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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 356. The crystalline environment favored the Metgol
photointermediate, with its formation from Lumi beginning faster than it does in rhodopsin membrane
suspensions at 3% 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 Metagd decay did not display the anomalous pH dependence characteristic

of classical Meta Il in the native disk membrane. Crystal suspensions bleache@@b88 quenched to

19 °C showed that a rapid equilibrium existed on thk s time scale, which suggests that the unprotonated
predecessor of Meta Il in the native membrane environment (sometimes call@diaktis in 2D rhodopsin

crystals but that the non-Schiff base proton uptake completing classical Meta Il 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 great effort that processes 10000 times slower than those
attracted attention as the majority photoreceptor protein in reported here are studied.
mammalian retinas, with study of the intermediates in itS  The detailed structural information available for the

photoactivation sequence starting long before its function asjnactive, dark state of rhodopsis, (6) provides an unam-
a G protein-coupled receptor (GPCRyas revealedl). In biguous basis for structural modeling of the earliest photo-
virtually all other GPCRs the study of activation intermedi- jntermediates. Optical methods of detection, such as time-
ates is extremely difficult because the diffusional nature of |o5oved absorbance measuremefsgrovide the highest
chemoreception does not allow the rapid triggering required ime resolution of any experimental technique and thus can
for early intermediate characterization using ensemble-based,q \;sed to study a sequence of photointermediates under
methods. While progress has been made in detectingypysiglogical conditions (shown in Figure 1) that connects
intermediates in chemoreceptor GPCRs4), itis only with most directly to the dark state, but the structural content is
limited to specific aspects of the chromophore monitored. It
t This work was supported by Grant EY00983 from the National IS fortunate therefore that some of the photointermediates
Eye Institute of the National Institutes of Health (to D.S.K.), a can be thermally trapped in a form that could be characterized
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$ MRC Laboratory of Molecular Biology. However, the relationship of thermally trapped intermediates
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hydroxyethyl)piperaziné¥-2-ethanesulfoninc acid; Lumi, lumirhodop- simple and can be even more complex in a perturbed
sin; MES, 2-(N-morpholino)ethanesulfonic acid; Meta, metarhodopsin; . . . . .
NRO, n-retinylidene opsin; PSB, protonated Schiff base; SVD, singular Membrane environment such as exists in two-dimensional

value decomposition; Tris, tris(hydroxymethyl)aminomethane. (2D) rhodopsin crystals. Thus time-resolved measurements
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Ficure 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
I3go 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 dy L EET.

maltoside) except that, beginning with Lumi, all decays are : A g B g

sgfr;lﬁé:antly faster and subsequent equilibria are more forward . .- 2 Electron micrograph of 2D crystals of rhodopsin. An
shifted.

overview picture of a sample obtained from a dialysis reconstitution

erformed directly on rhodopsin crvstals are of interest in experiment was taken at low magnification and with strong defocus
p Yy p Y (300 um) to obtain high contrast. Single layer membranes (s),

order to clarify the relationship of the trapped photointer- collapsed tubular membranes (t), and protein aggregates (p) are
mediate to those that appear physiologically. This is par- visible. The single layers and the tubes are two-dimensional crystals
ticularly important in the case of metarhodopsin | in 2D of bovine rhodopsin, which are well characteriz8d(2, 13). The
crystals because, on warming, the subsequent intermediat&*act nature of the protein aggregates (p) is not known.

lacks important characteristics of metarhodopsirot11),

the intermediate normally produced from metarhodopsin I Collection of Time-Resoéd Absorbance Difference Spec-
in the native rhodopsin membrane. A goal of the time- tra, Individual 1L samples were photolyzed by 7 ns (full
resolved absorbance measurements on suspensions of rhodogyidth at half-maximum of the peak intensity) laser pulses
sin CryStalS reported here was to determine the relationShipfrom a dye |aser, pumped by the 355 nm third harmonic of
of the photointermediates in those crystals to the normal 3 Nd:YAG laser, that produced vertically polarized 477 nm
bleaching sequence that appears after photoexcitation of morgight. The energy delivered to the sample was/80mn?.
commonly studied preparations such as rhodopsin in mem-The change in absorption spectrum at a particular time delay,
brane or detergent suspensions. ranging from 1us to 5.54 s after photolysis, was measured

MATERIALS AND METHODS using a gated optical multichannel analyzéx. @bsorbance
Preparation of Rhodopsin Crystal Suspensions for Optical changesAAﬂ(i,t),_were momtqreq at a right .angle to the
MeasurementsBovine rhodopsin crystal suspensions (see propagation dlrect_|on_of the excitation beam using a flashlamp
Figure 2) were prepared in dialysis buffer [20 mM HEPES that produced white light polarized at the magic angle, 4.7
100 mM NaCl, 10 mM MgCL, 3 mM NaN;, 4 mM " relative to the laser polarization direction. Absorbance

mercaptoethanol, 4 mM dithiothreitol, 2.5% (viv) 2-propanol measured at the magic angle is free from contributions that

j i i : ise from rotational diffusion of rhodopsin rather than from
adjusted to pH 7] as described previoudl,(13). Rhodopsin ~ 21'S€ _ !
crystal samples in dialysis buffer showed high turbidity, 2PSorbance changes of actual photointermedidis The

presumably due to crystal aggregation caused by thepath lengths of the actinic light and probe light in the sample

relatively high ionic strength of that buffer. Further, the were 0.5 mm and 2.0 mm, respectively.

results of preliminary time-resolved optical measurements ~ To investigate one possible cause of kinetic inhomogeneity
suggested that significant settling of aggregates took placeseen in the above rhodopsin crystal measurements, other
in the barrel of the syringe pump used for sample delivery excitation conditions were explored. Since the two-dimen-
during the 45 min course of a typical experiment. To reduce sional rhodopsin crystals studied here are expected to show
both of these problems, for the measurements reported herdinear dichroism, the fractional bleach of the rhodopsin within
rhodopsin crystal samples were spun down (15K rpm, 20 a particular crystal will vary depending on its orientation
min, Sorvall SS-34) and resuspended in low salt Tris buffer relative to the laser polarization direction. If cooperativity
(10 mM Tris, 2 mM MgC}, 0.1 mM EDTA) at pH 7 or low exists in any of the photointermediate transitions, variable
salt MES buffer (10 mM MES, 2 mM MgG| 0.1 mM fractional bleach could cause a continuous distribution of
EDTA) at pH 5.5 to produce a concentration of ap- ratesto appear. To produce a somewhat more homogeneous
proximately 0.7 mg/mL rhodopsin. Time-resolved absorption bleach, some crystal samples were excited by circularly
experiments in low salt buffers produced results similar to polarized laser light created from the initially linearly
those obtained in dialysis buffer but had higher signal-to- polarized light using a Soleil-Babinet compensator set to
noise ratio because of reduced light scattering. The presenceproduce one-fourth wave of retardation at 477 nm. When
of rhodopsin crystals in these low salt samples was verified circularly polarized excitation was used, absorbance changes
by electron microscopy conducted after the experiments werewere measured at the magic angle relative to the symmetry
finished. axis of excitation i.e., the laser propagation direction.
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Ficure 3: Absorbance difference spectra recorded at time delays ranging frantdl5.54 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 (5&Yrelative 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, evefGaapproximately two-thirds of the PSB absorbance in 2D rhodopsin
crystals remains at 5.54 s after excitation. Note that the peak of #lsedhta 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) havidgagimilar

Thermal Quench ExperimeniBo test whether a thermally  for specific mechanisms (for example, ..., ks for the square
reversible equilibrium existed on the time scale of seconds scheme; see below) were determined by fitting the b-spectra
after excitation of rhodopsin crystal suspensions, we com- using intermediate spectra as described previod€y The
pared absorbance spectra of samples excited 4C3&nd amount of rhodopsin bleached by each laser pulse can be
measured-1 s later either at 35C or after quenchingto 19  determined as described previously\and has been found
°C. To do this, a 30@L sample of the rhodopsin suspension to correlate with the amount estimated from the amplitude
was equilibrated at 38C in a 0.25 mL glass tuberculin  of the Lumi difference spectrum. Since the latter method
syringe. The syringe was completely surrounded by the does not suffer from the possibility of error caused by
reflectors of three photoflash units (whose light was filtered differences in light scattering, it was used here.
with Schott OG530 colored glass) which were triggered
sequentially at 100 ms intervals, after which the contents of RESULTS
the syringe were injected withil s into 1.2 mL of stirred
low salt Tris buffer equilibrated at either 35 or 16 ina 1 Time-resolved absorbance difference spectra collected
cm path length cuvette. Spectra were recorded with afrom 1us to 5.54 s after photoexcitation of rhodopsin 2D
Hewlett-Packard 8452A diode array spectrophotometer within crystal suspensions at temperatures of 15, 25, arf€3fe
3s. shown in Figure 3. At the earliest times the difference spectra

Analysis of Time-Resmd SpectraThe set of experimen-  at all temperatures are similar and have the shape typically
tal magic angle difference spectfayAn(1,1)}, were analyzed  observed when the lumirhodopsin (Lumi) photointermediate
by singular value decomposition (SVD) and global expo- has been formed after photoexcitation of rhodopsin. As the
nential fitting (L5). In SVD the data matrixAA, is split into early delay times progress, the absorbance decreases near
a product of three matrice®y\A = U-SV', whereU is a 530 nm and increases to the blue of 460 nm as a product
matrix of orthogonal spectral vector§/ is their time with the characteristics of metarhodopsin | (Mejgy)lis
dependence, arfsicontains the significance values indicative formed. At the lowest temperature, this is essentially the only
of the contributions of théJ andV vectors to the experi-  process observed, but at the two higher temperatures, further
mental data. The significant vectors in the temporal matrix, formation of a 380 nm absorbing product is observed, with
V, are fitted to a sum of exponential functions followed by the most 380 nm absorbance developing in the °85
calculation of the spectral amplitudes, the b-spectra. From experiment. However, even after 5.54 s at’85substantial
the b-spectra and exponential functions the matrix of amounts of Meta ko remain in equilibrium with the 380

reproduced data)a, is calculated: nm absorbing product, particularly compared to the es-
sentially complete conversion to 380 nm product normally
Aa(At) = by(4) + by(4) exp(-tiry) + observed in membrane or detergent suspensions of rhodopsin
b,(1) exp(—tity) + ... at 35°C. In fact, the fractional conversion of Metad to

380 nm absorbing product at 3% is smaller than the
where ther; are the apparent lifetimes and thgp are amount normally observed to be converted at °T5 in
b-spectra corresponding to difference spectra which decaymembrane suspensions of rhodopsiB)( which raises the
with the associated lifetime. The difference between the question of whether the 380 nm absorber seen in rhodopsin
experimental data matrix and the reproduced dats AA 2D crystal suspensions is the same one seen in the membrane
— Aa, gives the matrix of residuals that is used to judge the under these conditions. Besides the two 380 nm absorbing
quality of the fit. The residual matrix of a good fit contains deprotonated Schiff base photointermediates that normally
only spectrally featureless noise caused by the finite numberprecede protonated Meta Il formation in the membrane, after
of photons detected in each measurement. Equilibrium release from lysine 296 in the rhodopsin binding pocket all-
constants and, where appropriate, microscopic rate constantrans-retinal can go on to react with other amine groups to
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Ficure 4: pH dependence of the time-resolved absorbance differ-
ence spectra in rhodopsin 2D crystal suspensions at'@5 400 500
Significantly less of the 380 nm absorbing species is observed on Wavelength / nm

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 Il photointermediate Pt -
originally characterized by Matthews et al9], it should display scale. The solid line shows the absorbance difference between a

the so-called anomalous pH dependence, i.e., opposite to thaLtsample of rhodopsin 2D crystal suspension that was photoexcited

expected when the Schiff base linkage titrates due to the pH change?t 35,: °C ?nd recorde? ‘3;:1 ”t‘at tempelratlmfah St Iater_tagd thgg
of the buffer, contrary to what is seen above. The final product in spectrum from a samplée that was similarly photoexcited &

thodopsin 2D crystas displays the usual pH dependence expectediic {ULCLI% D G e abcorbance spectrum obtaned flom
when a short wavelength absorbing Schiff base partially protonates p

; ) ; samples of a sonicated membrane suspension of rhodopsin in an
t7c?ofc;(r)mplt_|he5.lsc1nger wavelength absorbing PSB in going from pH identical experiment. To estimate the percent thermal reversibility

of the equilibrium formed on the-1 s time scale, these data need

form nonspecific Schiff base products that also absorb at© Peé compared to the increase in signal recorded in constant
380 nm temperature measurements over this range. Those data indicate that

. . in the membrane the equilibrium is 100% thermally reversible at
To further characterize the 380 nm absorbing product ~1 s and approximately 85% thermally reversible in rhodopsin 2D
formed in rhodopsin 2D crystal suspensions, photolysis crystals. Note that the larger change seen in this experiment
experiments were carried out at pH 5.5 in order to determine Somﬁaf?rdrt]? EEG ?arta Srhglwn iﬂ FigrllJifev3df0tr) 2?hfh?ﬁfpsm nysgﬁsl
Whether the final equilibrated mixture displayed the char- ﬂejassl;ess usoed he?e ?sgg texga::%m;a)gre% t%theysingle Iazgrf)i?su:s uged
acteristically anomalous pH dependence of the Mgjea-| to produce the data in Figure 3.
metarhodopsin Il (Meta II) reactior1®). The results of that
experiment are presented in Figure 4 and show that less 38Ghown in Figure 5 for the rhodopsin 2D crystal sample clearly
nm absorbing product is formed as the pH is reduced, shows rapid reversibility of the equilibrated mixture. Even
suggesting that the final product is not classical Meta Il, if the equilibrium mixture in the crystal sample were
because the hallmark of classical Meta Il as originally completely reversible thermally, the amplitude of the rhodop-
characterized by Matthews et al. was that it has a pH sin crystal difference spectrum would not be expected to be
dependence opposite to what would be expected for directas large as the difference spectrum observed in sonicated
protonation of Schiff basesl®). Previous UV/visible ab-  rhodopsin membrane suspensions because the latter is
sorbance studies of rhodopsin crystal suspension photoprodconsiderably more forward shifted to begin with. To normal-
uct formation with lower time resolution suggested that free ize the fraction of the 380 nm product that was thermally
all-transretinal could form on the minutes time scale and reversible to 480 nm absorber, further experiments were
that it (through its nonspecific Schiff base products) could conducted both in rhodopsin crystals and in membrane
account for the pH dependence of the 380 nm product peaksuspensions to measure the amount of additional 380 nm
(8). If a mixture of alltransretinal and its nonspecific Schiff — absorption normally present at 38 and hence to estimate
bases were also responsible on our faster time scale for thehe percent thermal reversibility in the thermal quenching
lack of anomalous pH dependence, the resulting equilibrium experiment. Approximately 85% of the 380 nm absorbance
should be insensitive to rapid temperature change. However,in rhodopsin 2D crystal suspensions was found to be
if, instead of early photoproduct decay to form wmdns thermally reversible to a 480 nm absorber while in membrane
retinal taking place in rhodopsin crystals, the Meta Il suspensions essentially all was reversible within experimental
intermediate was not fully formed there and the retinal error.
remained bound to lysine 296, the equilibrated mixture would  The above results suggested that early release of retinal
display rapid temperature dependence. To investigate whetheis not a significant process on the seconds time scale, and
the final equilibrium produced on the seconds time scale wastherefore the time-resolved absorbance data for rhodopsin
rapidly reversible, we compared absorption spectra of 2D crystal suspensions should be well described by the
samples bleached at 36 and measured at 3& to spectra relatively small number of exponential components derived

Ficure 5: Difference spectra resulting from the thermal quench
of photoexcited mixtures from 35 to 1% on the seconds time

of samples bleached at 3&, rapidly quenched to 19C, from the mechanism that describes rhodopsin photoexcitation

and measured there. products in membrane suspensions or even fewer exponen-
Figure 5 compares the amount of 380 nm absorbance thattials if a subset of the membrane mechanism (i.e., no proton

can be converted back to 480 nm absorbance (Medably uptake by Meta Il) prevails in rhodopsin crystals. This was

dropping the temperature from 35 to 1@ after photoex-  found to be the case at the lower temperatures, with two
citation of rhodopsin 2D crystals versus what is observed exponentials providing a reasonable fit to the data at both
during a similar experiment using a membrane suspension15 and 25°C (observed lifetimes, as defined in the Materials
of rhodopsin. The amplitude of the difference spectrum and Methods section, of 5.9 and 160 ms, and g&Cand
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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

0.01 bo

by = by

“7 N b /\M
< .
<] G

-0.01 15%C 25°%C nm absorber), neither it nor fitting with more exponentials
reduced the residuals to what would be expected if the sample
400 500 400 500 400 500 were completely homogeneous and obeyed any possible
Wavelength / nm variant of the rhodopsin mechanism as characterized in the

FicURe 6: Time-dependent absorbance changes (b-spectra) associfembrane. Thus, it is apparent that some sort of heterogene-

ated with the exponential processes that fit rhodopsin 2D crystal ity is present in the kinetics of the rhodopsin crystal sample.
data. Points show the b-spectra associated with the time-dependenThe significance of this is discussed below.

spectral changes (two exponentials at 15 and°@5and three

exponentials at 35C) and with f, the time-independent absorbance DISCUSSION

change due to excitation. Curves show the fit to the b-spectra

obtained using the photointermediate compositions given in Table Complete understanding of the rhodopsin photoexcitation

1 mechanism and the more general problem of GPCR activa-
— _ tion requires that structures of all important intermediates
;ﬁb'te.li Decg.mtpos't'on of b-Spectra in Terms of that appear along the activation pathway be characterized.
ofointermediates Achieving this goal requires both the determination of the
by by bs bo photointermediate sequence under physiological conditions
15°C by methods with high time resolution and the application of
knuml (49442'2) 7(?:2236 700425 a 8-29 structural tools that are likely to require nonphysiological
eta Ligo (484 nm) Toes —00 A : constraints. The work reported here sought to characterize
Meta kgoor I1* (384 nm) 0.03 0.09 a 0.1 ) . . .
bleach (508 nm) 0 0 a -1 the intermediates formed in rhodopsin 2D crystals, a phase
25°C which has been of great importance in rhodopsin structure
kAUTI $449?42T) ) §§55 003-567 a 8 - determination12) and which was used to determine the first
eta lgo nm —0. —0. a . H H H H
Meta kgoor II* (384 nm) —0.09 -0.18 a 026 structure of a rhoo!opsm. photomtermedm&). (Since 2D N
bleach (508 nm) 0 0 a -1 crystals are essentially similar to the membrane phase, it is
35°C reasonable that there would be similarity in the mechanistic
Lumi (494 nm) 0.51 02 03 0 scheme followed in those two environments, and to a first
Meta Leo (484 nm) —035 —005 -019 06 approximation the bleaching kinetics in rhodopsin crystal
Meta kgoor II* (384 nm) —0.15 -0.16 —0.06 0.34 . . .
NRO (420 nm) 0 0 —0.04 0.04 suspensions can be described by a subset of the mechanism
bleach (508 nm) 0 0 0 -1 that prevails in membrane suspensions of rhodop@): (
thea Q; tt{t;'is temperature only two time-dependent b-spectra were fit to Lumi Meta Lgo
150 ms, respectively). The b-spectra associated with those l l " - NRO
fits are shown in Figure 6, and the decomposition of the Meta Ligy «<—=> Meta [[* ¢—=> Meta I[*H"

b-spectra into intermediate spectra is given in Table 1. For
widely separated exponential time constants, as were deterwhere, in the mechanism above, the italicized part does not
mined at 15 and 25C, the columns for the time-dependent appreciably take place on the time scale studied here in
b-spectra of Table 1 give the relative fraction of each crystal suspensions in the 435 °C range of temperatures
intermediate that decays (positive sign) or is formed (negative and the abbreviation NRO stands foretinylidene opsin,
sign) in the process associated with that b-spectri). (  the mixture of nonspecific retinal Schiff bases referred to
For ky, the time-independent b-spectrum, the column in Table earlier. In the scheme above Meta II*Hs the transducin
1 gives the fraction of each intermediate predicted in the activating species also known as R*. The absence of the final
final equilibrium mixture. The data collected at 15 and 25 proton uptake by Meta II* in rhodopsin crystals accounts
°C, however, do not constitute a strong test of whether a for lack of the anomalous pH dependence in the final
homogeneous version of the rhodopsin bleaching mechanismequilibrated mixture since this step was originally proposed
fully describes the crystal data because at those temperaturet account for that observation (121, whose * notation for
relatively little 380 nm absorber forms, which makes the total the unprotonated form of Meta Il we have adopted) and has
signal, i.e., the integrated absorbance change, fairly small.since been associated with proton uptake by glutamic acid
At 35 °C larger signals were observed which allowed the 134 22; note that MI}, of Arnis et al. is closely related to
data to be fit to three exponentials with lifetimes of 1389 our Meta II* as fully discussed in re3 and Mll, of Arnis
4.4 ms, and 100 ms. This fit was not entirely satisfactory et al. is equivalent to our Meta II*H). It should be stressed
because the b-spectra associated with the three processdabat the above scheme is adopted because it has previously
(shown in Figure 6) were more similar in shape than the (20—23) been shown to describe rhodopsin under a wide
b-spectra normally seen in rhodopsin membrane suspensions;ange of conditions, and the major features of it seem
and the decomposition of the crystal b-spectra in terms of appropriate to describe our observations in the 2D crystals.
intermediate spectra (shown in Table 1) differs significantly ~ One of the most important conclusions reached here is
from what would be expected from any possible variation that the formation of 380 nm absorbance in rhodopsin crystal
of rates in the mechanism known to describe rhodopsin in suspensions on the seconds time scale is primarily due to
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formation of Meta 1I*(Mlly), an intermediate of structural 1 v, 15°C
interest because it lies on the pathway of activation under .
physiological conditions. This conclusion is based on thermal eoat]
quench experiments in rhodopsin crystal suspensions show- s
ing the 380 nm absorbing product to be in rapid equilibrium
with its PSB precursor, Metagy. Formation of the 380 nm
absorbing product from Metagh and the fact that it does
not revert to Lumi exclude the possibility that the final
product is Metadgo. Our assignment of the 380 nm absorbing
product to Meta II*(MIl) is also supported by FTIR
measurements at 3€ 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*(MIl ;). The earlier conclusion based on UV/visible
measurements8] that on longer time scales the 380 nm :
absorbance is due to d@tiansretinal or its nonspecific Schiff X
base products does not conflict with the assignment here to o .
Meta 1I*(Mll ) on the seconds time scale, because &t@5 10 10*_ 10° 1

there is evidence in the kinetic results for production of a _ Time /s _ _ _

420 nm absorber wita 5 sformation time that corresponds Ficure 7: Normalized temporal concentration profiles obtained by

to the formation of th i revi IV characterized r11‘itting photointermediate spectra to the raw data from crystal
0 the Tormation or the species previously characterized o suspensions. Concentration profiles of photointermediates are

the longer time scale. The 420 nm absorbance is presumablyhormally determined using the microscopic rate constants describing
due to the protonated component of the nonspecific Schiff the mechanism that best fits the data. In the case of rhodopsin 2D
base mixture of retinal and nonspecific Schiff bases referred crystals, no single mechanism could be found to fit the data, and
to as NRO reported earlier in more deta2). This early these concentration profiles shown by the plotted points [Lomi,

. Meta ligo, A; 380 nm absorbers Metagh and Meta 11*(Mll,), H]
formation of NRO was supported by measurements on theyere determined by directly fitting the raw data to photointermediate

seconds to minutes time scale with the HP 8452A diode array spectra. As a consequence of the empirical nature of the fit, the
(data not shown). Tki5 s process is much faster than occurs 380 nm absorbing product cannot be differentiated into Mgja |

in the native disk membrane at this temperat4) @nd and Meta II*(MIly). The continuous change seen in these concentra-

P - : ; tion curves, as opposed to the temporally localized changes expected
represents another S'gn'f'ca”F Klnetlc dlfference in 2D when exponentials describe the underlying processes, documents
rhodopsin crystals. Parallels exist in recombinant membrane e gjfficulty encountered in fitting a single mechanism with discrete

preparations of rhodopsin where short chain, saturated lipidsexponentials. The continuous curves in the°85panel show the
inhibited SB deprotonation and resulted in similar lack of concentration profiles produced by the more complex, heteroge-

anomalous pH dependencg5¢27). The cause may be N€ous mechanism described in the text.
associated with the rigid environment in 2D crystals,
analogous to the situation with detergents in the cholestericrhodopsin crystal samples is further demonstrated by the
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class that similarly inhibit Schiff base deprotonati@s,(29). concentration profiles shown in Figure 7. If discrete expo-
An electron density feature attributed to cholesterol has beennentials described those experiments, the concentration
found in the density map of the Meta | intermediag FTIR profiles should change over localized regions of time.

measurements of rhodopsin reconstituted with either dis- However, rather than a set of plateaus separated by ramps
tearoyl- or dipalmitoylphosphatidlylcholine to form mem- that are characteristic of rhodopsin in membrane suspensions,
branes showed similar behavior to measurements of 2Dthe concentration profiles display more or less continuous
crystals (1). change, varying from that only by the noise of the measure-
Although the subscheme above provides a first ap- ment.
proximation to fit the time-resolved absorption data for  To account for the observed kinetic data at’85 a model
rhodopsin crystal suspensions, no single version of such athat includes one or more additional schemes can be used to
scheme can account for the data af@5n detail. The most  improve the fit to the concentration profiles in Figure 7. The
obvious evidence for the inadequacy of a single scheme isearly formation of Meta4so can be accounted for by adding
the poor residuals that result even when four exponentialsa parallel, single-step scheme that incorporates a fast Lumi
are fit to the data, and this idea is supported by the similarity decay concurrent with the primary membrane scheme. This
of the b-spectra shapes even when their associated lifetimesdditional fast scheme only needs a single step since large
vary over 3 orders of magnitude in time. A less obvious, amounts of Metaso do not decay further on the time scale
but more definitive indication of kinetic heterogeneity of the measurements here. However, besides the fast scheme,
appears when a detailed balancing of the production anda further additional parallel scheme is required in order to
decay of the species presented in Table 1 is attempted. Thisaccount for the spectral changes occurring at least an order
analysis, presented as an appendix, shows that the unusualf magnitude slower than what is observed in rhodopsin
early production of Metauho during the process associated membrane suspensions at 35. This slow scheme has all
with b; and its interpretation within a single square scheme of the steps typically seen in the membrane (except proton
lead to predictions which are inconsistent with the observed uptake) but has microscopic rates4 orders of magnitude
lifetimes and compositions of the other b-spectra. The lack slower than what prevails in the membrane. The rate
of well-defined exponential processes that would be expectedconstants obtained for the three schemes required to fit the
if a single mechanism prevails after photoexcitation of the rhodopsin crystal data are given in Table 2, and the fit to



4980 Biochemistry, Vol. 45, No. 15, 2006 Szundi et al.

Table 2: Microscopic Rate Constants for Heterogeneous Rhodopsin Significant volume change on formation of the metarhodopsin

Crystal Schemes at 3% Il intermediate 82), which causes the Metagh—Meta Il

fast _membrane-  slow equilibrium to be pressure dependent. Presumably this would

(28%) like (50%)  (22%) have an effect on the kinetics of a photoex_ci.ted rhodopsin
ke Lumi — Meta beo(s ) a 2500 8 in a low fractionally bleached crystal where it is surrounded
k2 Meta kgo— Lumi (s%) a 6000 4 by unbleached molecules compared to the case of a more
ks Meta kgo— Meta lygo (s74) a 650 4 highly bleached crystal where it would have a higher
ka Lumi — Meta Lo (S D) o, 8000 170 5 probability to be surrounded by similarly excited rhodopsins.
Emgtg hi%l\_/l’”'\:')ef,'\'ﬂ e({\:l”hi 8,1; 2 g 8:3 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
the concentration profiles is shown in Figure 7. The largest along the propagation direction of the exciting light), it
fraction of the sample follows a scheme similar to rhodopsin essentially reverses the bias in the fractional bleaching
in membrane suspension, but the rate constants are somewhatistribution from relatively low fractional bleach to relatively
slower than seen there. Modeling of the 35 rhodopsin high fractional bleach. For circularly polarized excitation the
crystal suspension data in terms of three parallel schemesninority of crystals (i.e., those whose long axis lies in the
was performed in order to demonstrate that the data can bepolar regions relative to the symmetry axis defined by the
fit with a limited number of processes and to show the propagation direction) is the population with lower fractional
characteristics of the data in a concrete form. The exactbleach. The results of the circularly polarized excitation
details of the model are not unique and should not be takenexperiments showed a small increase in amplitude of the
to necessarily imply that three populations of rhodopsin are slowest component detected, but the increase was of marginal
present or that an alternative representation in terms of significance. Thus, while this effect could contribute to the
stretched exponentials is excluded, but rather should be takerheterogeneity in kinetics seen here, it seems unlikely to fully
to indicate the degree to which the data for rhodopsin crystal account for it.
suspensions are incompatible with a homogeneous kinetic Our characterization of the principal bleaching product in
model. p22:2; as Meta }go agrees with the conclusion of previous
Kinetic heterogeneity in rhodopsin crystal suspensions hasFTIR studies {1). Those FTIR experiments found the
several possible origins. One possible cause is the physicaltransition temperature for Lumi decay to be elevated by
heterogeneity apparent when the samples are examined usingpproximately 30°C compared to what is observed for
low magnification electron microscopy after negative staining rhodopsin in the membrane. The increage®2; Lumi
with 1% uranyl acetatel1@). Besides the tubulap22;2, stability implied by the FTIR temperature trapping experi-
crystals, some single layers are present as well as small areaments is consistent with our observation at’Csthat Lumi
of denser staining material. Efforts were made to enrich decays inp22,2; approximately half as fast as it does in
samples in well-formed crystals using sucrose density membrane suspensionsg(. However, at 35°C our mea-
gradients, but this did not materially reduce the apparent surements show the situation to be reversed, and Mgja |
kinetic heterogeneity compared to the fractions containing forms significantly faster inp22;2; than it does in the
more noncrystalline forms. However, even if all of the membrane. These observations raise the possibility that some
particles in the sample were identical, a number of other physical change takes place in the sample over the355
causes of heterogeneity are possible. One example involvesC temperature range that accelerates Lumi decay. Over the
the topology of thep22,2; crystals, where environmental same temperature range, our measurements show a signifi-
heterogeneity could exist for rhodopsins located in different cant increase in the amount of 380 nm product formation.
parts of a particular crystal. Becaup22,2; forms tubular Previous work found the 380 nm absorbing product to be
or monolayer crystals, there will potentially be edge effects. inactive toward transducin and concluded that on a longer
This unusual feature @222, crystals has no direct analogue time scale the 380 nm absorbance was accounted for by all-
in studies of rhodopsin in membrane vesicle suspensions,transretinal and its nonspecific Schiff basekl). Here we
which provide a homogeneous rhodopsin environment mak- show that on the seconds time scale the 380 nm absorbance
ing it difficult to assess. However, rhodopsin’s bleaching is caused by the Meta I1*(M}) intermediate, an on-pathway
kinetics in different recombinant membrane preparations precursor of the activated form. The fraction of photoproduct
show it to be sensitive to its membrane environmé&® (  appearing as Meta II*(M}) after a single laser pulse in a
27, 30, 31), potentially causing the kinetics of a particular 2D crystal sample at 3%C is approximately 0.34 as shown
rhodopsin to depend on its proximity to a crystal edge. by the decomposition ofgbgiven in Table 1, and larger
Besides the heterogeneity due to preexisting factors amounts would be produced by a single laser pulse at higher
discussed above, pulsed excitation with a linearly polarized temperatures. Further, the total production of Meta [I*()II
laser creates an orientationally dependent heterogeneityin 2D rhodopsin crystals can be substantially increased as
because22,2; crystals are dichroic. On the time scale of described in the Materials and Methods section by delivering
the 7 ns excitation pulse used here, crystals are completelya series of orange flashes with each delayed by sufficient
static so that the fractional bleach of all rhodopsins in a time that Meta 1I*(Mll;) forms and back-photolysis is
particular crystal will be highest for crystals whose long axis avoided. Using the prototype of this method reported here,
is aligned with the linear polarization axis of the exciting we believe that over half of the sample was converted to
light. Secondary excitation of photoproducts will also be Meta II*(MIl ;). Thus, in principle at least, it is possible that
highest in those crystals. Rhodopsin is known to undergo aMeta II*(Mll 5), an intermediate separated from the GPCR

@ This subscheme contains only one step.
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active state by proton uptake, could be trapped in 2D crystalsSREFERENCES

for structural analysis. 1

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 f@22,2; at 35°C are
inconsistent with those constraints.

In membrane suspensions of rhodopsin the observed
lifetime of the first process is-100us, and the shape of the
first b-spectrum at 25 and 3% shows it to be due to Lumi
decaying while Metagsko forms. Therefore, iy + k) > ks,
ks, ks, ks. The first observed lifetimdy, is ~1/(k; + k;), and
the amplitude of the first b-spectrum is approximatelfk;

+ k). 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 that, ~ 1/(ks + ks). The third lifetime found

in the membrane is approximately 10 ms, and its associated
b-spectrum shows Metasgh decaying to Meta I, which
impliest; ~ 1/(ks + kg). Thus, in membrane suspensions,
the three apparent lifetimes correspond to the three levels
of arrows in the square schemks.

In rhodopsin 2D crystal suspensions at 35, the first
apparent lifetime is 13@s, but the composition of the first
b-spectrum given in Table 1 shows that> (k; + k) (see
Table 2 for steps associated witls). 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 i&y). This implies thatr; ~ 1/(ks + k; +
ko) ~ 7500 s, and since a 2:1 ratio of 480 nm absorber to
380 nm absorber is formed during the process corresponding 14.
to 71, Ky &~ 2(k; + ko) ~ 5000 st and k; + ky) ~ 2500 s™.

The amplitude of the fast b-spectrum is still primarily
determined by the top row process, lsf(k; + k;) ~ 0.5,
implying a balanced top equilibrium witkh ~ 1250 s* and

ko &~ 1250 st. 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 18.
Table 1). However, this net production requires that
(associated with the right down arrow) must be larger than
k4 (5000 s1), with the consequence being that all of the Lumi
must completely decay within 2Q0s, 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 21-
I 480 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 3% being described by a single
scheme.
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