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ABSTRACT: Bovine rhodopsin photointermediates formed in two-dimensional (2D) rhodopsin crystal
suspensions were studied by measuring the time-dependent absorbance changes produced after excitation
with 7 ns laser pulses at 15, 25, and 35°C. The crystalline environment favored the Meta I480

photointermediate, with its formation from Lumi beginning faster than it does in rhodopsin membrane
suspensions at 35°C and its decay to a 380 nm absorbing species being less complete than it is in the
native membrane at all temperatures. Measurements performed at pH 5.5 in 2D crystals showed that the
380 nm absorbing product of Meta I480 decay did not display the anomalous pH dependence characteristic
of classical Meta II in the native disk membrane. Crystal suspensions bleached at 35°C and quenched to
19 °C showed that a rapid equilibrium existed on the∼1 s time scale, which suggests that the unprotonated
predecessor of Meta II in the native membrane environment (sometimes called MIIa) forms in 2D rhodopsin
crystals but that the non-Schiff base proton uptake completing classical Meta II formation is blocked
there. Thus, the 380 nm absorbance arises from an on-pathway intermediate in GPCR activation and does
not result from early Schiff base hydrolysis. Kinetic modeling of the time-resolved absorbance data of
the 2D crystals was generally consistent with such a mechanism, but details of kinetic spectral changes
and the fact that the residuals of exponential fits were not as good as are obtained for rhodopsin in the
native membrane suggested the photoexcited samples were heterogeneous. Variable fractional bleach due
to the random orientation of linearly dichroic crystals relative to the linearly polarized laser was explored
as a cause of heterogeneity but was found unlikely to fully account for it. The fact that the 380 nm
product of photoexcitation of rhodopsin 2D crystals is on the physiological pathway of receptor activation
suggests that determination of its structure would be of interest.

Rhodopsin, the visual pigment used in dim light, originally
attracted attention as the majority photoreceptor protein in
mammalian retinas, with study of the intermediates in its
photoactivation sequence starting long before its function as
a G protein-coupled receptor (GPCR)1 was revealed (1). In
virtually all other GPCRs the study of activation intermedi-
ates is extremely difficult because the diffusional nature of
chemoreception does not allow the rapid triggering required
for early intermediate characterization using ensemble-based
methods. While progress has been made in detecting
intermediates in chemoreceptor GPCRs (2-4), it is only with

great effort that processes 10000 times slower than those
reported here are studied.

The detailed structural information available for the
inactive, dark state of rhodopsin (5, 6) provides an unam-
biguous basis for structural modeling of the earliest photo-
intermediates. Optical methods of detection, such as time-
resolved absorbance measurements (7), provide the highest
time resolution of any experimental technique and thus can
be used to study a sequence of photointermediates under
physiological conditions (shown in Figure 1) that connects
most directly to the dark state, but the structural content is
limited to specific aspects of the chromophore monitored. It
is fortunate therefore that some of the photointermediates
can be thermally trapped in a form that could be characterized
structurally using electron cryomicroscopy. The first rhodop-
sin photointermediate to be trapped in a form that could be
characterized in more detail by electron crystallography was
metarhodopsin I, whose structure was determined under
appropriate conditions in two-dimensional crystals (8).
However, the relationship of thermally trapped intermediates
to those seen under physiological conditions is by no means
simple and can be even more complex in a perturbed
membrane environment such as exists in two-dimensional
(2D) rhodopsin crystals. Thus time-resolved measurements
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performed directly on rhodopsin crystals are of interest in
order to clarify the relationship of the trapped photointer-
mediate to those that appear physiologically. This is par-
ticularly important in the case of metarhodopsin I in 2D
crystals because, on warming, the subsequent intermediate
lacks important characteristics of metarhodopsin II (9-11),
the intermediate normally produced from metarhodopsin I
in the native rhodopsin membrane. A goal of the time-
resolved absorbance measurements on suspensions of rhodop-
sin crystals reported here was to determine the relationship
of the photointermediates in those crystals to the normal
bleaching sequence that appears after photoexcitation of more
commonly studied preparations such as rhodopsin in mem-
brane or detergent suspensions.

MATERIALS AND METHODS

Preparation of Rhodopsin Crystal Suspensions for Optical
Measurements.Bovine rhodopsin crystal suspensions (see
Figure 2) were prepared in dialysis buffer [20 mM HEPES,
100 mM NaCl, 10 mM MgCl2, 3 mM NaN3, 4 mM
mercaptoethanol, 4 mM dithiothreitol, 2.5% (v/v) 2-propanol
adjusted to pH 7] as described previously (12, 13). Rhodopsin
crystal samples in dialysis buffer showed high turbidity,
presumably due to crystal aggregation caused by the
relatively high ionic strength of that buffer. Further, the
results of preliminary time-resolved optical measurements
suggested that significant settling of aggregates took place
in the barrel of the syringe pump used for sample delivery
during the 45 min course of a typical experiment. To reduce
both of these problems, for the measurements reported here
rhodopsin crystal samples were spun down (15K rpm, 20
min, Sorvall SS-34) and resuspended in low salt Tris buffer
(10 mM Tris, 2 mM MgCl2, 0.1 mM EDTA) at pH 7 or low
salt MES buffer (10 mM MES, 2 mM MgCl2, 0.1 mM
EDTA) at pH 5.5 to produce a concentration of ap-
proximately 0.7 mg/mL rhodopsin. Time-resolved absorption
experiments in low salt buffers produced results similar to
those obtained in dialysis buffer but had higher signal-to-
noise ratio because of reduced light scattering. The presence
of rhodopsin crystals in these low salt samples was verified
by electron microscopy conducted after the experiments were
finished.

Collection of Time-ResolVed Absorbance Difference Spec-
tra. Individual 1 µL samples were photolyzed by 7 ns (full
width at half-maximum of the peak intensity) laser pulses
from a dye laser, pumped by the 355 nm third harmonic of
a Nd:YAG laser, that produced vertically polarized 477 nm
light. The energy delivered to the sample was 80µJ/mm2.
The change in absorption spectrum at a particular time delay,
ranging from 1µs to 5.54 s after photolysis, was measured
using a gated optical multichannel analyzer (7). Absorbance
changes,∆Am(λ,t), were monitored at a right angle to the
propagation direction of the excitation beam using a flashlamp
that produced white light polarized at the magic angle, 54.7°,
relative to the laser polarization direction. Absorbance
measured at the magic angle is free from contributions that
arise from rotational diffusion of rhodopsin rather than from
absorbance changes of actual photointermediates (14). The
path lengths of the actinic light and probe light in the sample
were 0.5 mm and 2.0 mm, respectively.

To investigate one possible cause of kinetic inhomogeneity
seen in the above rhodopsin crystal measurements, other
excitation conditions were explored. Since the two-dimen-
sional rhodopsin crystals studied here are expected to show
linear dichroism, the fractional bleach of the rhodopsin within
a particular crystal will vary depending on its orientation
relative to the laser polarization direction. If cooperativity
exists in any of the photointermediate transitions, variable
fractional bleach could cause a continuous distribution of
rates to appear. To produce a somewhat more homogeneous
bleach, some crystal samples were excited by circularly
polarized laser light created from the initially linearly
polarized light using a Soleil-Babinet compensator set to
produce one-fourth wave of retardation at 477 nm. When
circularly polarized excitation was used, absorbance changes
were measured at the magic angle relative to the symmetry
axis of excitation i.e., the laser propagation direction.

FIGURE 1: Rhodopsin photointermediate scheme near physiological
temperatures in the membrane. Some of the above intermediates
can be trapped after low-temperature photolysis, but BSI (whose
equilibrated mixture with Batho is sometimes called BL) and Meta
I380 only build up appreciable concentrations near physiological
temperatures (7). The scheme shown is a simplified version
describing the principal processes affecting absorbance. The time
constants are appropriate for membrane suspensions of rhodopsin.
This general scheme also holds for detergent samples (such as lauryl
maltoside) except that, beginning with Lumi, all decays are
significantly faster and subsequent equilibria are more forward
shifted.

FIGURE 2: Electron micrograph of 2D crystals of rhodopsin. An
overview picture of a sample obtained from a dialysis reconstitution
experiment was taken at low magnification and with strong defocus
(300 µm) to obtain high contrast. Single layer membranes (s),
collapsed tubular membranes (t), and protein aggregates (p) are
visible. The single layers and the tubes are two-dimensional crystals
of bovine rhodopsin, which are well characterized (8, 12, 13). The
exact nature of the protein aggregates (p) is not known.
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Thermal Quench Experiments.To test whether a thermally
reversible equilibrium existed on the time scale of seconds
after excitation of rhodopsin crystal suspensions, we com-
pared absorbance spectra of samples excited at 35°C and
measured∼1 s later either at 35°C or after quenching to 19
°C. To do this, a 300µL sample of the rhodopsin suspension
was equilibrated at 35°C in a 0.25 mL glass tuberculin
syringe. The syringe was completely surrounded by the
reflectors of three photoflash units (whose light was filtered
with Schott OG530 colored glass) which were triggered
sequentially at 100 ms intervals, after which the contents of
the syringe were injected within 1 s into 1.2 mL of stirred
low salt Tris buffer equilibrated at either 35 or 15°C in a 1
cm path length cuvette. Spectra were recorded with a
Hewlett-Packard 8452A diode array spectrophotometer within
3 s.

Analysis of Time-ResolVed Spectra.The set of experimen-
tal magic angle difference spectra,{∆Am(λ,t)}, were analyzed
by singular value decomposition (SVD) and global expo-
nential fitting (15). In SVD the data matrix,∆A, is split into
a product of three matrices,∆A ) U‚S‚V′, whereU is a
matrix of orthogonal spectral vectors,V is their time
dependence, andScontains the significance values indicative
of the contributions of theU and V vectors to the experi-
mental data. The significant vectors in the temporal matrix,
V, are fitted to a sum of exponential functions followed by
calculation of the spectral amplitudes, the b-spectra. From
the b-spectra and exponential functions the matrix of
reproduced data,∆a, is calculated:

where theτi are the apparent lifetimes and the bi(λ) are
b-spectra corresponding to difference spectra which decay
with the associated lifetime. The difference between the
experimental data matrix and the reproduced data,R ) ∆A
- ∆a, gives the matrix of residuals that is used to judge the
quality of the fit. The residual matrix of a good fit contains
only spectrally featureless noise caused by the finite number
of photons detected in each measurement. Equilibrium
constants and, where appropriate, microscopic rate constants

for specific mechanisms (for example,k1, ...,k6 for the square
scheme; see below) were determined by fitting the b-spectra
using intermediate spectra as described previously (16). The
amount of rhodopsin bleached by each laser pulse can be
determined as described previously (17) and has been found
to correlate with the amount estimated from the amplitude
of the Lumi difference spectrum. Since the latter method
does not suffer from the possibility of error caused by
differences in light scattering, it was used here.

RESULTS

Time-resolved absorbance difference spectra collected
from 1 µs to 5.54 s after photoexcitation of rhodopsin 2D
crystal suspensions at temperatures of 15, 25, and 35°C are
shown in Figure 3. At the earliest times the difference spectra
at all temperatures are similar and have the shape typically
observed when the lumirhodopsin (Lumi) photointermediate
has been formed after photoexcitation of rhodopsin. As the
early delay times progress, the absorbance decreases near
530 nm and increases to the blue of 460 nm as a product
with the characteristics of metarhodopsin I (Meta I480) is
formed. At the lowest temperature, this is essentially the only
process observed, but at the two higher temperatures, further
formation of a 380 nm absorbing product is observed, with
the most 380 nm absorbance developing in the 35°C
experiment. However, even after 5.54 s at 35°C substantial
amounts of Meta I480 remain in equilibrium with the 380
nm absorbing product, particularly compared to the es-
sentially complete conversion to 380 nm product normally
observed in membrane or detergent suspensions of rhodopsin
at 35 °C. In fact, the fractional conversion of Meta I480 to
380 nm absorbing product at 35°C is smaller than the
amount normally observed to be converted at 15°C in
membrane suspensions of rhodopsin (18), which raises the
question of whether the 380 nm absorber seen in rhodopsin
2D crystal suspensions is the same one seen in the membrane
under these conditions. Besides the two 380 nm absorbing
deprotonated Schiff base photointermediates that normally
precede protonated Meta II formation in the membrane, after
release from lysine 296 in the rhodopsin binding pocket all-
trans-retinal can go on to react with other amine groups to

FIGURE 3: Absorbance difference spectra recorded at time delays ranging from 1µs to 5.54 s after photoexcitation of rhodopsin 2D crystal
suspensions. To eliminate absorbance changes due to rotational diffusion, data were collected using probe light that was linearly polarized
at the magic angle (54.7°) relative to the linear polarization direction of the 7 ns, 477 nm excitation laser pulse. The measurement temperature
is shown in each panel, and samples were at pH 7. Although as the temperature is increased there is a substantial increase in the amount
of 380 nm absorbance observed on the seconds time scale, even at 35°C approximately two-thirds of the PSB absorbance in 2D rhodopsin
crystals remains at 5.54 s after excitation. Note that the peak of the 1µs data near 460 nm arises from the 494 nm absorbing species, Lumi,
with the peak being shifted because the data report the difference between two species (Lumi and rhodopsin) having similarλmax.

∆a(λ,t) ≡ b0(λ) + b1(λ) exp(-t/τ1) +
b2(λ) exp(-t/τ2) + ...

4976 Biochemistry, Vol. 45, No. 15, 2006 Szundi et al.



form nonspecific Schiff base products that also absorb at
380 nm.

To further characterize the 380 nm absorbing product
formed in rhodopsin 2D crystal suspensions, photolysis
experiments were carried out at pH 5.5 in order to determine
whether the final equilibrated mixture displayed the char-
acteristically anomalous pH dependence of the Meta I480-
metarhodopsin II (Meta II) reaction (19). The results of that
experiment are presented in Figure 4 and show that less 380
nm absorbing product is formed as the pH is reduced,
suggesting that the final product is not classical Meta II,
because the hallmark of classical Meta II as originally
characterized by Matthews et al. was that it has a pH
dependence opposite to what would be expected for direct
protonation of Schiff bases (19). Previous UV/visible ab-
sorbance studies of rhodopsin crystal suspension photoprod-
uct formation with lower time resolution suggested that free
all-trans-retinal could form on the minutes time scale and
that it (through its nonspecific Schiff base products) could
account for the pH dependence of the 380 nm product peak
(8). If a mixture of all-trans-retinal and its nonspecific Schiff
bases were also responsible on our faster time scale for the
lack of anomalous pH dependence, the resulting equilibrium
should be insensitive to rapid temperature change. However,
if, instead of early photoproduct decay to form all-trans-
retinal taking place in rhodopsin crystals, the Meta II
intermediate was not fully formed there and the retinal
remained bound to lysine 296, the equilibrated mixture would
display rapid temperature dependence. To investigate whether
the final equilibrium produced on the seconds time scale was
rapidly reversible, we compared absorption spectra of
samples bleached at 35°C and measured at 35°C to spectra
of samples bleached at 35°C, rapidly quenched to 19°C,
and measured there.

Figure 5 compares the amount of 380 nm absorbance that
can be converted back to 480 nm absorbance (Meta I480) by
dropping the temperature from 35 to 19°C after photoex-
citation of rhodopsin 2D crystals versus what is observed
during a similar experiment using a membrane suspension
of rhodopsin. The amplitude of the difference spectrum

shown in Figure 5 for the rhodopsin 2D crystal sample clearly
shows rapid reversibility of the equilibrated mixture. Even
if the equilibrium mixture in the crystal sample were
completely reversible thermally, the amplitude of the rhodop-
sin crystal difference spectrum would not be expected to be
as large as the difference spectrum observed in sonicated
rhodopsin membrane suspensions because the latter is
considerably more forward shifted to begin with. To normal-
ize the fraction of the 380 nm product that was thermally
reversible to 480 nm absorber, further experiments were
conducted both in rhodopsin crystals and in membrane
suspensions to measure the amount of additional 380 nm
absorption normally present at 35°C and hence to estimate
the percent thermal reversibility in the thermal quenching
experiment. Approximately 85% of the 380 nm absorbance
in rhodopsin 2D crystal suspensions was found to be
thermally reversible to a 480 nm absorber while in membrane
suspensions essentially all was reversible within experimental
error.

The above results suggested that early release of retinal
is not a significant process on the seconds time scale, and
therefore the time-resolved absorbance data for rhodopsin
2D crystal suspensions should be well described by the
relatively small number of exponential components derived
from the mechanism that describes rhodopsin photoexcitation
products in membrane suspensions or even fewer exponen-
tials if a subset of the membrane mechanism (i.e., no proton
uptake by Meta II) prevails in rhodopsin crystals. This was
found to be the case at the lower temperatures, with two
exponentials providing a reasonable fit to the data at both
15 and 25°C (observed lifetimes, as defined in the Materials
and Methods section, of 5.9 and 160 ms, and 620µs and

FIGURE 4: pH dependence of the time-resolved absorbance differ-
ence spectra in rhodopsin 2D crystal suspensions at 35°C.
Significantly less of the 380 nm absorbing species is observed on
the seconds time scale in pH 5.5 low salt MES buffer compared to
pH 7.0 low salt Tris buffer. If the 380 nm absorbing product in
rhodopsin 2D crystals was the classical Meta II photointermediate
originally characterized by Matthews et al. (19), it should display
the so-called anomalous pH dependence, i.e., opposite to that
expected when the Schiff base linkage titrates due to the pH change
of the buffer, contrary to what is seen above. The final product in
rhodopsin 2D crystals displays the usual pH dependence expected
when a short wavelength absorbing Schiff base partially protonates
to form the longer wavelength absorbing PSB in going from pH
7.0 to pH 5.5.

FIGURE 5: Difference spectra resulting from the thermal quench
of photoexcited mixtures from 35 to 19°C on the seconds time
scale. The solid line shows the absorbance difference between a
sample of rhodopsin 2D crystal suspension that was photoexcited
at 35 °C and recorded at that temperature∼1 s later and the
spectrum from a sample that was similarly photoexcited at 35°C
but quenched to 19°C before recording the spectrum. The dashed
line shows the difference absorbance spectrum obtained from
samples of a sonicated membrane suspension of rhodopsin in an
identical experiment. To estimate the percent thermal reversibility
of the equilibrium formed on the∼1 s time scale, these data need
to be compared to the increase in signal recorded in constant
temperature measurements over this range. Those data indicate that
in the membrane the equilibrium is 100% thermally reversible at
∼1 s and approximately 85% thermally reversible in rhodopsin 2D
crystals. Note that the larger change seen in this experiment
compared to the data shown in Figure 3 for 2D rhodopsin crystals
results from the larger bleach achieved by the three sequential
flashes used here (see text) compared to the single laser pulses used
to produce the data in Figure 3.
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150 ms, respectively). The b-spectra associated with those
fits are shown in Figure 6, and the decomposition of the
b-spectra into intermediate spectra is given in Table 1. For
widely separated exponential time constants, as were deter-
mined at 15 and 25°C, the columns for the time-dependent
b-spectra of Table 1 give the relative fraction of each
intermediate that decays (positive sign) or is formed (negative
sign) in the process associated with that b-spectrum (16).
For b0, the time-independent b-spectrum, the column in Table
1 gives the fraction of each intermediate predicted in the
final equilibrium mixture. The data collected at 15 and 25
°C, however, do not constitute a strong test of whether a
homogeneous version of the rhodopsin bleaching mechanism
fully describes the crystal data because at those temperatures
relatively little 380 nm absorber forms, which makes the total
signal, i.e., the integrated absorbance change, fairly small.

At 35 °C larger signals were observed which allowed the
data to be fit to three exponentials with lifetimes of 130µs,
4.4 ms, and 100 ms. This fit was not entirely satisfactory
because the b-spectra associated with the three processes
(shown in Figure 6) were more similar in shape than the
b-spectra normally seen in rhodopsin membrane suspensions,
and the decomposition of the crystal b-spectra in terms of
intermediate spectra (shown in Table 1) differs significantly
from what would be expected from any possible variation
of rates in the mechanism known to describe rhodopsin in

membrane suspensions (see Appendix). Further, compara-
tively poor residuals were obtained from the three-exponen-
tial fit, and while four exponentials produced a marginal
improvement (introducing a small amplitude component with
an observed lifetime of 5 s, describing formation of a 420
nm absorber), neither it nor fitting with more exponentials
reduced the residuals to what would be expected if the sample
were completely homogeneous and obeyed any possible
variant of the rhodopsin mechanism as characterized in the
membrane. Thus, it is apparent that some sort of heterogene-
ity is present in the kinetics of the rhodopsin crystal sample.
The significance of this is discussed below.

DISCUSSION

Complete understanding of the rhodopsin photoexcitation
mechanism and the more general problem of GPCR activa-
tion requires that structures of all important intermediates
that appear along the activation pathway be characterized.
Achieving this goal requires both the determination of the
photointermediate sequence under physiological conditions
by methods with high time resolution and the application of
structural tools that are likely to require nonphysiological
constraints. The work reported here sought to characterize
the intermediates formed in rhodopsin 2D crystals, a phase
which has been of great importance in rhodopsin structure
determination (12) and which was used to determine the first
structure of a rhodopsin photointermediate (8). Since 2D
crystals are essentially similar to the membrane phase, it is
reasonable that there would be similarity in the mechanistic
scheme followed in those two environments, and to a first
approximation the bleaching kinetics in rhodopsin crystal
suspensions can be described by a subset of the mechanism
that prevails in membrane suspensions of rhodopsin (20):

where, in the mechanism above, the italicized part does not
appreciably take place on the time scale studied here in
crystal suspensions in the 15-35 °C range of temperatures
and the abbreviation NRO stands forn-retinylidene opsin,
the mixture of nonspecific retinal Schiff bases referred to
earlier. In the scheme above Meta II*H+ is the transducin
activating species also known as R*. The absence of the final
proton uptake by Meta II* in rhodopsin crystals accounts
for lack of the anomalous pH dependence in the final
equilibrated mixture since this step was originally proposed
to account for that observation (ref21, whose * notation for
the unprotonated form of Meta II we have adopted) and has
since been associated with proton uptake by glutamic acid
134 (22; note that MIIa of Arnis et al. is closely related to
our Meta II* as fully discussed in ref23 and MIIb of Arnis
et al. is equivalent to our Meta II*H+). It should be stressed
that the above scheme is adopted because it has previously
(20-23) been shown to describe rhodopsin under a wide
range of conditions, and the major features of it seem
appropriate to describe our observations in the 2D crystals.

One of the most important conclusions reached here is
that the formation of 380 nm absorbance in rhodopsin crystal
suspensions on the seconds time scale is primarily due to

FIGURE 6: Time-dependent absorbance changes (b-spectra) associ-
ated with the exponential processes that fit rhodopsin 2D crystal
data. Points show the b-spectra associated with the time-dependent
spectral changes (two exponentials at 15 and 25°C and three
exponentials at 35°C) and with b0, the time-independent absorbance
change due to excitation. Curves show the fit to the b-spectra
obtained using the photointermediate compositions given in Table
1.

Table 1: Decomposition of b-Spectra in Terms of
Photointermediates

b1 b2 b3 b0

15 °C
Lumi (494 nm) 0.26 0.55 a 0.2
Meta I480 (484 nm) -0.23 -0.46 a 0.69
Meta I380 or II* (384 nm) -0.03 -0.09 a 0.1
bleach (508 nm) 0 0 a -1

25 °C
Lumi (494 nm) 0.45 0.57 a 0
Meta I480 (484 nm) -0.35 -0.36 a 0.71
Meta I380 or II* (384 nm) -0.09 -0.18 a 0.26
bleach (508 nm) 0 0 a -1

35 °C
Lumi (494 nm) 0.51 0.2 0.3 0
Meta I480 (484 nm) -0.35 -0.05 -0.19 0.6
Meta I380 or II* (384 nm) -0.15 -0.16 -0.06 0.34
NRO (420 nm) 0 0 -0.04 0.04
bleach (508 nm) 0 0 0 -1

a At this temperature only two time-dependent b-spectra were fit to
the data.
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formation of Meta II*(MIIa), an intermediate of structural
interest because it lies on the pathway of activation under
physiological conditions. This conclusion is based on thermal
quench experiments in rhodopsin crystal suspensions show-
ing the 380 nm absorbing product to be in rapid equilibrium
with its PSB precursor, Meta I480. Formation of the 380 nm
absorbing product from Meta I480 and the fact that it does
not revert to Lumi exclude the possibility that the final
product is Meta I380. Our assignment of the 380 nm absorbing
product to Meta II*(MIIa) is also supported by FTIR
measurements at 30°C which found evidence for a species
with a Meta I-like protein conformation and a deprotonated
Schiff base (11) which is plausibly the FTIR signature of
Meta II*(MII a). The earlier conclusion based on UV/visible
measurements (8) that on longer time scales the 380 nm
absorbance is due to all-trans-retinal or its nonspecific Schiff
base products does not conflict with the assignment here to
Meta II*(MII a) on the seconds time scale, because at 35°C
there is evidence in the kinetic results for production of a
420 nm absorber with a 5 sformation time that corresponds
to the formation of the species previously characterized on
the longer time scale. The 420 nm absorbance is presumably
due to the protonated component of the nonspecific Schiff
base mixture of retinal and nonspecific Schiff bases referred
to as NRO reported earlier in more detail (24). This early
formation of NRO was supported by measurements on the
seconds to minutes time scale with the HP 8452A diode array
(data not shown). This 5 s process is much faster than occurs
in the native disk membrane at this temperature (24) and
represents another significant kinetic difference in 2D
rhodopsin crystals. Parallels exist in recombinant membrane
preparations of rhodopsin where short chain, saturated lipids
inhibited SB deprotonation and resulted in similar lack of
anomalous pH dependence (25-27). The cause may be
associated with the rigid environment in 2D crystals,
analogous to the situation with detergents in the cholesteric
class that similarly inhibit Schiff base deprotonation (28, 29).
An electron density feature attributed to cholesterol has been
found in the density map of the Meta I intermediate (8). FTIR
measurements of rhodopsin reconstituted with either dis-
tearoyl- or dipalmitoylphosphatidlylcholine to form mem-
branes showed similar behavior to measurements of 2D
crystals (11).

Although the subscheme above provides a first ap-
proximation to fit the time-resolved absorption data for
rhodopsin crystal suspensions, no single version of such a
scheme can account for the data at 35°C in detail. The most
obvious evidence for the inadequacy of a single scheme is
the poor residuals that result even when four exponentials
are fit to the data, and this idea is supported by the similarity
of the b-spectra shapes even when their associated lifetimes
vary over 3 orders of magnitude in time. A less obvious,
but more definitive indication of kinetic heterogeneity
appears when a detailed balancing of the production and
decay of the species presented in Table 1 is attempted. This
analysis, presented as an appendix, shows that the unusual
early production of Meta I480 during the process associated
with b1 and its interpretation within a single square scheme
lead to predictions which are inconsistent with the observed
lifetimes and compositions of the other b-spectra. The lack
of well-defined exponential processes that would be expected
if a single mechanism prevails after photoexcitation of the

rhodopsin crystal samples is further demonstrated by the
concentration profiles shown in Figure 7. If discrete expo-
nentials described those experiments, the concentration
profiles should change over localized regions of time.
However, rather than a set of plateaus separated by ramps
that are characteristic of rhodopsin in membrane suspensions,
the concentration profiles display more or less continuous
change, varying from that only by the noise of the measure-
ment.

To account for the observed kinetic data at 35°C, a model
that includes one or more additional schemes can be used to
improve the fit to the concentration profiles in Figure 7. The
early formation of Meta I480 can be accounted for by adding
a parallel, single-step scheme that incorporates a fast Lumi
decay concurrent with the primary membrane scheme. This
additional fast scheme only needs a single step since large
amounts of Meta I480 do not decay further on the time scale
of the measurements here. However, besides the fast scheme,
a further additional parallel scheme is required in order to
account for the spectral changes occurring at least an order
of magnitude slower than what is observed in rhodopsin
membrane suspensions at 35°C. This slow scheme has all
of the steps typically seen in the membrane (except proton
uptake) but has microscopic rates 1-2 orders of magnitude
slower than what prevails in the membrane. The rate
constants obtained for the three schemes required to fit the
rhodopsin crystal data are given in Table 2, and the fit to

FIGURE 7: Normalized temporal concentration profiles obtained by
fitting photointermediate spectra to the raw data from crystal
suspensions. Concentration profiles of photointermediates are
normally determined using the microscopic rate constants describing
the mechanism that best fits the data. In the case of rhodopsin 2D
crystals, no single mechanism could be found to fit the data, and
these concentration profiles shown by the plotted points [Lumi,1;
Meta I480, 2; 380 nm absorbers Meta I380 and Meta II*(MIIa), 9]
were determined by directly fitting the raw data to photointermediate
spectra. As a consequence of the empirical nature of the fit, the
380 nm absorbing product cannot be differentiated into Meta I380
and Meta II*(MIIa). The continuous change seen in these concentra-
tion curves, as opposed to the temporally localized changes expected
when exponentials describe the underlying processes, documents
the difficulty encountered in fitting a single mechanism with discrete
exponentials. The continuous curves in the 35°C panel show the
concentration profiles produced by the more complex, heteroge-
neous mechanism described in the text.
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the concentration profiles is shown in Figure 7. The largest
fraction of the sample follows a scheme similar to rhodopsin
in membrane suspension, but the rate constants are somewhat
slower than seen there. Modeling of the 35°C rhodopsin
crystal suspension data in terms of three parallel schemes
was performed in order to demonstrate that the data can be
fit with a limited number of processes and to show the
characteristics of the data in a concrete form. The exact
details of the model are not unique and should not be taken
to necessarily imply that three populations of rhodopsin are
present or that an alternative representation in terms of
stretched exponentials is excluded, but rather should be taken
to indicate the degree to which the data for rhodopsin crystal
suspensions are incompatible with a homogeneous kinetic
model.

Kinetic heterogeneity in rhodopsin crystal suspensions has
several possible origins. One possible cause is the physical
heterogeneity apparent when the samples are examined using
low magnification electron microscopy after negative staining
with 1% uranyl acetate (12). Besides the tubularp22121

crystals, some single layers are present as well as small areas
of denser staining material. Efforts were made to enrich
samples in well-formed crystals using sucrose density
gradients, but this did not materially reduce the apparent
kinetic heterogeneity compared to the fractions containing
more noncrystalline forms. However, even if all of the
particles in the sample were identical, a number of other
causes of heterogeneity are possible. One example involves
the topology of thep22121 crystals, where environmental
heterogeneity could exist for rhodopsins located in different
parts of a particular crystal. Becausep22121 forms tubular
or monolayer crystals, there will potentially be edge effects.
This unusual feature ofp22121 crystals has no direct analogue
in studies of rhodopsin in membrane vesicle suspensions,
which provide a homogeneous rhodopsin environment mak-
ing it difficult to assess. However, rhodopsin’s bleaching
kinetics in different recombinant membrane preparations
show it to be sensitive to its membrane environment (26,
27, 30, 31), potentially causing the kinetics of a particular
rhodopsin to depend on its proximity to a crystal edge.

Besides the heterogeneity due to preexisting factors
discussed above, pulsed excitation with a linearly polarized
laser creates an orientationally dependent heterogeneity
becausep22121 crystals are dichroic. On the time scale of
the 7 ns excitation pulse used here, crystals are completely
static so that the fractional bleach of all rhodopsins in a
particular crystal will be highest for crystals whose long axis
is aligned with the linear polarization axis of the exciting
light. Secondary excitation of photoproducts will also be
highest in those crystals. Rhodopsin is known to undergo a

significant volume change on formation of the metarhodopsin
II intermediate (32), which causes the Meta I480-Meta II
equilibrium to be pressure dependent. Presumably this would
have an effect on the kinetics of a photoexcited rhodopsin
in a low fractionally bleached crystal where it is surrounded
by unbleached molecules compared to the case of a more
highly bleached crystal where it would have a higher
probability to be surrounded by similarly excited rhodopsins.
To assess whether this effect contributed to the kinetic
heterogeneity, samples were excited with circularly polarized
light. While this still does not produce a perfectly homoge-
neous sample (because some crystals lie with their long axis
along the propagation direction of the exciting light), it
essentially reverses the bias in the fractional bleaching
distribution from relatively low fractional bleach to relatively
high fractional bleach. For circularly polarized excitation the
minority of crystals (i.e., those whose long axis lies in the
polar regions relative to the symmetry axis defined by the
propagation direction) is the population with lower fractional
bleach. The results of the circularly polarized excitation
experiments showed a small increase in amplitude of the
slowest component detected, but the increase was of marginal
significance. Thus, while this effect could contribute to the
heterogeneity in kinetics seen here, it seems unlikely to fully
account for it.

Our characterization of the principal bleaching product in
p22121 as Meta I480 agrees with the conclusion of previous
FTIR studies (11). Those FTIR experiments found the
transition temperature for Lumi decay to be elevated by
approximately 30°C compared to what is observed for
rhodopsin in the membrane. The increasedp22121 Lumi
stability implied by the FTIR temperature trapping experi-
ments is consistent with our observation at 15°C that Lumi
decays inp22121 approximately half as fast as it does in
membrane suspensions (18). However, at 35°C our mea-
surements show the situation to be reversed, and Meta I480

forms significantly faster inp22121 than it does in the
membrane. These observations raise the possibility that some
physical change takes place in the sample over the 15-35
°C temperature range that accelerates Lumi decay. Over the
same temperature range, our measurements show a signifi-
cant increase in the amount of 380 nm product formation.
Previous work found the 380 nm absorbing product to be
inactive toward transducin and concluded that on a longer
time scale the 380 nm absorbance was accounted for by all-
trans-retinal and its nonspecific Schiff bases (11). Here we
show that on the seconds time scale the 380 nm absorbance
is caused by the Meta II*(MIIa) intermediate, an on-pathway
precursor of the activated form. The fraction of photoproduct
appearing as Meta II*(MIIa) after a single laser pulse in a
2D crystal sample at 35°C is approximately 0.34 as shown
by the decomposition of b0 given in Table 1, and larger
amounts would be produced by a single laser pulse at higher
temperatures. Further, the total production of Meta II*(MIIa)
in 2D rhodopsin crystals can be substantially increased as
described in the Materials and Methods section by delivering
a series of orange flashes with each delayed by sufficient
time that Meta II*(MIIa) forms and back-photolysis is
avoided. Using the prototype of this method reported here,
we believe that over half of the sample was converted to
Meta II*(MII a). Thus, in principle at least, it is possible that
Meta II*(MII a), an intermediate separated from the GPCR

Table 2: Microscopic Rate Constants for Heterogeneous Rhodopsin
Crystal Schemes at 35°C

fast
(28%)

membrane-
like (50%)

slow
(22%)

k1 Lumi f Meta I380 (s-1) a 2500 8
k2 Meta I380 f Lumi (s-1) a 6000 4
k3 Meta I380 f Meta I480 (s-1) a 650 4
k4 Lumi f Meta I480 (s-1) 8000 170 5
k5 Meta I480 f Meta II*(MII a) (s-1) a 4 0.4
k6 Meta II*(MII a) f Meta I480 (s-1) a 3 0.4

a This subscheme contains only one step.
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active state by proton uptake, could be trapped in 2D crystals
for structural analysis.

APPENDIX

If all of the rhodopsin in a sample obeys the square scheme
with a single set of microscopic rate constants, the mecha-
nism places algebraic constraints on the shapes of the
b-spectra and lifetimes that can be obtained. The purpose of
this appendix is to demonstrate that the b-spectra from the
three-exponential fit to the data forp22121 at 35 °C are
inconsistent with those constraints.

In membrane suspensions of rhodopsin the observed
lifetime of the first process is∼100µs, and the shape of the
first b-spectrum at 25 and 35°C shows it to be due to Lumi
decaying while Meta I380 forms. Therefore, (k1 + k2) . k3,
k4, k5, k6. The first observed lifetime,t1, is ≈1/(k1 + k2), and
the amplitude of the first b-spectrum is approximatelyk1/(k1

+ k2). The second apparent lifetime in the membrane is
approximately 1 ms, and the shape of its b-spectrum shows
decay of Lumi to both 480 and 380 nm absorbance forms,
which implies thatt2 ≈ 1/(k3 + k4). The third lifetime found
in the membrane is approximately 10 ms, and its associated
b-spectrum shows Meta I480 decaying to Meta II, which
implies t3 ≈ 1/(k5 + k6). Thus, in membrane suspensions,
the three apparent lifetimes correspond to the three levels
of arrows in the square scheme (16).

In rhodopsin 2D crystal suspensions at 35°C, the first
apparent lifetime is 130µs, but the composition of the first
b-spectrum given in Table 1 shows thatk4 > (k1 + k2) (see
Table 2 for steps associated withkis). This means that the
first b-spectrum is no longer confined to the process
corresponding to the top row of arrows but contains the
contribution due to the left down arrow (whose associated
microscopic rate isk4). This implies thatτ1 ≈ 1/(k4 + k1 +
k2) ≈ 7500 s-1, and since a 2:1 ratio of 480 nm absorber to
380 nm absorber is formed during the process corresponding
to τ1, k4 ≈ 2(k1 + k2) ≈ 5000 s-1 and (k1 + k2) ≈ 2500 s-1.
The amplitude of the fast b-spectrum is still primarily
determined by the top row process, sok1/(k1 + k2) ≈ 0.5,
implying a balanced top equilibrium withk1 ≈ 1250 s-1 and
k2 ≈ 1250 s-1. If the partial scheme constructed using these
microscopic rate constants is examined, clear contradictions
with the subsequent processes exist. Table 1 shows that
approximately half of the Lumi initially formed decays in
the second and the third processes via the two down arrows
with a net production of the 380 nm absorbing form (as
required by the composition of the associated b-spectra in
Table 1). However, this net production requires thatk3

(associated with the right down arrow) must be larger than
k4 (5000 s-1), with the consequence being that all of the Lumi
must completely decay within 200µs, contradicting the 4.4
ms observed second lifetime as well as the experimental b-
spectra. From a qualitative standpoint, within the constraints
of a single scheme, the contribution of Lumi to all three b-
spectra is fundamentally incompatible with the rapid Meta
I480 formation seen at this temperature. Thus, in addition to
the other indications of heterogeneous kinetics referred to
in the Discussion, as demonstrated here the b-spectra shapes
and associated lifetimes are inconsistent, with the data from
crystal suspensions at 35°C being described by a single
scheme.
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