single point mutants of the
protein (Mogi et al., 1988; Holz et al., 1989; Butt et al.,
1989), and in these cases the yield of pumped protons,
upon irradiation of the protein with high light fluxes, is
limited by the rate of return of laBR. Thus, the rapid
thermal isomerization of the PSBR that occurs during
the photocycle of BR is critical for the efficient function
of the protein.

Thermal isomerization also occurs in BR in the dark,

with the nearly 100% all-trans PSBR in laBR equilibrat-
ing in ~20 min in the dark at neutral pH and room
temperature to give approximately 33% all-trans and
67% 13-cis PSBR in dark adapted BR (daBR) (Scherrer
et al., 1989). It is known that the 13-cis-BR does not
pump protons upon absorption of light and that it
reverts to the photoactive all-trans-BR (1aBR) with a
quantum yield of less than 0.05 (Ohno et al., 1977,
Hofrichter et al., 1989). Thus, thermal isomerization
from all-trans to 13-cis BR decreases the proton pump-
ing photoactivity of BR when the ambient light level is
low. At higher light fluxes the 13-cis-BR is converted to
all-frans-BR at a rate that is greater than the thermal
back isomerization, and the effective quantum efficiency
of proton pumping is greater.

Efficient thermal isomerization of the PSBR in BR
appears to be essential for its appropriate function as a
photocatalyst within the bacterium. Whereas the nature
of the intermediates important in the proton pumping of
BR have been the subject of extensive investigation, the
details of the thermal isomerization in BR have been
studied much less. There are two basic views of how
rapid isomerization occurs in BR. One is that the
isomerase activity of the protein is due to enhanced
w-electron delocalization in the PSBR that is induced by
the electrostatic interactions of the protein with the
chromophore (Orlandi and Schulten, 1979; Sheves and
Baasov, 1984; Tavan et al., 1985). The other is that
catalysis of the isomerization is induced by transient
nucleophilic addition of an aspartate to C,; of the PSBR
(Seltzer, 1990). Intermediate to these views is a model in
which a negatively charged group is close to the C,; of
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the PSBR and contributes to inducing a greater m-elec-
tron delocalization in the chromophore. In the current
work, previously reported results on the thermal isomer-
ization rates of BR and of model PSBR in solution are
used to show that there is a correlation between the
thermal isomerization rate and the position of the
absorption maximum of the chromophore. Whereas the
current work cannot rule out the possibility that a
transient nucleophilic addition to C;; of the PSBR
occurs, it is concluded, in agreement with previous
theoretical calculations (Tavan et al., 1985; Seltzer,
1987), that it is possible to ascribe the isomerase activity
of BR, in large part, to w-electron delocalization that
decreases the strength of the double bonds in the PSBR.
A tentative model, based on results reported on single
point mutants of BR and on kinetic results on the
photocycle kinetics of BR, is presented that shows a
picture of the photocycle of BR that is consistent with
rapid thermal isomerization.

ISOMERIZATION RATES

The literature values of the rates of 13-cis to all-trans
isomerization will be plotted versus the absorption
maxima for model PSBR. Sheves and Baasov (1984)
have reported the isomerization rates for model PSBR
in CDCl,. These model compounds differed in the
primary amine used to form the Schiff base and/or the
acid and its concentration used to protonate the Schiff
base. The authors used NMR to obtain the isomeriza-
tion rates of 13-cis to all-trans PSBR and reported the
half-life for isomerization to the 20:80 13-cis:all-trans
equilibrium mixture they obtained. From these half-lives
one can calculate a first-order rate for the 13-cis to
all-zrans process, as the observed rate is the sum of the
forward and reverse rates and the ratio of these rates is
determined by the mixture at equilibrium. On Fig. 1 are
plotted the 13-cis to all-rans isomerization rate for the
n-butyl PSBR/CI-, PSBR/CIO,” and the n-butyl PSBR
protonated with 0.35 M trifluoroacetic acid (TFA), all in
CDCl,. For each of these solvent conditions the log of
the rate is plotted against the absorption maximum of
the chromophore in CHCI, that was obtained experimen-
tally under similar protonation conditions. For the case
of protonation by HCl and HCIO,, the absorption
maximum of the 13-cis,n-butyl PSBR is 448 and 466 nm,
respectively, whereas for protonation by 0.35 M TFA the
absorption maximum is 484 nm. As seen in Fig. 1, a plot
of log k versus the absorption maximum for the model
PSBR in the three protonation conditions defines a
straight line, with r = 0.997, slope = 4.4 x 102 nm™', and
y-intercept = —47.4. Similarly, if a plot is made of the log
of the 13-cis to all-trans isomerization rate versus the

log k

-6 v
440 540 640
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FIGURE 1 log k(k = rate of 13-cis to all-trans isomerization) versus
absorption maximum of: (@) n-butyl PSBR in CDCI, solution (1 = CI~
salt, 2 = ClO,” salt, 3 = 0.35 M CF,CO,H) slope = 4.4 x 10 nm™',
y-intercept = —47.4,r = 0.997; (M) BR (4 = pH 10,5 =pH 7,6 = pH
3, 7 = photocycle) slope = 7.7 x 10 nm™, y-intercept = —47.3, r =
0.986. Data are from references cited in text.

energy at the absorption maximum (in centimeter™')
a highly correlated plot is obtained, with r = 0.998,
slope = —9.6 X 107 cm, and y-intercept = 16.9.

In the case of BR in its native lipid environment of the
purple membrane (PM) in different external solvation
environments, a correlation can be obtained between
the log of the rate of thermal 13-cis to all-trans isomeriza-
tion and the absorption maximum. In the following, the
estimates used to obtain the rates and absorption
maxima may not give the exact values; however, the high
correlation obtained would still be found for other
reasonable estimated values. Because the plot for the
model compounds was of the 13-cis to all-trans thermal
rate at 25°C, the rates of the BR in PM will be estimated
for these condition. A number of years ago Ohno et al.
(1977) reported the observed rate of dark adaptation for
BR in PM at pH between 3.5 and 10 at 30°C. At neutral
and basic pH, dark adaptation was seen to follow first
order kinetics, whereas at acidic pH deviations from first
order were observed. The reported rates were analyzed
by Warshel and Ottoenghi (1979) with a model that
assumes there are ionizable groups within the protein
whose protonation/deprotonation define the forms of
BR that have the different isomerization rates. Dark
adaptation rates of 0.12, 5 X 10™, and <5 X 107 s™!
were determined for low pH, blue BR, neutral pH BR,
and high pH BR. To convert these values to 13-cis to
all-trans rates at 25°C, one needs to know the isomer
ratio when the thermal equilibrium between the isomers
is obtained and the activation energy of the isomeriza-
tion process. A number of papers have reported on the
determination of the isomer ratio in equilibrated, dark
adapted BR (daBR) (Ohno et al., 1977; Fischer and
Oesterhelt, 1979; Sperling et al., 1979; Scherrer et al.,
1989). Even at neutral pH there has been disagreement,
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but the most recent report is that there is ~ 2:1 13-cis:all-
trans PSBR at thermal equilibrium (Scherrer et al.,
1989). For low pH BR, which is also known as blue-BR
due to its red-shifted absorption and blue color, a few
values have been reported: 2:3 and 3:7 for the relative
amount of 13-cis and all-frans PSBR at thermal equilib-
rium (Fischer and Oesterhelt, 1979; Ohtani et al., 1986);
the average of these gives ~1:2 13-cis:all-trans. The
isomer ratio has not been reported for high pH BR, but
it is reasonable to expect that it would be in the range of
BR in the other conditions, and for the sake of calcula-
tion of the isomerization rate it is taken to be 1:1
13-cis:all-trans. Only a limit of the rate for the observed
isomerization is reported for the high pH BR, and as this
is the most reliable number available, this will be used.
Also, to allow for comparison of the rates with those of
the model compounds, the rates estimated for 30°C have
been divided by 2.0, a factor that represents the decrease
in rate expected at 25°C for a process that has an
activation energy of 24 kcal/mol. This is the value
reported for the activation energy of the thermal isomer-
ization for BR at neutral pHs (Ohno et al., 1977; Tavan
et al., 1985). One expects the activation energy to be
somewhat different for the BR at high and low pH, but
the differences should not significantly affect the value
of log k because of the small change in the temperature
in the calculation. From the above, the rate at 25°C for
thermal isomerization is estimated to be 4.0 x 107
6.67 x 107, and 1.25 x 107 for low, neutral, and high
pH BR in PM.

To plot points for BR similar to those plotted on Fig. 1
for the model PSBR, it is necessary to know not only the
rates of thermal isomerization, it is also necessary to
know the absorption maximum of the species. The
absorption spectrum of 13-cis and all-trans PSBR are
known to be different in BR at neutral pH. There has
been some disagreement in the literature as to the
absorption maximum of 13-cis BR at neutral pH, with
values between 548 and 555 nm having been reported
(Stoeckenius and Bogomolni, 1982; Scherrer et al.,
1989). The value of 555 nm is from a recent and
complete study of both the isomer ratio in daBR and the
absorption maximum of the 13-cis species that makes up
% of it (Scherrer et al., 1989). Thus, the absorption
maximum of the 13-cis BR is 5 nm to the blue of that of
daBR, whose absorption maximum is at 560 nm. The
absorption maximum of dark adapted low pH, blue BR
is 605 nm (Fischer and Oesterhelt, 1979; Ohtani et al.,
1986) and that of high pH BR is ~ 550 nm (Muccio and
Cassim, 1979). These values are used in the plot shown
on Fig. 1, as there are no reports on the relative position
of the absorption of the 13-cis and all-trans BR under
these conditions. Though small differences in the posi-
tion of the 13-cis BR absorption relative to that of the

equilibrated BR for high and low pH BR are likely, such
a difference between the actual and plotted value would
not significantly affect the correlation observed. In fact,
if the 13-cis absorption maximum is assumed to be a few
nanometers to the blue of the spectrum of the equili-
brated species in both high and low pH BR, as it is in
neutral pH BR, the correlation between log k and the
absorption maximum is higher.

As mentioned in the Introduction, not only does
thermal isomerization occur in the dark, it occurs during
the photocycle. The rate of isomerization must be very
rapid in the photocycle, as the photocycle is completed
in ~10 ms at room temperature in neutral solution.
Resonance Raman and FTIR have identified the chro-
mophore in the K through N intermediates as 13-cis
(Rothschild and Marrero, 1982; Fodor et al.,, 1988;
Ames et al., 1989) and during the O intermediate as
all-trans (Smith et al., 1983). In the work on the
resonance Raman spectrum of O, which was done at
40°C, the rise of O is observed to take place in 1.6 ms,
whereas the spectrum is obtained between 3 and 6 ms
after the photolysis. Thus, what is known is that the
isomerization occurs at least some time after the N
intermediate decays and within a few milliseconds after
the O intermediate has formed. Whereas in models of
the photocycle it is common to show that the isomeriza-
tion from 13-cis to all-trans occurs concomitant with the
N to O transition (Ames and Mathies, 1990), the current
work suggests that a different model should be consid-
ered. In both the model compound and BR there is a
more rapid thermal isomerization for the PSBR when
the absorption maximum of the chromophore is further
to the red. As will be explained in greater detail below,
this can be attributed to the w-electrons being more
delocalized in the PSBR when its absorption is red
shifted. Thus, it follows that the 13-cis to all-trans
isomerization would be expected to be significantly more
rapid in O, which has an absorption maximum at 640 nm,
than in N, which has an absorption maximum at 550 nm.
When the isomerization might occur during the O
intermediate is not clear, but from the reported reso-
nance Raman results (Smith et al., 1983; Ames and
Mathies, 1990) it should take place within the initial few
milliseconds of the formation of this intermediate. Thus,
for the sake of plotting a log k versus absorption
maximum value for the 13-cis to all-trans isomerization
an arbitrary value of log k¥ must be chosen, and the
recently reported N to O rate obtained at 25°C is used
(Hofrichter et al., 1989). If the model proposed here is
correct, this value is probably near the lower limit of the
actual value, considering the speed at which an appar-
ently constant O Raman spectrum is seen. But even if
the actual isomerization rate is faster by as much as two
orders of magnitude from this estimated value, the
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correlation including it and the other isomerization rates
in BR would still exist (for the plot of log k versus
absorption maximum, the correlation coefficient would
change from 0.986 to 0.966). Fig. 1 shows the correlation
including the estimated value for the isomerization rate
within the O intermediate and the values obtained for
the isomerizations during dark adaptation for BR in PM
in its different pH forms, with » = 0.986, slop = 7.7 X
107 nm™", y-intercept = —47.4. Similarly, if a plot is
made of the log of the 13-cis to all-trans isomerization
rate versus the energy at the absorption maximum (in
centimeter™'), a highly correlated plot is obtained, with
r = 0.981, slope = —2.7 x 107 cm, and y-intercept =
44.0.

The above argument that the rapid thermal isomeriza-
tion of the PSBR in BR during the photocycle occurs
during the initial stages of the O intermediate is predi-
cated on the correlation between the log of the isomer-
ization rate and the absorption maximum of the chro-
mophore for the model PSBR and for dark adaptation of
BR. If one took the current view in the literature, that
isomerization is the event that defines the difference
between N and O and that isomerization occurs during
N decay, then this would define the absorption maxi-
mum of the isomerizing species as S50 nm and the rate of
isomerization as the rate of N-O. Using these values for
the thermal isomerization step, rather than the one
discussed above, gives a line that is essentially not
correlated (r = 0.079) for the plot of the log of the
isomerization rates versus the absorption maximum for
BR. As will be discussed below, previous work suggests
that it is reasonable to suppose that there would be a
correlation between the red shift in the absorption and
increases in the thermal isomerization rate.

EXPLANATION FOR CORRELATION
BETWEEN ABSORPTION MAXIMUM AND
ISOMERIZATION RATES

Previous work strongly suggests that thermal double
bond isomerization should occur more rapidly in PSBR
whose absorption is red shifted. It has been shown that
the energy of the v___ stretch decreases for linear poly-
enes as the absorption maximum shifts to the red (Rimai
et al., 1973), and that this type of correlation is also fol-
lowed by PSBR model compounds (Baasov and Sheves,
1985), and by both rhodopsin and BR in various states
(Doukas et al., 1978; Marcus and Lewis, 1978). Thus, for
both the model compounds and BR, as the PSBR red
shifts it is expected that m-electron delocalization will
increase and double bond strength will decrease, leading
to more facile double bond isomerization.

A number of reported theoretical calculations on
PSBR or their models have shown that upon moving the

counter ion of the protonated nitrogen of the PSBR
infinitely far away that the thermal barrier to isomeriza-
tion of double bonds decreases dramatically (Warshel,
1978; Orlandi and Schulten, 1979; Taven et al., 1985;
Seltzer, 1987). As an example, MNDO calculations have
shown that moving a negative charge from 2.5 A to
infinitely far from the Schiff base nitrogen changes the
C;—C,, bond order from 1.712 to 1.457 and the C,,-N
bond order form 1.610 to 1.396 (Seltzer, 1987). These
calculations also show that the barrier for concerted
cis-trans isomerization about C,—C,, and C-N by a
bicycle pedal motion decreases from 62.2 to 24.6 kcal/
mol upon moving the counterion from 2.5 A to infinitely
far from the Schiff base nitrogen. There are a number of
interactions that regulate the position of the absorption
maximum of the chromophore in BR in its various
states. From theoretical calculations and studies using
BR reconstituted with synthetic analogues of retinal, it
has been shown that the position of the counterion with
respect to the nitrogen is critical in regulating the
position of the absorption, with the farther the coun-
terion is from the nitrogen, the greater the chromophore
red shift (Ottolenghi and Sheves, 1989). Thus, moving
the counterion away from the Schiff base nitrogen both
red shifts the absorption and lowers the thermal isomer-
ization barrier. This is as expected, as both an absorp-
tion red shift and a lower isomerization barrier should
occur upon the greater ar-electron delocalization that
results from moving the counterion away from the Schiff
base nitrogen.

MODEL FOR THERMAL ISOMERIZATION
DURING THE PHOTOCYCLE

If, as the analysis above suggests, isomerization occurs
after the O intermediate has formed, this implies that
there are actually two states of the O intermediate, with
the two differing in the cis-trans isomer state of the
chromophore. Two O intermediates, named here cO
and tO for their 13-cis or all-trans chromophore, have
not been detected in the large number of transient
absorption experiments reported on the photocycle of
BR (Lozier et al., 1975; Hofrichter et al., 1989; Varo and
Lanyi, 1990), indicating that either of three possibilities
occurs: the isomerization from cO to tO is so rapid that
it cannot be readily observed; the isomerization is rapid
and gives an equilibrium between cO and tO, and it is
this equilibrium mixture that is observed spectroscopi-
cally and that decays to BR through tO; cO and tO are
spectrscopically similar, and because their concentra-
tions are never high, they are not distinguishable experi-
mentally.

The shift in absorption of the PSBR between N and O
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is large, with the maximum changing from 550 to 640 nm.
As stated above, the position of the counterion is a
critical factor in regulating the absorption in BR. Both
solid-state NMR (de Groot et al., 1989) and single site
mutagenesis experiments have shown that the coun-
terion of the protonated nitrogen of the Schiff base is
complex and that it probably includes a number of
residues, with the mutagenesis work indicating that
Asp-85, Asp-212, and Arg-82 are involved (Stern et al,,
1989; Subramanium et al., 1990; Otto et al., 1990). In the
case of replacement of Asp-85 by Asn, the pigment
absorbs at 605 nm, the same position as for low pH, blue
BR. Neither the Asp-85 — Asn mutant or blue-BR
exhibit an M intermediate upon photolysis, suggesting
that Asp-85 accepts the proton from the PSBR during
the M intermediate of the photocycle, that it is close to
the Schiff base proton, and that neutralization of its
negative charge affects the chromophore’s absorption
maximum in a manner similar to moving the negative
counterion a large distance away. The importance of
protonation of Asp-85 during M is further supported by
low temperature FTIR studies of the photocycle interme-
diates in the Asp-85 — Asn mutant (Braiman et al.,
1988) and by time-resolved FTIR studies of BR (Ger-
wert et al., 1990). The red shift in the spectrum from N
to O is even larger than the red shift that comes with
removal of the negative charge at Asp-85. This suggests
that one process in the N to O transition is the transfer
of a proton to the complex counterion. However, the
exact placement of the proton within the complex
counterion is not known, and other changes in the
interaction of the protein with the chromophore, such as
movement of a negative charge near to C,,, are probably
also important in inducing the very large red shift in the
PSBR spectrum that is observed in the O intermediate.

Recently, Ames and Mathies (1990) have obtained
rate constants for the pH dependent rate of decay of the
N to the O. They showed that in 3.5 M salt that the rate
is constant below pH 7 and that it decreases at higher
pH. Their data indicates that both an N and an N*
intermediate occur in the photocycle and that the two N
intermediates only differ by the protonation of an
internal protein residue. It was inferred that the protona-
tion state of this residue does not affect the spectral
properties of BR and that it is only the N* intermediate
that leads to O. This, along with the current work,
suggests that it may be the proton on this residue that
protonates the complex counterion during the formation
of O. Protonation of the complex counterion during O
formation is consistent with recent time-resolved FTIR
work that indicates that either Asp-212 or Asp-85
becomes protonated at this point in the photocycle
(Gerwert et al., 1990). Ames and Mathies (1990) have
postulated that N* follows N in the photocycle, as it is

only N* which will lead to O. However, another kinetic
scheme fits with their data. Formation of either N or N*
could occur from M, depending on the protonation state
of this residue in M. Because the M to N rate is not
significantly pH dependent, then the protonation state
of this residue does not affect this rate. Thus, two
essentially spectroscopically identical M intermediates
may precede the N and N*, and they are called here, in
analogy, M and M*. Fig. 2 presents the kinetic scheme

(asp-arg-asp)-H —_ (asp-arg-asp)-H

Cpmlein-illle prm-mw

I e
— =N — N
R R

(asp-arg-asp) — (asp-arg-asp)’

Cpm(eirume

Cpmlein-sme
RH N*

{asp-arg-asp)-H

Cpm(ein-une

1l

(asp-arg-asp)-H

cO

9

Tpmlein-sule

FIGURE 2 Model for the later steps of the photocycle of BR in PM.
The 13cis to all-trans isomerization step, along with a previously
postulated protein conformation change between protein states named
C and T (Fodor et al., 1988), is shown to occur during the O
intermediate. The protonation state of an as yet unspecified protein
residue (R~ or RH) depends on the external pH during the M and N
intermediates. Protonation of RH is necessary for the transfer of its
proton to the complex-counterion (asp-asp-arg)” in the N* to cO
transition. The rate of M* to N* and M to N are very similar or
identical, with the protonation state of RH not significantly affecting
the rate of reprotonation of the Schiff base of retinal in the M to N
transition. The influence of pH on the M and M* and N and N*
equilibria may be different. The exact position of the proton on the
nitrogen of the PSBR is not known, nor is the position of the complex
counterion, and their placement is arbitrary.
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developed here. Note that the complex counterion is
represented by (asp-arg-asp)” or (asp-arg-asp)-H, as
there is no consensus in the literature as to the specifics
of the protonation state of the three residues during the
photocycle (Braiman et al., 1988; Ames and Mathies,
1990; Gerwert et al., 1990). Recent work suggests that a
Ca’ may interact with the residues in the complex
counterion, and the effect that this ion has on the
protonation state of the residues is an open question
(Jonas and Ebrey, 1991).

CONCLUSION

Correlations between the maximum in the absorption
spectrum and the log of the 13-cis to all-trans isomeriza-
tion rate have been shown to exist for a model PSBR and
for BR in PM, and the implications of this with regard to
the importance of w-electron delocalization in regulat-
ing the rate of thermal isomerization have been pre-
sented. The results agree with theoretical work that
indicates that movement of the counterion of the PSBR
away from the nitrogen can lead to red shifts in the
spectrum and greater w-electron delocalization. Other
changes in the position of charges, such as the relative
position of a negative charge near C,; of the PSBR,
and/or the polarizability of the environment may also
make significant contributions to w-electron delocaliza-
tion in the chromophore. The correlation observed for
the model compound and for BR are different, with the
isomerization being slower in BR for a chromophore
with an equivalent absorption maximum, indicating that
other factors are important. Factors that may contribute
to the slower isomerization rates in BR might include
steric effects of the protein on the chromophore in the
binding pocket and the effect that the lipid environment
has on the ability of the protein to undergo conforma-
tional changes that occur concomitant with the chro-
mophore isomerization. It may be noted that bovine
rhodopsin, a retinal pigment with an 11-cis PSBR that
absorbs near 500 nm, does not thermally isomerize to a
significant extent at room temperature. In this pigment
the interactions between the protein and the chro-
mophore are very different than those in BR. The
bathochromic shift in the PSBR spectrum is not attrib-
uted to a movement of the counterion away from the
protonated nitrogen (Ottolenghi and Sheves, 1989), but
rather to perturbations in the vicinity of C, (Smith et al.,
1990). The chromophore binding pocket is considered to
be more restricted in rhodopsin than in BR (Gartner et
al., 1984; Liu et al., 1984). Thus, the different steric and
electronic factors appears to be important in making the
thermal isomerization barrier greater in bovine rhodopsin

than one would expect solely from the position of its
absorption maximum.

Recent work has shown that delipidated BR in dif-
ferent detergent micelles, where the maximum absorp-
tion of laBR is between 552 and 558 nm, has dark
adaptation rates at room temperature that vary by a
factor of 20, depending on the detergent and pH (Milder
et al., 1991). This range in the rates has been attributed
to the different effect that the different detergents have
on protein conformation changes associated with the
isomerization and to how the different micelles affect
the accessibility of the solvent to the BR. Thus, the
correlation seen for BR in PM between isomerization
rates and absorption maxima is specific to the solvation
condition and is not followed for BR in other solvation
conditions. Taken together, the specific environment of
the PSBR in BR and the external solvation environment
of BR are factors, along with the extent of wr-electron
delocalization of the chromophore, in regulating the
rate of thermal isomerization in BR.
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