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ABSTRACT: Time-resolved absorbance measurements, over a spectral range from 300 to 700 nm, were made at
delays from 1 μs to 2 ms after photoexcitation of bovine rhodopsin in hypotonically washed membrane
suspensions over a range of temperature from 10 to 35 �C. The purpose was to better understand
the reversibility of the Lumi I-Lumi II process that immediately precedes Schiff base deprotonation in the
activation of rhodopsin under physiological conditions. To prevent artifacts due to rotation of rhodopsin and
its photoproducts in the membrane, probe light in the time-resolved absorbance studies was polarized at the
magic angle (54.7�) relative to the excitation laser polarization axis. The difference spectrum associated with
the Lumi I to Lumi II reaction was found to have larger amplitude at 10 �C compared to higher temperatures,
suggesting that a significant back-reaction exists for this process and that an equilibrated mixture forms. The
equilibrium favors Lumi I entropically, and van’t Hoff plot curvature shows the reaction enthalpy depends on
temperature. The results suggest that Lumi II changes its interaction with the membrane in a temperature-
dependent way, possibly binding a membrane lipid more strongly at lower temperatures (compared to its
precursor). To elucidate the origin of the time-resolved absorbance changes, linear dichroism measurements
were also made at 20 �C. The time constant for protein rotation in the membrane was found to be identical to
the time constant for the Lumi I-Lumi II process, which is consistent with a commonmicroscopic origin. We
conclude that Lumi II (the last protonated Schiff base photointermediate under physiological conditions) is
the first photointermediate whose properties depend on the protein-lipid environment.

Considerable progress has been made during the past decade,
since publication of the first 3-D crystal structure of rhodop-
sin (1), toward understanding the visual pigment activation
mechanism and, more generally, that of G protein-coupled
receptors (GPCRs).1 Beginning with simple photoisomerization
of the 11-cis-N-retinylidene chromophore, rhodopsin activa-
tion threads through multiple substructures and protonation
“switches” at diverse locations within the transmembrane region
of the protein (2-4). Beyond those diverse motifs internal to the
protein, it has long been known that rhodopsin’s lipid environ-
ment powerfully affects the later stages of activation. However,
causal relationships between all of these parts and even the
temporal sequence of their change have been difficult to establish,
largely because experimental methods capable of resolving
detailed structure require preparations stabilized using nonphy-
siological conditions. In order to better establish the sequence of
events in visual pigment activation so that they can be understood
in vivo, time-resolved measurements under physiological condi-
tions are essential.

A primary advantage of time-resolved absorbance measure-
ments reported here is their ability to characterize equilibria
which have been shown to occur in several rhodopsin activation
steps. To properly interpret results for thermally trapped species,

the temperature dependence of these equilibria must be under-
stood. The earliest reported thermal equilibrium in rhodopsin
activation is the decay of bathorhodopsin (Batho) to form the
blue-shifted intermediate (BSI) (5), a step immediately preceding
formation of the lumirhodopsin (Lumi) photointermediate.
Time-resolved absorbance characterization of the Batho a BSI
equilibrium mixture provided the basis for more detailed char-
acterization of the chromophore vibrations both inBSI and in the
initially formed lumirhodopsin using resonance Raman spectral
measurements (6). The strong temperature dependence of the
Batho a BSI equilibrium was originally suggested to arise from
∼5 torsional modes of the N-retinylidene chromophore moving
fromabove kT inBatho to below it inBSI (7), amolecular picture
that could explain the otherwise puzzling, recently reported
similarity between the behavior of the 12-methyl and 12-fluoro
artificial retinal pigments in temperature trapping studies (8). In
contrast to later equilibria, the processes up to and including
formation of the initial form of lumirhodopsin, Lumi I, are
independent of the protein environment (as shown by their lack
of kinetic sensitivity to detergent solubilization), which suggests
that changes are confined to the chromophore pocket of the
protein. Later processes are known to be strongly affected by
detergent solubilization (9), including the equilibrium between
themetarhodopsin (Meta) photointermediates following Lumi II
decay.

It remains to be determined exactly when and how the protein
environment begins to affect photointermediate properties. The
onset of this effect is important, because by reciprocity the earliest
photointermediate sensitivity to protein surroundings, i.e., when
environment affects the chromophore, reports when change has
propagated to the surface of the protein-lipid complex. Previous
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studies have suggested that Schiff base (SB) deprotonation is the
earliest process affected by detergents (9-11). However, here
we examine the process immediately preceding the formation of
the first SB deprotonated metarhodopsin (Meta) photointer-
mediates to determinewhether it too shows evidence of sensitivity
to protein environment, several orders of magnitude earlier in
time than SB deprotonation.

MATERIALS AND METHODS

Preparation of Hypotonically Washed, Rhodopsin Mem-
brane Suspensions. Bovine rod outer segements (ROS) were
prepared and hypotonically washed using 1 mMEDTA solution
as previously described (11). After the final wash, the pellet was
resuspended in TBS buffer (10 mM Tris, 60 mM KCl, 30 mM
NaCl, 2 mM MgCl2, 0.1 mM EDTA, adjusted to pH 7) and
frozen in aliquots for later experiments. On the day of an experi-
ment an aliquot was thawed, pelleted (Sorvall SS-34 rotor, 12K
rpm, 20 min), and resuspended in low salt Tris buffer (10 mM
Tris, 2 mM MgCl2, 0.1 mM EDTA, pH 7) at a final rhodopsin
concentration of 1.1-1.5 mg/mL.
Time-Resolved Absorbance Measurements at Magic

Angle. Time-resolved absorbance changes from 300 to 700 nm
were measured at temperatures from 10 to 35 �C using an
apparatus described previously (12). Absorbance difference spec-
tra were collected at a series of delay times, ranging from
2 μs to 2 ms at 10 and 20 �C and from 500 ns to 64 μs at 35 �C,
after the ∼7 ns excitation pulse of 477 nm light (80 μJ/mm2).
Polarization of the probe light was set to 54.7� (magic angle)
relative to the excitation pulse polarization in order to prevent
absorbance changes due to rotational diffusion of rhodopsin in the
membrane from being recorded. Prior to performing measure-
ments, to reduce light scattering, samples were sonicated for 30 s
under argon in an ice bath.
Data Analysis Using Global Fitting. Each set of time-

dependent absorption difference spectra (after averagingmultiple
experiments at each temperature and noise reduction using
singular value decomposition), {ΔA(λ,t)}, was fit to functions
of the form:

Δaðλ;tÞ � b0ðλÞþ b1ðλÞe- t=τ1 þ b2ðλÞe- t=τ2 þ :::

with two, three, and four exponential terms (5). Global fitting
gives the time constants, τi, for the exponential processes and the
b-spectra, bi(λ), or difference spectra associated with those time
constants. The number of exponentials that best fit the data was
determined from plots of residuals, ΔA(λ,t) - Δa(λ,t). When the
proper number of exponential terms are fit, residual plots should
be flat and not significantly improved by an additional exponen-
tial term. Even if the evolution of photointermediates follows
the simplest mechanism, i.e., Lumi I f Lumi II f Meta X, the
b-spectra would not correspond exactly to the difference spectra
between successive photointermediates; i.e., b1(λ) is not equal to
ALumi I(λ)- ALumi II(λ), because any sum of exponential function
results from a model where all time-dependent spectral changes
start at t=0. Clearly, this is not true for the simple sequential
model above because Meta X formation only begins at some
delay after initial photolysis, specifically after Lumi II is formed.
The actual difference spectra between successive photointerme-
diates for the above simplest, unidirectional sequential model have
to be constructed from linear combinations of the b-spectra (13).
The amount of mixing between temporally adjacent b-spectra is
approximately proportional to the ratio of their time constants.

The difference spectra between successive photointermediates
constructed in that manner are referred to here as unidirectional
sequential intermediate difference (USID) spectra. AUSID spec-
trum should be temperature independent, both in shape and in
amplitude, if the associated reaction is actually unidirectional and
the spectra of the successive photointermediates are temperature
independent, an assumption commonly made for photointer-
mediates (14).
Linear Dichroism Measurements. To characterize rota-

tional diffusion of rhodopsin in membrane suspensions, time-
resolved absorbance measurements were made at a series of time
delays using probe light that was linearly polarized along an axis
either parallel to, ΔA )(λ,t), or perpendicular to, ΔA^(λ,t), the
polarization axis of the excitation laser. Samples used here for
linear dichroism measurements were not sonicated (although
mild sonication does not appear to significantly affect the data).
A number of experimental conditions were changed to improve
dichroic ratios in the linear dichroism data. Depolarization
of both probe and excitation light due to scattering was reduced
by using lower rhodopsin concentration than was used for the
polarization averaged, absorbance magic angle experiments des-
cribed above (0.4-0.5 mg/mL rhodopsin versus 1.1-1.5 mg/mL
for magic angle experiments). Flow in linear dichroism experi-
ments was identical to that in magic angle measurements.
Dichroic ratios were also improved by using lower excitation
fluences (40 μJ/mm2) than those described above for magic angle
measurements. Finally, more collimated probe light was pro-
duced in the linear dichroism measurements by using an iris to
restrict the aperture of the lens focusing probe light onto the
sample. Measurements reported here were made using a cone of
rays with 3�, half-angle. These steps improved the dichroic ratios
somewhat from what was previously reported for Lumi I (11).
The above measures all improved dichroic ratios obtained, but
each significantly reduced the signal-to-noise ratio of the data
compared to what could be obtained in the magic angle experi-
ments.

RESULTS

Figure 1 shows averaged data from a series of time-resolved
absorbance experiments conducted at 35 �C and magic angle
polarization.

As can be deduced from the large gap between the difference
spectra collected at delays of 32 and 64 μs after photoexcitation,
substantial absorbance changes continued after the last time
point shown, but in order to best resolve the relatively small Lumi
II formation process, data collection was primarily focused at the
times when it occurred. Enough data were collected here sub-
sequent to Lumi II formation so that an exponential term could
be fit to the slow processes immediately following Lumi II
formation, accounting for their effects on the time scale we study.
A similar procedure was previously applied to data for rhodopsin
at 20 �C first in detergent (15) and then in membrane (12),
allowing Lumi II formation to be characterized under those
conditions. Even though data were collected at longer times for
the lower temperatures studied here (up to 128 μs at 20 �C and
2 ms at 10 �C), the extent of progress was smaller at those tem-
peratures than at 35 �C, which resulted in significantly more
overlap of the plotted curves at those temperatures (data is not
shown).

The averaged data we collected required three exponential
terms for the best fit at all temperatures. Residuals from two and
three exponential fits are compared in Figure 2 for the averaged
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data collected at 10, 20, and 35 �C. At every temperature, the
shaded areas show that including a third exponential term in
the fitting function improved the fit of several of the earliest
absorbance difference spectra we recorded. The time constants
determined from the three exponential fits are given in Table 1.
As shown there, the fast lifetime was submicrosecond at 20 and
35 �C and only slightly longer than that at 10 �C, which suggests
it arises from fitting the tail of the Lumi I formation process.

Agreement between the fast process lifetimes given in Table 1
and those previously determined for Lumi I formation (5) is
reasonable given that data collection here only started after at
least one lifetime of the fast process had elapsed. The b-spectra
shapes determined for the fast process were also consistent with
attribution of the fast process to an equilibrated mixture, i.e.,
bathorhodopsin (Batho) a blue-shifted intermediate (BSI),
decaying to Lumi I. However, because the data collected here
started after most of Lumi I was formed, the b-spectra coeffi-
cients of the fast exponential were not determined as precisely as
in previously reported experiments specifically designed to char-
acterize Lumi I formation. For clarity, Figure 3 shows only the
well-determined b-spectra coefficients of the Lumi II formation
exponential term and of the exponential term fit to the slower
Lumi II decay processes at the three temperatures studied.

The Lumi I-Lumi II exponential term b-spectrum amplitude
in Figure 3 is largest at 10 �C and becomes progressively smaller
as the temperature is increased. We had to acquire and average
substantial amounts of data to resolve the small component asso-
ciated with Lumi I-Lumi II at 35 �C. The relative size of that
component is even smaller than it appears from comparison of
the curves in the top panel of Figure 3 since the late, very slow
processes do notmanifest themselves completely on the time scale
we study, which results in an artificial attenuation of b0(λ). If
followed to completion at 35 �C, the final peak to trough diffe-
rence when Meta II completely forms would be ∼0.08. The higher
signal-to-noise ratio measurements made here to resolve this small
component in the presence of such large changes probably accounts
for the fact that the even smaller changes associated with Lumi I
formation at 20 �Cwere noticed here but not in earlier studies (12).

The steady decrease in amplitude of the spectral change associated
with the Lumi I-Lumi II process with temperature strongly
suggests that a more complex reaction is taking place than a simple
unidirectional conversion of one intermediate into another. How-
ever, a b-spectrumonly approximates the spectral change between a

FIGURE 1: Absorbancedifference spectrameasuredat a series of time
delays after photoexcitation of bovine rhodopsin in its native disk
membrane with a 7 ns pulse of 477 nm light at 35 �C. Progressively
thicker lines (alternating solid and dashed) show the averaged data
that were collected at time delays: 0.5, 1, 2, 3, 4, 6, 8, 16, 24, 32, and
64 μs. Significant absorbance changes take place after 64 μs, con-
tinuing the process seen above from 16 to 64 μs, but the primary goal
of the current work is to characterize the relatively small amplitude
process which takes place over the time range from 2 to 8 μs at this
temperature.

FIGURE 2: Residual plots for two and three exponential fits of the
absorbance difference data. Thin lines show the residuals,ΔA(λ,t) -
Δa(λ,t), for fits to the data at each temperature using two exponential
terms, and thicker lines show the residuals for the three exponential
fits. The thickest lines (at the early delay times) show where the
greatest improvement in residuals was obtained from using three
exponential terms.Residualswere offset in these plotsby0.001 (10 �C)
and 0.0005 (20 and 35 �C) as shown by the straight zero lines. Areas
where the most significant improvement in residuals was achieved by
the three exponential fits are highlighted in gray.

Table 1: Exponential Lifetimes from Global Fitting

temp (�C) τfast (μs) τLumi II formation (μs) τslow (μs)

10 1.6( 0.5 31 ( 2 2700( 200

20 0.50( 0.3 10 ( 1 82( 5

35 0.21 ( 0.05 2.8 ( 0.3 43( 5
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pair of sequential intermediates, and any firm conclusion must be
based on the unidirectional sequential intermediate difference
spectrum.

To determine whether the Lumi I-Lumi II process follows a
unidirectional sequential scheme, USID spectra were calculated
using the observed lifetimes and b-spectra at the three tempera-
tures studied. Figure 4 shows a plot of the results (after norma-
lizing the Lumi I-Lumi II USID amplitudes so that their shapes
can be compared).

The similarity of the USID shapes at all temperatures suggests
that the process involves two intermediates with temperature-
independent spectra, but the fact that the amplitude of the USID
spectrum decreases with temperature (when not normalized as was
done in Figure 4, the USID amplitude decreases by a factor of
1.6 in going from 10 to 20 �Cand by a factor of 2.6 between 10 and
35 �C) suggests that the reaction between Lumi I and Lumi II is
not unidirectional and that the correct scheme instead includes
a back-reaction that becomes more significant as the tempera-
ture increases. The data give clear evidence that the resulting

equilibrium constant,KLumi I a Lumi II, decreases with temperature,
but the values of the equilibrium constant as a function of tem-
perature cannot be directly determined from the difference spectra
alone. At any particular temperature, a range of equilibrium
constant values could produce the observed difference spectrum,
depending on the spectral characteristics of Lumi I and Lumi II.
However, the spectral shapes of known rhodopsin photointer-
mediates do not vary widely, and their properties can be used to
constrain estimates of f, the fraction of Lumi I converted to Lumi
II at equilibrium. To estimate f, we calculated the spectrum of
Lumi II for a range of candidate f values in terms of the Lumi I
spectrum using the relation:

Lumi IIðλÞ¼Lumi IðλÞþ ½USIDLumi IaLumi IIðλÞ = f �
The result was that for f less than 0.8 at 10 �C, the spectrum of
Lumi II required to fit the data became narrower than the known
spectra of rhodopsin andLumi I, suggesting that for aLumi IIwith
similar spectral properties to rhodopsin and Lumi I, f = 0.8 at
10 �C. Using this value, the equilibrium constants given in Table 2
were calculated from the data.

Modeling suggests the intermediate spectra have λmax values of
488 nm for Lumi I and 496 nm for Lumi II, with similar
extinction coefficients for the photointermediates.

FIGURE 3: Difference spectra from the global exponential fit asso-
ciated with the Lumi I-Lumi II process and extrapolated slower
processes at each measurement temperature. Heavy lines show the
b-spectrum coefficient of the Lumi I-Lumi II exponential term at
each temperature. Light lines show the single b-spectrum fit to each
temperature’s data that accounts for the processes taking place after
the Lumi I-Lumi II process is complete. Dotted lines show each
temperature’s constant term, b0(λ), which is the extrapolated diffe-
rence spectrumafter all exponential terms have decayed to zero.Note
that only a few timepointswere collected here after theLumi I-Lumi
II process was complete, which allows subsequent events to be
accounted for by a single exponential term. However, for the same
reason the slower processes did not proceed very far; neither the slow
process b-spectrum nor b0(λ) accurately represents what happens
when measurements are made at much later times than were studied
here (see, for example, Thorgeirsson et al. (16)).

FIGURE 4: Normalized difference spectra of the Lumi I-Lumi II
process after correction for mixing with the slow process b-spectrum.
The sum of exponentials fit to the data produces b-spectra of
processes that all begin at the same zero of time. This amounts to
assuming that the slowprocess occurs inparallelwith the fast process.
Since the slow process can only start after the earlier processes finish,
the slow process b-spectrum erroneously includes changes that
actually belong to the difference spectrum of its preceding process.
The effect becomes larger as the two processes’ time constants
become closer. A linear combination of b-spectra must be used to
construct unidirectional sequential intermediate difference spectra
which describe a unidirectional reaction scheme. The heavy line
shows the corrected USID spectrum of the Lumi I-Lumi II process
seen at 10 �C with thinner lines showing the corrected difference
spectrum at 20 and 35 �C after scaling for comparison. The 20 �C
difference spectrum was scaled by a factor of 1.5, and the 35 �C
difference spectrum was scaled by 2.6.

Table 2: Lumi I a Lumi II Equilibrium Constant versus Temperature

absolute temp (K) f KLumi IaLumi II

283 0.8( 0.01 4.0( 0.25

293 0.53( 0.015 1.1( 0.07

308 0.3( 0.02 0.44( 0.04
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A van’t Hoff plot of ln(KLumi I a Lumi II) versus the reciprocal
of the absolute temperature is shown in Figure 5.

Where such a plot is linear, the slope gives the negative
enthalpy change for the Lumi I a Lumi II reaction divided by
the gas constant, R. The points in our van’t Hoff plot do not
follow a straight line, and the deviation from linearity is outside
the uncertainty in the KLumi IaLumi II values. The fact that a
curved line best fits the data suggests that the reaction enthalpy
depends on temperature. The intercept of the van’t Hoff plot
gives the reaction entropy, which is clearly negative.

Figure 6 shows linear dichroism data collected on a time scale
similar to that of the magic angle time-resolved absorbance data.
The best single exponential fit to the decay of linear dichroism at
20 �C had a time constant of 24 μs. A somewhat better fit was
obtained using two exponential terms with lifetimes of 12 and
48 μs, which is consistent with the theory of linear dichroism
relaxation due to protein rotation in randomly oriented lipid
bilayers (17). The fact that a residual component of the linear
dichroism does not relax on this time scale, even when rotational
diffusion within the membrane is complete, is also predicted by
that theory.

DISCUSSION

Our time-resolved UV/visible absorbance measurements com-
plement information obtained by other techniques which provide
more structural information but less temporal resolution. Solid-
state NMR, FTIR, and X-ray crystalography have all been very
useful for characterizing temperature and/or pH-trapped forms
of rhodopsin photointermediates (2, 18, 19), but ultimately all
studies of trapped intermediates need to be carefully correlated
with the unconstrained physiological process. In particular,
kinetic studies are useful to detect and characterize metastable

equilibrium mixtures whose properties may be fundamental to
understanding trapped photointermediates. Further, even the
highest resolution studies of the currently known, trapped photo-
intermediate forms leave large gaps in the sequence of activation
pictures. Even though details may be sparse, kinetic optical
studies fill in the gaps between those pictures. At the very least,
time-resolved absorbance studies define the intermediate forms
that need to be trapped and time domains where more structu-
rally rich methods need to be applied. However, in favorable
cases the absorbance spectra of photointermediates and the time
constants of optical processes can themselves give information
about the underlying process.

The largest absorbance changes that occur after rhodopsin
photoexcitation are caused by deprotonation of the N-retinyl-
idene Schiff base (SB) to form products absorbing near 380 nm.
SB deprotonation is an important marker, because a rhodopsin
photoproduct with a deprotonated SB is the usual activator of
transducin, rhodopsin’s G protein (2). NMRmeasurements have
reported significant translation of the chromophore relative to
the protein after SB deprotonation, including an∼5 Å shift in the
N-retinylidine β-ionone ring toward helix 5 (18).However, little is
known about when and how this translation occurs, and the
preceding steps we study are clearly critical to an understanding
of rhodopsin’s activation process. Near physiological tempera-
tures Lumi II is the last protonated SB photointermediate, as
demonstrated by the direct production of 380 nm absorbance in
the b-spectrum of the slow, Lumi II decay process forming Meta
I380, shown at 35 �C in Figure 3. Thus, although the spectral shift
in the Lumi I-Lumi II process may be small, the process appears
to be significant for understanding SB deprotonation and the
broader sequence of molecular changes leading to the G protein
activating form.
Lumi I-Lumi II Is an Equilibrium Process in Mem-

brane.Recognition of the Lumi I-Lumi II process was impeded
at 20 �C by the similarity of the Lumi I-Lumi II time constant to
the time constant for protein rotational diffusion in the native
disk membrane. Originally, Lumi I-Lumi II studies concen-
trated on resolving the process in detergent suspensions (where
molecular rotation effects on the Lumi I-Lumi II time scale are

FIGURE 5: van’t Hoff plot for Lumi Ia Lumi II equilibrium. Points
show the natural logarithm of the Keq determined for the Lumi I a
Lumi II equilibrium versus the reciprocal of the absolute tempera-
ture. Error bars are plotted at the level that would be produced by
uncertainty in the amplitudeof theUSIDspectra propagated intoKeq

values. The data are best fit by a curved line suggesting that the slope
(the negative enthalpy of the Lumi IaLumi II process divided byR,
the gas constant), and hence the ΔH of reaction, changes with
temperature.

FIGURE 6: Linear dichroism observed after photoexcitation of bo-
vine rhodopsin in its native disk membrane with a 7 ns pulse of
477 nm light at 20 �C. Progressively thinner lines (alternating solid
and dashed) show the averaged data that were collected at time
delays: 1, 2, 5, 10, 20, 50, 100, and 200 μs. For this sample, (ΔA ) þ
2ΔA^)/3 (which corresponds to the absorbance change measured
at magic angle polarization) had a maximum value of 0.004 near
470 nm.
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absent) and characterizing the process in membrane samples at
20 �C (12, 15). The current temperature study of the Lumi
I-Lumi II process in membrane was undertaken in order to
determine whether the Lumi I-Lumi II reaction is unidirectional
or involves an equilibriummixture, as is the case for several other
rhodopsin photointermediate reactions. Some of these equilib-
rium processes (such as the Batho-BSI process) have been shown
to be independent of whether rhodopsin’s environment is mem-
brane or detergent (11), while others (such as theMeta I480-Meta
II process) depend strongly, both in equilibrium constant and
in rate, on whether membrane or detergent preparations are
studied (9, 10). Prior to the current work, it had not been estab-
lished whether Lumi I-Lumi II was an equilibrium process.
Further, the effects of detergent solubilization on its rate and
difference spectrum seemed to lie between the two extremes of
behavior. While the original 20 �C study comparing membrane
and detergent behavior showed that the rate of the Lumi I-Lumi
II process was independent of detergent solubilization, the
difference spectra associated with the process in membrane and
in detergent were not identical (12), suggesting that detergent
affected the spectrum of Lumi II but not the rate of the Lumi
I-Lumi II process, a characteristic which may be a clue to
understanding the molecular basis of the change involved.

The fact that the difference spectrum of the Lumi I-Lumi II
process at 35 �C, shown in Figure 4, is similar in shape to, but has
only ∼40% of the amplitude of, the 10 �C difference spectrum
strongly suggests that a temperature-dependent equilibrated
mixture of the two photointermediates occurs in membrane,
with the equilibrium being more forward shifted at lower tem-
perature (i.e., Lumi I favored entropically). This behavior was
not shared by results obtained after photoexcitation of detergent-
solubilized rhodopsin samples where little or no increase in the
amplitude of the Lumi I-Lumi II difference spectrumwas seen at
10 �C compared to 35 �C (20). It is probably significant that
detergent affects the Lumi I-Lumi II equilibrium constant at low
temperatures. This demonstrates that the Lumi I-Lumi II
reaction is the earliest process where the state of the protein-lipid
interface begins to affect kinetic rates. That observation suggests
the need for caution in the interpretation of experiments at lower
temperatures on later rhodopsin photointermediates, which are
likely to be strongly perturbed by artificial experimental condi-
tions. Of more positive significance for the physiological activa-
tionmechanism, in contrast to the weak effect on rates, detergent
strongly affects the difference spectrum computed for the Lumi
I-Lumi II process, suggesting that Lumi II is the first photo-
intermediate where the lipid environment affects the chromo-
phore. Thus, while the Lumi II formation rate is not markedly
detergent dependent over the temperature range studied here, its
subsequent reactions, both forward and back, show significant
detergent dependence. Further, since the equilibrium between
Lumi I and Lumi II forward shifts as the temperature is lowered,
Lumi II must be the classical form of lumirhodopsin that is
temperature trapped. Presumably the situation is analogous for
the Lumi photointermediate of cone visual pigments if a similar
Lumi I-Lumi II transition exists there. The limited availability
and stability of cone pigments continue to confine photointer-
mediate characterization to low temperature methods which do
not detect a Lumi I-Lumi II transition (21).
Lumi I a Lumi II Is Exothermic in Membrane. The

positive slope of the van’t Hoff plot for the Lumi I a Lumi II
equilibrium in Figure 5 indicates that the enthalpy change, ΔH,
for the reaction is negative. As discussed above this appears not

to be the case for detergent-solubilized samples. This observation
is consistent with a picture where Lumi I and Lumi II differ in
their interactions with the membrane lipid environment, with
Lumi II interacting more strongly, releasing heat when Lumi II is
formed. One way this could arise in membrane is for Lumi II to
manifest some change at the protein-lipid interface such that the
protein associates more strongly with one or more membrane
lipids. The strength of this interaction could depend on mem-
brane bilayer properties such as an order bias along the trans-
membrane helical orientation or solubility of lipid components in
the membrane. The lack of comparable phenomena in micelles
could eliminate the exothermicity in detergent preparations
accounting for absence of slope in the comparable plot for
detergent-solubilized rhodopsin (not shown). Electron crystal-
lography of two-dimensional crystals of rhodopsin at liquid
nitrogen temperatures has revealed density assigned to a bound
cholesterol molecule which may change its interaction with the
protein in the Lumi I-Lumi II transition in the native membrane
environment near room temperature (22). Partial immobilization
of one or more lipids in the Lumi I-Lumi II process would also
be a mechanism to account for the negative entropy change
(deduced from the negative intercept likely in the van’t Hoff plot)
associated with the equilibrium.

The upward curvature of the van’t Hoff plot for the Lumi
I-Lumi II process in membrane indicates that the ΔH becomes
more negative at lower temperatures, favoring Lumi II. Such a
strong temperature dependence of the equilibrium constant is
unusual and may indicate molecular processes beyond those
considered above. Rhodopsin dimers have been observed in two-
dimensional crystals of rhodopsin (22), and a temperature- and/
or photointermediate-dependent change in the association con-
stant for dimer formation in membrane could account for the
observed temperature-dependent ΔH. Time-resolved linear di-
chroism studies of photoselected rhodopsin suggest higher order
aggregates are not present to any significant degree in the bovine
disk membrane at 20 �C, but their contribution at lower tem-
peratures cannot be excluded. Alternatively, membrane bilayer
bulk properties which affect solubility of membrane components
are certainly temperature dependent, so there are a number of
possible explanations for the temperature-dependent strength of
interaction reflected in ΔH.
Rotational Diffusion and Lumi I-Lumi II Equilibration

Have Similar Time Scales. The linear dichroism data in
Figure 6 show that the time constant for rotational diffusion of
rhodopsin and its photoproducts within the membrane bilayer is
identical to the time constant of Lumi I-Lumi II equilibration at
20 �C. The major component of the linear dichroism shown in
Figure 6 relaxes with a time constant of 12 μs, essentially identical
to the 10 μs time constant given in Table 1 for the Lumi I-Lumi
II process at that temperature. The coincidence of the time scales
of these two phenomena raises the possibility that the Lumi
I-Lumi II process is in some way coupled to thermal motion of
rhodopsin within the membrane. Although the simplest models
of rotational diffusion consider the rotatingmolecule to be a rigid
body, for a heptahelical transmembrane protein such models are
obviously only an approximation, and thermal motion of indi-
vidual helices or other substructures (such as theH5-H7andH2-
H4 substructures proposed by Chelikani et al. (23)) presumably
takes place on a similar time scale as rotation of the aggregate
body. Substructure motion due to membrane lipid fluctuations
could facilitate reorganization of the hydrogen-bonded network
which has been implicated in rhodopsin activation (24, 25). Prior to
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chromophore photoisomerization, the network of hydrogen bonds
within the protein is expected to have a relatively definite state as
compared to the state which must exist in the early photointer-
mediates, where the dark, hydrogen-bonded state has been dis-
rupted and not yet replaced by another relatively ordered state,
which presumably catalyzes receptor activation. The entropy
decrease we report here in the Lumi I-Lumi II process may be
due to the restoration of amore ordered internal hydrogen-bonded
network in a reorganized configuration that facilitates receptor
activation. That hypothesis is supported by the observation of
significant reductions in PSB stability at the Lumi II stage in
rhodopsin mutants S186A and E181F which potentially disrupt
reorganization of the hydrogen-bonded network in the vicinity of
the chromophore (24, 26). Reorganization of the chromophore
and/or the hydrogen-bonded network in its vicinity during the
Lumi I-Lumi II process or shortly thereafter is also suggested by
time-resolved circular dichroism changes that take place on that
time scale (27).

Although better characterization of the structural features that
distinguish Lumi I from Lumi II is needed, there is no doubt that
this change has critical physiological significance for the mecha-
nism of G protein-coupled receptor activation. G proteins can
only be activated when GPCRs change their surface properties.
Thus we stress that the current measurements characterize the
earliest photointermediate of rhodopsinwhose properties depend
on conditions at the lipid-protein interface. Further, the Lumi II
photointermediate characterized here forms under physiological
conditions rather than in artificial circumstances, giving it
unquestionable standing as the threshold of Schiff base depro-
tonation and transducin activation.
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