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ABSTRACT: Nitroxide sensors were placed in rhodopsin at sites 140, 227, 250, and 316 to monitor the
dynamics and conformation of the receptor at the cytoplasmic surface in solutions of dodecyl maltoside
(DM), digitonin, and phospholipid bilayers of two compositions. The EPR spectra reveal a remarkable
similarity of rhodopsin structure and the activating conformational change in DM and bilayers, the hallmark
of which is an outward tilt of transmembrane helix VI. This conformational change is blocked in solutions
of digitonin, although changes in optical absorbance accompany activation, showing that absorbance and
structural changes are not necessarily coupled. In DM and bilayers, the receptor is apparently in equilibrium
between conformational substates whose populations are modulated by activation. Despite the general
similarity in the two environments, the receptor conformations have increased flexibility in DM relative

to bilayers. For the activated receptor in DM and bilayers, a pH-dependent conformational equilibrium is
identified that may correspond to the optically characteriddid,—MIl , equilibrium. No specific effects

of headgroup composition on receptor conformation in lipid bilayers were found.

Rhodopsin is a member of the large family of GPCR’s CAM, H*
that act as input stages in signal transduction pathwBys ( Op*
At this time, rhodopsin is the only GPCR with a known
crystal structureZ—5), and it thus plays an important role Tl

as a structural paradigm for the entire family. Moreover, unliganded
because rhodopsin is a chromoprotein activated by light, it Op
has been possible to resolve intermediates along the activa-

tion pathway using UV-visible absorption properties in a

way not possible with other receptor8).(Figure 1 shows

some long-lived states of this receptor so identified that exist N-cis all-trans

in the native membrane, where the asterisk indicates states hy

capable of activation of the cognate G protein, transducin. fﬁ. N DA *

The unliganded receptor, opsi®f), has low basal activity PS'} {F!\SIIBI+ ) I\!BIJ }

(7). As for other GPCR’s, constitutively active mutations 11-cis all-trans all-trans

and low pH activate the unliganded speci@s9). Covalent (inverse agonist) (full agonist)

binding of the inverse agonist kis-retinal to form rhodop- ~ FiGURe 1. The inactive R, MI, andOp) and active IlI* and

sin (R) completely inactivates the receptor. Conversion of OP) states of rhodopsin in native membranes. The retinal isomer
. . - - and protonation state of the Schiff base linkage (PSBrotonated
the bound 1leis-retinal to the full agonist altransretinal and SB = unprotonated) are noted under each species. The

by absorption of a photon occurs on the time scale of ynliganded opsin@p) is inactive but may be activated either by
femtosecondslQ) and initiates a temporal sequence of short- lowering the pH or by constitutively active mutations (CAM’s).
lived intermediates€) that culminates within a few milli-

seconds in a pH-dependent equilibrium between speciesMIl is the physiologically active form of the receptdrlj.
designatedll (Amax= 480) andMll (Amax = 380), of which Slow dissociation of the chromophore leads backOp.
Decay ofMIl to opsin also involves the parallel formation
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! Abbreviations: GPCR, G-protein-coupled receptor; SDSL, site- patween K296 and the retinal chromophot)( In all
directed spin labeling; TM, transmembrane domal,; inactive

rhodopsin;R*, activated rhodopsirQp, opsin;MI, metarhodopsin I species OIh(?r thamlll, the Schiff base |s_p_rotonated, and a
MII , metarhodopsin II; POPC or PC, 1-palmitoyl-2-olesyiglycero- salt bridge is formed between the positive charge on the
3-phosphocholine; POPE or PE, 1-palmitoyl-2-olesiglycero-3- Schiff base located on TM7 and a counterion, either E113
phosphoethanolamine; POPS or PS, 1-palmitoyl-2-olemglycero- (R) or E181 MI ) (14_16) The salt b”dge isa key constraint

3-[phospho:-serine]; DM,n-dodecylS-b-maltopyranoside or dodecyl L . . .
maltoside; MOMD, microscopic order/macroscopic disorder; WT, wild that maintains the inactive form of the receptor, and its

type. rupture is viewed as an obligatory step in activati8ni(/).
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cytoplasm The structure and dynamics at the cytoplasmic facR of

in DM solutions have been extensively studied by SDSL
using singly spin-labeled sites at the cytoplasmic surface and
pairs of labeled sites for distance measurements. The results
of these experiments and a comparison with the first crystal
structure of rhodopsin available at the time [PDB ID 1HZX
(2)] have been reviewed®6). The structure at the cytoplas-
mic face inferred from SDSL data differs in two important
respects from the 1HZX structure: (1) the TMBM6
interhelical loop, an important rhodopsitransducin interac-
tion sequence, was found by SDSL to be a dynamic hkelix
turn—helix motif rather than the irregular partial structure
modeled from crystallographic data, and (2) the C-terminal
sequence was found to be dynamically disordered by SDSL,
whereas a structure, although poorly defined, was modeled
from crystallographic data. A more recent crystal structure

Ficure 2: Ribbon model of rhodopsin in the inactive state (PDB from a dlﬁ?rer_ltthSt)haceSgDrngd[liDB IDdlﬁztl\B)g 'S Itn close_zll b
ID 1GZM). Yellow spheres show the,Gitoms corresponding to ~ 29reement with the ata, and that structure will be

sites where the R1 side chain was substituted in the present studyuSed here to interpret SDSL data.
(140, 227, 250, and 316). The location of the lipid bilayer relative =~ The most direct structural information regarding light-
to the protein was positioned according to SDSL and electron gctivated conformational changes and the structure of the
?,\'/%?Zcrggﬁ;s}“ﬂgeysb(ﬁg;e}?\;l(g,' r';g';'c:; %Zgg'n?;_mded as follows: active MIl state of rhodopsin has come from SDSL data
obtained in DM solutions that revealed an outward displace-
In micellar solutions of DM, theMI intermediate decays ment of TM6 at the cytoplasmic surface, with smaller
rapidly to produce puril (18, 19). Arnis and Hofmann  motions of the rest of the helical bundle (reviewed in ref
have kinetically resolved the existence of two isochromic 26). The rearrangement opens a cleft at the cytoplasmic
forms of MIl in DM, designatedMll , andMll , in a pH- surface of the molecule, presenting a new surface for
dependent equilibrium with an appareitof 6.75 Q0). It interaction of the G-protein3Q, 31). Evidence supporting
is presumed thaMll ; and Mll , also exist in equilibrium this motion and its generality among the members of the
with Ml in the native membrane environment, and Stewart GPCR family has come from several experimental ap-
et al. provided early evidence for this presumptig)( For proaches, 32 33).

extracellular

convenience in the following discussion, the designaltitbh All SDSL studies reported to date were done in DM
will be used to refer to the sum &fll , andMIl , unless a solutions, and the question arises as to whether changes
specific assignment to the subspecies is made Rindiill observed reflect those occurring in a lipid bilayer environ-

be used to refer to the collection of substates representingment. The similarity in structures deduced by SDSL in
the photoactivated statR®* has also been characterized in solutions of DM and the 1GZM crystal structure, the ability
solutions of digitonin, another micelle-forming amphiphile of R* in DM to activate transducin2@), and the similar
(22, 23). A recent study showed that light activation of thermal stabilities of the protein in DM and native mem-
rhodopsin in digitonin micelles produces oM andMll , branes 84, 35 suggest that DM provides an adequate
in a pH-independent equilibrium; théll ; — MIl ,, transition environment to stabilize both the inactive and active states
is blocked 23). Thus, digitonin provides a tool for isolating  of the receptor. Nevertheless, there are striking differences
the Ml andMIl , species fronMll . in photochemical behavior of rhodopsin in the native
In addition to crystal structures for the inactive st&te membranes and DM solutions. For example, the rate constant
[Figure 2 @—5)], a structure forMl has recently been for decay ofMI to MIl is 2 orders of magnitude faster in
determined by cryoelectron microscopy of two-dimensional DM than in membranes2(), and the equilibrium mixture
crystals R4). The structure oMl is essentially identical to  of states in DM in the pH range of@8 contains onlyMll ,
that of R at the cytoplasmic surface, where the major andMIll , as mentioned above, wherelsl$ is also present
conformational change upon activation must occur to trigger in native membranes. Studies of rhodopsin structural changes
binding of the G-protein. This supports the view built upon upon activation have also been carried out in digitonin
thermodynamic data that the activating conformational solutions, and similar questions regarding the degree of

change occurs at thdl to MIl transition @0). conformational perturbation by the detergent arise.

A molecular description of opsin activation by the all- The purpose of the present study is to compare the
transretinal agonist, protons, and constitutively active muta- conformation and dynamics oR and R* in DM and
tions requires structural information @il , Op, andOp*. digitonin and reconstituted in phospholipid bilayers and,

Undoubtedly, crystal structures will be obtained for activated where possible, to correlate conformation with the presence
forms of the molecule, perhaps in complex with the G- of theMI, MIl ,, andMII , intermediates identified by U¥Y
protein. However, it will also be necessary to obtain vis absorbance properties and/or kinetic methods. The
information on protein dynamic modes of these flexible nitroxide side chain R1 (Figure 3) was introduced at either
structures in conformational equilibrium under native physi- site 140, 227, 250, or 316 to act as a sensor to monitor the
ological conditions. For this purpose, spectroscopic ap- conformation and dynamics of the helical bundle at the
proaches such as site-directed spin labeling (S25]26), cytoplasmic surface. The R1 side chain has previously been
FTIR (27), and NMR @8, 29) are essential. employed at these sites to monitor conformational changes
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o Reconstitution of Rhodopsin in LipidBOPC, POPE, and
>C-QS—£—CH3 POPS (Avanti Polar Lipids, Inc.) in the desired molar ratio
N b +HS-CB and buffer were extruded using a LipsoFast membrane
& extruder (Avestin, Inc.) with a membrane pore diameter of
methanethiosulfonate 200 nm. Asymmetric rhodopsin proteoliposomes, with the
nitroxide derivative extracellular side facing the interior of the vesicle, were
prepared from the extruded lipids and spin-labeled rhodopsin
l in n-octyl -p-glucopyranoside as describe#0¢-42). De-
tergent was removed by extensive dialysis, and proteolipo-
somes were separated from protein-free liposomes by sucrose

: X 4 iProter . ) . - ;
>:x§"sz§b’{zc density ultracentrifugatiord@). The lipid to protein molar

: ratio was calculated from the protein and lipid concentrations
I determined by Bradford (Pierce Biotechnology) and phos-
_______________________________ : phorus assays4d), respectively. Typical lipid to protein
R1 side chain ratios were ~300-400 lipids per rhodopsin. The lipid
FIGURE 31. Reactipn of the methanethiosglfongte spin-labeling composition of the proteocliposomes was verified by TLC
reagent with cysteine to generate the nitroxide side chain, R1. The(45)_ The diameter of the proteoliposomes was determined
dihedral anglesX;—Xs) are defined. . . . . .
to be~200 nm by patrticle light scattering (Particle Sizing
Systems, Inc.). Reconstituted samples were used within 24
in DM due to constitutively active mutations of rhodopsin h of preparation, before significant aggregation of the
in DM (17, 36). The location of each of these side chains in proteoliposomes occurred.
the 1GZM structure is shown in Figure 2, which includes  Optical SpectroscopyAliquots of the rhodopsin samples
phospholipids modeled at positions consistent with SDSL used in EPR experiments were diluted in the appropriate
(26) and cryoelectron microscopy data from 2D crystaig ( buffer to a final Aspp Of ~0.2—0.5. UV—vis spectra were
In the present study, preferred rotamers of R1 are used tocollected on a Cary 50 (Varian, Inc.) equipped with a
model the side chain in the 1GZM structure, and the models temperature-controlled sample holder. Samples were equili-
serve as a basis for interpretation of the corresponding EPRbrated at 20C in the dark for 30 min before the spectrum
spectra in terms of local protein structure and dynamics in of R was collected, followed by in situ illumination for 30

both detergent solutions and lipid bilayers. s @ > 514 nm) and collection of th&®* spectrum. The
absence of free retinal after 20 min was verified by lowering
METHODS the pH to 1.8; in all cases, the absorbance maximum shifted

to 440 nm, characteristic of a protonated retinyl Schiff base

Construction and Expression of the Mutant Rhodopsin (46). The light minus dark state difference spectrum was
Genes.The expression construct, pMT4-Rho, containing calculated to circumvent the scattering problems in the
the base mutantp (C140S/C316S) has been described reconstituted samples. To determine the amouiofand
previously (9). Four individual cysteine mutations (250C, MIl present, the difference spectra were fit, as a weighted
227C, 140C, and 316C) were introduced in the base mutantsum of reference spectra of the pure componeR{sMl ,
¢, one at a time, according to published proceduZs. ( andMIl ), using a program written in LabVIEW (National
Two methods for the transient transfection of the construct Instruments). The results of the gendealimensional linear
in mammalian COS1 cells were employed: the DEAE- least-squares fits were normalized so thatRheomponent
dextran-mediated metho®&) and the cationic liposome- had an amplitude of-1 (complete bleaching). The sum of
mediated method3@). The liposome-mediated method was the remaining components was always+l 0.08. The
modified: LipofectAMINE (Invitrogen Life Technologies reference spectrum fdR at 25°C was obtained from WT
Co.) was substituted by 5L of Maxfect (MediaTech, Inc.) (from rod outer segments) purified in DM, and that féH
and 15ug of plasmid DNA per plate was used. was obtained upon illumination dR. The MI reference

Purification of the Rhodopsin Mutants and Deatization spectrum was obtained at @ upon illumination of WT
with Spin LabelsRecombinant rhodopsin in intact cells was (from rod outer segments) purified in digitonin. An example
regenerated with 1tis-retinal (National Eye Institute of the  of the analysis is shown in Figure 4 for the difference spectra
National Institutes of Health), solubilized in DM (Anatrace, of 140R1 in DM at pH 6 and 316R1 in PC:PE:PS bilayers
Inc.), purified using a 1D4 monoclonal antibody (University at pH 6.
of British Columbia) immobilized on Sepharos&g|, and EPR Spectroscopy. (A) Continuous M¥&PR Spectros-
derivatized with the nitroxide methanethiosulfonate reagent copy. EPR spectra of samples were measured in a Bruker
(Figure 3) while bound to the 1D4 columhg). The protein ELEXSYS 580 fitted with a High Sensitivity resonator in
was eluted from the column in the appropriate detergent [0.4 small volume aqueous flat cells (Wilmad Glass Co. Inc.).
mM DM, 34 mM n-octyl g-b-glucopyranoside (Alexis  Spectra were recorded at 100 G scan widths over 30 s with
Biochemicals), or 0.16 mM digitonin (Acros Organics)] an incident microwave power of 20 mW and modulation
containing 100uM peptide corresponding to the last nine amplitude of 4 G. This modulation optimized the signal to
C-terminal amino acids of rhodopsin (American Peptide Co., noise ratio and was verified to produce minimal spectral
Inc.). Fractions containing rhodopsin were collected and distortions. Samples were equilibrated in the dark at 20 or
concentrated to 30650 uM. The final detergent concentra- 35 °C for 30 min before theR spectrum was collected,
tion was estimated at12—15 mM DM and~5—7 mM followed by 30 s of illumination in situA > 514 nm) and
digitonin. the collection of the spectrum f&*. Typically, nine scans
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Ficure 4: Example of light- dark difference spectra (black trace) : 2;’ ' :
of the labeled rhodopsin mutants in DM and PC:PE:PS bilayers at : zz :

pH 6 and 20°C. The fit to the difference spectrum (dashed orange Figure 5: Simulated EPR spectra and semiempirical parameters

trace) and the contributions & (blue trace) MI (green trace),  ysed to infer nitroxide mobility for different dynamic modes. (A)
andMIl (red trace) to the difference spectrum are also shown. The Rapid anisotropic motion. (B) Slow isotropic motion. (C) A
magenta trace is the residual from the fit. complex state corresponding to a weighted sum of (A) and (B).

The central line width AHg) and splitting of resolved hyper-

; _ . ~fine extrema (2,;) are identified. Spectral intensity in regions
were signal-averaged per spectrum, and the total COIIec:tlonand p identifies relatively immobile and mobile components,

time did not excee_d 5 min. For rhodopsin in bilayers, the respectively.
EPR spectra are time-dependent due to the decawldf
MIl to Op and/orMlll . On the basis of the decay rate in
membranes at 28C (12), it can be estimated that the signal- between the extrema &2, Figure 2B) provide a measure
averaged EPR spectrum obtained o 5 min period of changes in mobility; decreases or increasesfif Peflect
represents that for bilayers containing no more than 10% of an increase or decrease in mobility, respectivé).(
Op and/orMlIll . Often, the EPR spectrum of R1 reflects multiple dynamic
(B) Interpretation of EPR Spectra in Terms of Nitroxide states of the side chain, arising either from two rotamers of
Motion. As shown in Figure 2, all of the R1 sensors in the the side chain, each having different degrees of interaction
present studies are in helices. At surface sites, where thewith the environmentg0), or from two states of the protein.
nitroxide ring does not have interactions with the surrounding An example of such a complex spectrum is shown in Figure
protein, the internal motion of R1 due to torsional oscillations 5C, which is a weighted sum of the spectra in Figure 5A,B.
about the bonds of the side chain can generally be describedSuch spectra are typical of those for R1 in rhodopsin. In
in terms of an order parameted)( measuring the amplitude  these cases, changes i, 2still reflect changes in mobility
or order of motion, and a correlation time)(the inverse of ~ of the more immobilized state. For complex spectra arising
which measures the rate of motictv7). This internal motion from states of widely different mobility, as encountered here
is modulated by fluctuations of the backbone, giving rise to and illustrated in Figure 5C, the more immobile component
motions withS < 0.5 andr in the range of +3 ns. An dominates spectral intensity in the region labeledikewise,
example of a weakly ordered state of R1 w@h= 0.2 and the more mobile component dominates spectral intensity in
7 = 2 ns is shown by the spectrum in Figure 5A simulated the region labelegs. Changes in intensity in these two
according to the MOMD model of Freed and co-workers regions will be taken to reflect corresponding changes in the
(48). For motions of this kind, changes in the central line population or dynamics of these two states.
width (AHo) serve as a qualitative measure of changes in  Fitting of single- or multiple-component EPR spectra to
rate of motion, with increasing line width corresponding to the MOMD model of Freed and co-workers is a method of
a decrease in ratd ). Interactions of the nitroxide ring with  extracting quantitative information on orders and rates of
the protein lead to various degrees of immobilization, due motion for R1 in proteins48, 49, 51). This model permits
either to an increase in order, a decrease, iar both. An the simulation of spectra arising from an isotropic distribution
example of a relatively immobilized state with isotropic of nitroxides undergoing anisotropic motion, which corre-
motion S = 0) andtr = 50 ns is shown by the simulated sponds to the physical situation of a spin-labeled protein in
spectrum in Figure 5B. Such a spectrum would arise, for which the rotary diffusion of the protein is slow compared
example, for a nitroxide immobilized with respect to the to the internal motion of R1. In the context of the MOMD
protein and thus having a correlation time determined by model, the motion of the nitroxide in R1 on solvent-exposed
protein rotary diffusion. For immobilized states with well- sites can often be described by a single order parantgter,
resolved hyperfine extrema, changes in the overall splitting and an effective correlation timeg (47, 52, 53).
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For the important mutant 250R1, experimental EPR spectra 140R1
were fit to a two-component MOMD model to extract — DM
information on the dynamics of the populations. Values for ——PC:PE:PS
the A and g tensors used in simulations of strongly 20°C
immobilized states were determined by fitting spectra of
250R1 obtained from dark-adapted rhodopsin in the absence R (1]
of motion at—50 °C. The values aré,, = 5.1, Ay = 4.6,

A, = 35.5,0 = 2.0082,9,y = 2.0065, andy,, = 2.0022.

To constrain the number of parameters, the immobilized state R* [2]

is taken to have isotropic motion. It is further assumed that

the more mobile state in two-component spectra is exposed ! ;

to water, andA andg tensor values previously reported for ot ~nne R*-R [3]

R1 in an aqueous environment were employed, namgly, [PV P L = [4]

= 6.2, Ay = 5.9,A, = 37.0,0« = 2.0078,9,y = 2.0058,

andg,,= 2.0022 @7, 51). The models presented in Results B «——oa, 140R1
and the good fits to the data justify these assumptions. Fitting i i —DM
procedures followed those previously describéd 63). —ggng:Ps

Modeling of the Nitroxide Side Chain in Rhodopsiine
R1 side chain was modeled at residues 140, 227, 250, or R [1]

316 in the 1GZM rhodopsin structure using DS Viewer Pro
(Accelrys, Inc.), and all molecular graphics were generated
using the PyMOL Molecular Graphic System (DelLano R* [2]
Scientific, LLC). The R1 rotamers aboky andX; (Figure
3) modeled were those commonly found in crystal structures i
of R1 at helical sites in T4 lysozyme (T4L), namef{ym, | . _R*R 3]
m}, {t, p}, and{t, m} (50; Fleissner, Cascio, Sawaya, Hideg, v . __ R*R [4]
and Hubbell, unpublished results; Guo, Cascio, and Hubbell, ' i
unpublished results). The rotamer notation is that of Rich-
ardson et al.§4), wherem = —60 + 10, p = +60 + 10,
andt = 1804+ 10. Each structure was optimized by variation
of the X, andXs dihedrals without moving native side chains.
Allowed rotamers were determined by manual changes in
dihedrals of R1, while avoiding overlap of the nitroxide side
chain with other atoms.
RESULTS
Comparison ofR and R* in DM and Phospholipid

Bilayers.EPR SpeCt'fa of 140R1, 227R1, ZEORL and 316R1 Ficure 6: EPR spectra of rhodopsin 140R1 in DM and PC:PE:PS
are presented in Figures—8 for R and R* at pH 6 in bilayers at pH 6 and molecular models of the side chain. (A) Spectra
solutions of DM and reconstituted in POPC:POPE:POPS for the indicated samples at 2C (parts [1] and [2]). (B) Spectra
bilayers having a composition approximating that of the for the indicated samples at 3& (parts [1] and [2]). In (A) and

; ; A- ; B), R* — R difference spectra are shown to highlight the changes
native disk membrane (5:4:1 mol ratid}y). In each case, upon light activation (parts [3] and [4]). (C) Models of 140R1 in

data were also collected for the spin-labeled proteins yhe'1G7Mm rhodopsin crystal structure. TM3 is shown in green, a
reconstituted in pure POPC. Within experimental error, the portion of TM5 is shown as a blue ribbon, and a nearby

corresponding EPR spectra were identical to those shownphospholipid is modeled.

for POPC:POPE:POPS mixed bilayers. primarily to the initial mixture oMl andMIl (see Methods).

In DM at 20°C, R* for each spin-labeled mutant contained The time-dependent changes in EPR spectra accompanying
100%MII immediately after photoactivation, as determined the decay oMl andMIl will be reported elsewhere. The

from the 380 nm absorbance, consistent with published datafollowing sections consider the results for each spin-labeled

on WT rhodopsin 19, 35). All EPR spectra oR* in DM mutant.

(12—15 mM) were time-independent for at least 2 h. (A) 140R1.Residue 140 is located near the contact face
In phospholipid bilayers botivil and MIl are present.  of TM3 and TM5 in the headgroup region of the lipid bilayer

The relative amounts were determined within a few minutes (Figure 2). Figure 6A[1] shows a comparison of the EPR

after complete photolysis of rhodopsin as described in spectra for 140RR at 20°C in DM and PC:PE:PS bilayers.

Methods, and the values are provided below in terms of the In DM, the spectrum has two dominant components, reflect-

apparent (pH-dependent) equilibrium constant MIl /MI . ing relatively immobilized ¢) and mobile §) states of the
TheMI andMIl intermediates (monitored optically) decay side chain. In PC:PE:PS bilayers, there is strong overall
slowly to opsin or a mixture of opsin andlll (12), and immobilization of the nitroxide relative to DM revealed by

the EPR spectra in the light-activated state are also time-an increase in the splitting of the outer hyperfine extrema
dependent. The EPR spectra reported here were acquireq2A;;), an increase il\Hy, and a decrease in the spectral
within a short interval following activation and correspond intensity in theg region of the spectrum.
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Figure 6A[2] compares the corresponding spectrafor . .
The small change upon light activation in DM previously A T 2A— _D&27R1
reported {9) is reproduced, as shown by ti®* — R — PC:PE:PS
difference spectrum of Figure 6A[3], and reveals a shift 20°C
toward a more mobile population. In bilayers, 140R1
remains immobilized, and the change upon activation is R [1]
entirely lost (Figure 6A[4]), although the 140RR¥* popula-
tion contains botiMI andMIl with an equilibrium constant
K = 1.5, consistent with that for the WT protein reconstituted R* [2]

in a similar lipid mixture at pH 636, 57).

The strong immobilization of the 140R1 side chain in ! :
bilayers could mask small changes upon activation; therefore, _,\/\‘J\f,__‘)__, R*R [3]
studies were also carried out at 35, and the corresponding : :
spectra are shown in Figure 6B. The spectral line widths of
140R1R and R* in DM are decreased due to increased
molecular motion, and the change upon activation is similar
in shape but much larger than at 20 (Figure 6B[1}-[3]).

In PC:PE:PS bilayers, the nitroxide remains immobilized,
and there is no change upon activation (Figure 6B[4]). The
spectra of 140R1 in bottR and R* are remarkably
temperature-independent in the lipid bilayers.

One interesting possibility for the origin of the two
dynamic modes of 140R1 is the presence of two protein
conformations in equilibrium, but it is also possible that the :
two modes arise from two rotamers of the side chain in which ' , ) )

Ficure 7: EPR spectra of rhodopsin 227R1 in DM and in

one makes immobilizing interactions Wlth .t.h.e protein PC:PE:PS bilayers at pH 6, 2C€, and a molecular model of the
(50. The data do not allow these possibilities to be gjge chain. (A) Spectra for the indicated samples (parts [1] and
distinguished, so R1 was modeledto gain additional  [2]). R* — R difference spectra are shown to highlight the changes
insight. As shown in Figure 6C, two commonly observed upon light activation (parts [3] and [4]). (B) A model of one rotamer
rotamers of R1{t, m} and{t, p}, can be modeled at 140 in of 227R1in the 1GZM rhodopsin crystal structure. TM5 is shown
the 1GZM structure. In tht, m} rotamer, the nitroxide ring " Pu€: and nearby phospholipids are modeled.

can be positioned close to Y136 in a geometry that favors a .
CH—-0 hydrogen bond of the kind observed in crystal ?bieﬁ%%ﬂ%ﬁig;:)nnbgnf:ogl)md not account for the
structures of R1 in T4 lysozyme5@). This interaction i . . . .
constrains the nitroxide and, together with other local (B)227R1Residue 227 is located in TM5, directly facing
interactions, could account for the more immobilized com- the hydrocarbon chains of the bilayer below the headgroup
ponent in the spectra of 140R1 rhodopsin in DM. The mobile "€gion (Figure 2). Figure 7A[1] compares the spectra of
component could arise from tHg, p} rotamer, where the ~ 227R1Rin DM and in lipid bilayers. In DM, the spectrum
ring is positioned away from Y136 and free to move via reflects a dominant component with a relatively high degree
torsional oscillations about th¥, and Xs dihedrals. Thus, ~ Of mobility characteristic of an R1 residue on the aqueous-
modeling indicates that the two dynamic modes of 140R1 €xposed surface of am-helix in soluble proteins47), but

R and R* in DM could be due to a simple rotameric with broader features likely due to a heterogeneous and more

equilibrium but cannot eliminate the possibility of confor- Viscous environment of the micelle interior compared to

mational heterogeneity of the protein. water. In PC:PE:PS bilayers, the spectrum reveals an overall
The striking immobilization of 140R1 for botR andR* decrease in mobility relative to that in DM, as evidenced by

in bilayers may signal a local change in conformation relative &n increase iMHo [A(AHo) = 0.6 G], a corresponding

to that in DM. However, another possibility is suggested by decrease in spectral amplitude in the normalized spectra, and

the model of Figure 6C. For example, 140R1 projects directly the appearance of a component with partially resolved high-

into the highly ordered headgroup domain of the bilayer, an @nd low-field extrema at the positions of the vertical dotted

environment which has been found to strongly damp the lines. The decrease in mobility is likely due in part to the

motion of the R1 side chain on membrane-associated annexiincreased molecular order of the bilayer environment near

(58). In addition, if a CH-O H-bond is in fact formed, it ~ the headgroup region.

may be strengthened in the partially hydrophobic environ-  Figure 7A[2] compares the spectra of 227R1 in DM

ment of the headgroup region, leading to stabilization of the and lipid bilayers. In DM, the salient difference betwd®n

{t, m} state and immobilization. In either case, immobiliza- and R* is the appearance of a strongly immobilized

tion of 140R1 leads to loss of sensitivity to structural changes component at the expense of more mobile states, as shown

upon activation. Finally, immobilization of 140R1 could by the positive and negative features in tR¢ — R

result from formation of a rhodopsin dimer in which 140R1 difference spectrum in the. and 5 regions, respectively

is at the dimer interface. The existence of a rhodopsin dimer (Figure 7A[3]). This previously reported light-dependent

remains controversials@), but one model for a putative change was interpreted to reflect new immobilizing interac-

dimer has been propose@0-62). In this model 140R1 is  tions of 227R1 with groups in TM6 as it moves outward

not in the dimer interface, and the presence of the dimer in (63).
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In lipid bilayers, the overall mobility inR* is again 250R1
decreased relative to DM, but the light-dependent change is — DM
retained, although of smaller magnitude (Figure 7A[3],[4]). — PC:PE:PS
In the bilayers, 227RR* contains botiMl andMIl (K = 20°C
0.7). The smaller magnitude of light-dependent change in R 1]
the bilayers may be due in part to the presenddiofabsent
in DM, which is expected to have a conformation similar to
R (64). R* 2]

For reference, Figure 7B shows the 227R1 side chain
modeled in the 1GZM structure. In the unrestrictive environ-
ment at this site, all three common rotamers can be modeled i

without steric clashes. In each, the nitroxide has an environ- W\J‘ R:'R [3]
ment dominated by direct contact with the hydrocarbon ‘W/\/JVUR -R 4]

chains of either the micelle or the bilayer. The multiple

rotamers and the freedom of motion abdUt and Xs are B 2A;;—> 250R1
consistent with a dominant component of relatively high ‘ —D‘ata
mobility observed at this site iR. - Fit
(C) 250R1.Residue 250 lies in TM6, projecting into the
interior of the helix bundle (Figure 2). Unlike 140R1 and R DM [1]
227R1, 250R1 does not have contacts with the lipid or
R* DM [2]

micelle environment, and the motion reflects only interactions
with the protein. Figure 8A[1] compares the EPR spectra of
250R1 forR in DM and in lipid bilayers of PC:PE:PS. In
both environments the spectra are dominated by a strongly
immobilized state, but spectral intensity in tlfieregion
indicates the presence of a more mobile state as well
(compare with Figure 5B). The values AHp and 28;; in

lipid bilayers are larger than those for DM, indicating a lower
mobility for R1 in bilayers.

Figure 8A[2] compares the spectra®f in DM and lipid
bilayers, where the overall similarity of the spectra is evident.
The dramatic line shape change upon activation, in both DM
and lipid bilayers, indicates a shift in the R1 population
toward a more mobile state (Figure 8A[3],[4]). In solutions
of DM, this was previously interpreted in terms of an outward
movement of TM6 that removes constraints on the motion
of 250R1 B0, 63), a hallmark of the receptor activation. The
fact that this activating conformational change and the
coupled change at 227R1 are preserved in lipid bilayers is Ficure 8: Experimental and simulated EPR spectra of rhodopsin
an important conclusion of this study. 250R1 in DM and PC:PE:PS bilayers at pH 6, 20, and a

To quantitatively characterize the motion for R1 at this tmhg'ﬁ]%ﬂgt e”;‘;i%glfetsh&)as;?se[f]h;r% [%2 Exgﬂilf?;$2:]iles§[)e:é:?afor
important site, the spgctralwere fit to a twp-component are shown to highlight the changes upon light activation (parts [3]
MOMD model as described in Methods. The fits, shown as and [4]). (B) Simulated spectra (red dotted traces) of 258Rihd
dotted traces overlaid on the experimental spectra in FigureR* in DM and bilayers are shown superimposed on the corre-
8B, provide values for the order paramete8, Effective sponding experimental spectra (solid blue traces). (C) Space-filling
correlation timest), and fractional occupancief for the =~ Model of 250R1 (carbon atoms shown in green) in the 1GZM

rhodopsin crystal structure viewed from the cytoplasmic surface.
components (Table 1).

For R in DM, 7. = 77 ns for the more immobile state
corresponding to the rotational diffusion of a spherical object
of radius 42 A, the same as the hydrodynamic radius

R PCPEPS [3]
R* PCPEPS [4]

Table 1

immobile component  mobile component

determined forR in DM micelles by gel permeation host  receptor Tc Te
chromatography 65). This indicates that the nitroxide _System  state (ns) f (hs) s ®
population that gives rise to this component has a motion DM R 7 0.43 34 031 057
determined by the overall rotational diffusion of tRe-DM o R* 26 029 31 026 071
; . i . PC:PEPS R ~200 0.56 34 033 044
micellar complex. FoR in PC:PE:PS bhilayerg, ~ 200 ns R* 83 0.42 30 030 058

for the immobile component. The rotational diffusionff
in bilayers is slow on the X-band EPR time scale+{ 10—
20 us; 66, 67), and the correlation time for the nitroxide
apparently represents slow fluctuation of the nitroxide with to an R1 side chain having little tertiary interaction with the
respect to the protein. protein 68). A difference between 250R1 in DM and bilayers

In both DM and bilayers, the mobile component has weak lies in the significantly larger proportion of the mobile
ordering 6~ 0.3) and fast motiont{ ~ 3 ns), corresponding  component in DM.

af: the fractional population.
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MOMD fits to the R* spectra in DM and bilayers again : .
reveal the presence of both relatively immobile and mobile A ; ZAZZ_"; . 0316R1
components, but with an increased proportion of the mobile § . — PCPEPS
state relative td&R. However, in both environments the more ’ : 20°C
immobile component has a significantly shorterelative
to R. R [1]

In DM, 250R1R* is pure MIl , while in lipid bilayers
MI is also present, but at relatively low level§ € 4). The
larger value ofK relative to WT under similar conditions R* [2]
(K = 1.5) suggests a mild perturbation of the equilibrium
by 250R1 favoringMll . ;

Figure 8C shows a model of the R1 side chain at site 250 R“R [3]

in the 1GZM rhodopsin structure looking down at the _nMN R*R [4]
cytoplasmic surface. Due to the constrained environment
around 250, only a single rotamer can be built without atomic
overlaps or altering the structure of the protein. This unusual
rotamer is{m, t}, the same as that observed in the crystal
structure of T4L 75R1 where the environment is similarly
constrained, and is not one of the “relaxed” conformations
of the side chain seen at solvent-exposed helix surface sites
(50). The nitroxide ring resides in an existing pocketHn
making numerous van der Waals contacts with neighboring
atoms that would strongly constrain its motion, accounting
for the component in the EPR spectrum corresponding to
an immobilized state.

A : ; FicUrRe 9: EPR spectra of 316R1 in DM and PC:PE:PS bhilayers at
Considering that no other rotamer of the nitroxide can be bH 6, 20°C, and a molecular model of the side chain. (A) Spectra

mgdgled inR that would give ri_se to a mobile state of R1, ¢ he indicated samples (parts [1] and [2B* — R difference
it is likely that the more mobile component represents a spectra are shown to highlight the changes upon light activation
second conformational substate of the protein in equilibrium (parts [3] and [4]). (B) A model of 316R1 in the 1GZM rhodopsin
with that corresponding to the crystal structure. This inter- crystal structure. Helix H8 is shown in magenta. For clarity, the
pretation is strengthened by the fact that this component isgﬁg’xlnazgq'grgﬁigggml and the loop between TM1 and TM2 are
reduced in PC:PE:PS bilayers, although the nitroxide itself '
is well removed from direct contact with the bilayer —90, shown in Figure 9B), multiple contacts of the R1 side
environment. Models for the putative substates of the protein chain with residues H65 and K67 in the TMIM2 loop
in bothR andR* will be considered below in the Discussion. are made, a situation which could give rise to the im-
(D) 316R1.Residue 316 resides on the solvent-exposed mobilized state. In the otheXg = +90, not shown), the
surface of the short helix 8 (H8) that lies perpendicular to ring projects outward over the H8 helix where no obvious
the TM helical bundle (Figure 2). Like 250R1, the side chain interactions of the ring are possible, allowing freedom of
is not expected to have direct contacts with the micellar or motion aboutX, and Xs. Due to the slow interconversion
bilayer environment. Figure 9A[1] compares the EPR spectrarate aboutX; on the EPR time scale, this situation could
of 316R1 forR in DM and in PC:PE:PS bilayers. As for give rise to resolved mobility states of R1. In accounting
140R1 and 250R1, the spectra each reveal two well-resolvedfor the two dynamic states of 316R1, it must also be
components corresponding to relatively immobilized and considered that the C-terminal tail of the molecule, not
mobile states of R1, but with a different population ratio, resolved in the crystal structure, could lie over the H8 helix
reflecting a local structural difference in DM and lipid and make contacts with 316R1.
bilayers around 316. As discussed above for 140R1, the two pH Dependence dR and R* Conformations in DM and
states of R1 could arise from conformational heterogeneity Phospholipid BilayersThe dependence of structure on pH
of either R1 or the protein, and these possibilities cannot beis of particular importance for rhodopsin and other GPCR’s
distinguished from the spectra alone. because the population of the active conformation is directly
A similar difference between DM and lipid bilayers is seen modulated by pH. Changes in pH can produce changes in
in R*, although the effect is smaller (Figure 9[2]). The the motion of R1 due to local or global structural effects.
change upon activation in DM corresponds to a small shift Local effects arise from protonation changes of residues in
in the population toward the immobile state, as reported the immediate environment without consequences for the
earlier (Figure 9[3]). The same change with larger amplitude overall protein structure and complicate interpretation of
is observed in bilayers (Figure 9[4]), due primarily to the spectral changes in terms of protein conformational changes.
difference in theR state spectra. In DM, 316RR* is pure Residues 227R1 and 316R1 were found to show significant
MII ; in lipid bilayers,MI is also present{ = 1.5 at pH 6, spectral changes with pH evenfh(data not shown). While
the same as for the WT protein). these could represent global conformational transitions, the
A model of the R1 side chain at 316 is shown in Figure presence of nearby basic residues could have local effects.
9B. Due to the crowded environment around this site, only In the case of 227R1, nearby lysine residues K231 and K248
the{m, m} rotamer can be built, but both90 configurations reside at the bilayerwater interface, where thekg could
of X3 (the disulfide) can be accommodated. In odg € be shifted downward into the pH-@ range. For 316R1,
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the nitroxide ring is in close proximity to H65, which titrates

in the relevant pH range. Thus, 227R1 and 316R1 were not
considered for further investigation of pH-dependent con-
formational changes. 140R1 was not employed because light-
dependent changes are completely masked in lipid bilayers.
On the other hand, the spectrum of 250R1 shows no pH
dependence in the range-8, and the dependence of R1
dynamics on protein conformation makes it a suitable choice
for exploring the effect of pH.

Parts [1] and [2] of Figure 11A show the effects of pH on
the EPR spectra for bofR andR* in DM, where onlyMII
is populated. There is little effect of pH d®, but a small
reversible pH change is notedRt. The insets are provided
to clearly reveal the changes in the low- and high-field
regions, which show that high pH shifts the population
toward the more immobilized state, i.e., toward a state more
closely resembling th® state. Consequently, tHe* — R
difference spectra (Figure 10A[3],[4]) show a larger change
at pH 6 compared to pH 8. These results are compatible with
a pH-dependent equilibrium between conformational sub-
states for the activated receptor in the detergent micelle.
BecauseMll , andMIl , in DM titrate with a K, of 6.75,
the substates are tentatively identified with these intermedi-
ates. In this case, the spectra of 250R1 at pH 6 and 8 largely
reflect the structures dflll , and Ml ,, respectively. For
reference, Figure 10B compares the spectruiR @fith the
spectra assigned to these species.

The corresponding data for 250R1 in POPC:POPE:POPS
in Figure 10C show qualitatively similar results, suggesting
that MIl , andMIl , states may exist in the bilayer as well
as in the DM environment. The EPR spectra for 250R1 in
pure POPC bilayers were identical to those shown in Figure
10C. Although qualitatively similar to DM, there is an
increase in the immobilized population in the lipid bilayers
relative to DM at both pH values, likely due in part to the
presence oMl , which is expected to more closely resemble
R with an immobilized 250R164). For 250R1 in bilayers
of PC:PE:PSK = 4 at pH 6 andK = 1 at pH 8, with
corresponding/ll populations of 30% and 50%, respectively.
In addition, the detailed dynamics of tiMll , and Mll

Kusnetzow et al.

“/\/J\M R“R [3]

— "\ ~— R-R[4]

250R1
DM 20°C
—pH®B6
—pH 8

(1

(2]

B ‘— 2A;, _"

¢!

250R1
DM 20°C

_ERpHBandeB
——R*pH S8
__R*pH®6

C E“'_zAzz‘_’é

~, R

250R1

PC:PE:PS 20°C
—pHB
—pH 8

m“\f R[]
“«:3\/ R* [2]

R“R [3]
R*“R [4]

substates, and hence the corresponding EPR spectra, couldicure 10: pH dependence of the EPR spectra of 250R1 in DM
be different in bilayers and DM micelles, just as the dynamics and PC:PE:PS bilayers at 2. (A) Spectra for the indicated
of rhodopsin itself are different in these two environments. SamPples in DM (parts [1] and [2]). (B) Direct comparison of the

R andR* in Digitonin. Digitonin is unique among micelle-

spectra forR andR* in DM at pH 6 and 8. (C) Spectra for the
corresponding samples in PC:PE:PS bhilayers (parts [1] and [2]). In

forming amphiphiles in that the hydrophobic core of the (a)and (C),R* — R difference spectra are shown to highlight the
micelle is essentially solid compared to the fluid interior of changes upon light activation at pH 6 and 8 (parts [3] and [4]).

most micelles §9). Figure 11 shows the EPR spectrabof
andR* for each of the sensor mutants in digitonin compared
to DM and PC:PE:PS bilayers, each at pH 6. Overall, there

The insets for the EPR spectra show more clearly the differences
in the low and high fields.

is a striking immobilization of all R1 residues except for As for 140R1 in digitonin, there is no change in the EPR

316R1 in bothR andR* in digitonin relative to DM.
For 140R1, the immobilization in digitonin is similar to
that in lipid bilayers in botlR andR* and likely has a similar

spectrum upon activation at 227R1 (Figure 11BJ3]).
The EPR spectra of 250RR in digitonin and PC:PE:PS
bilayers are similar (Figure 11C[1]), both showing a sup-

origin, namely, direct contact with the solidlike interior of pression of the more mobile population relative to DM. A
the digitonin micelle and with the highly ordered headgroup dramatic difference is seen between 250&1in digitonin
region of the bilayers, respectively (Figure 11A[1],[2]). As micelles and in DM or lipid bilayers; digitonin effectively
for the bilayer environment, there is no change upon blocks the large increase in mobility of R1 and presumably
activation toR* (Figure 11A[3]). For 227R1, there is a the activating movement of TM6, seen in either of the other

progressive decrease in overall mobility in the order BM
lipid bilayers > digitonin in both R and R* (Figure

two environments (Figure 11C[2],[3]). Nevertheless, in
digitonin 250R1R* consists of approximately 20%I and

11BJ[1],[2]), consistent with the view that this residue directly 80%Mll , at 20°C, as determined by our visible absorbance
senses the hydrophobic interior of the respective structures.spectra of the 250R1 mutant, which is consistent with the
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A ——on, 140R1 (B «—2a,,~ 227R1
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R [1] (1]
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_ﬁm___ R*R [3] — e~ R*R [3]

Ficure 11: EPR spectra of 140R1, 227R1, 250R1, and 316R1 in digitonin (red) compared with those in DM (green) and PC:PE:PS
bilayers (blue). In (A)-(D), spectra of the indicated spin-labeled mutanRiandR* are compared for the micellar and bilayer hosts. The
R* — R difference spectrum in digitonin is shown in part [3].

analysis of Szundi et al. on WT rhodopsi3]. This result of Figures 6 and 7, both 140R1 and 227R1 are in direct
shows that the movement of TM6 at the cytoplasmic surface contact with the micelle or bilayer structures, and the motion
detected by 250R1 can be uncoupled from the deprotonationof R1 is determined by the properties of the host system as
of the K296 Schiff base that accompanies the formation of well as the conformation of the protein. This situation

MIl .. Unlike the other sites, the spectra of 316R1 are complicates interpretation of the spectra in terms of protein
qualitatively similar in DM and digitonin both iR and in conformation. As discussed above for 140R1, the strong
R*, although the change upon light activation is much immobilization of R1 in bilayers relative to DM could mean

smaller in digitonin (Figure 11D). a change in structure but may also be due to its location in
the highly ordered headgroup region of the bilayer. Under
DISCUSSION any circumstance, the immobilization renders 140R1 insensi-

tive to change and of little use in exploring protein confor-
In previous studies of rhodopsin activation in DM micelles, mational states in rhodopsin in a bilayer environment.
EPR spectral changes of 227R1 and 250R1 were qualitativelyResidue 227R1 lies further toward the axial center of the
interpreted in terms an outward tilt of TM6, while changes protein, below the headgroup region, and senses properties
at 140R1 and 316R1 were taken to reflect unspecified of the hydrophobic domain of the host micelle or bilayer
structural rearrangements around TM3 and helix H8, respec-(Figures 7 and 11). Despite a damped motion in the bilayer’s
tively (26, 63). The data presented here demonstrate a environment relative to DM, 227R1 still reports a change
remarkable similarity of the activating conformational change upon activation similar to, but smaller than, that seen in DM.
of rhodopsin in DM micelles and phospholipid bilayers of Unlike 140R1 and 227R1, 250R1 and 316R1 have no
pure POPC or POPC:POPE:POPS, as detected by 227R1direct contacts with the host structure and reflect the
250R1, and 316R1. Thus, the conclusions drawn from the conformation of the protein through tertiary contacts. Most

extensive SDSL studies of rhodopsin in DM solutio2§)( important is 250R1 for which specific interpretations of the
are generally expected to apply to the protein in a membranespectra in terms of structure can be given. Residue 250R1
environment. fits in an existing pocket in the helix bundle and is not

The availability of a crystal structure for rhodopsin and expected to produce significant structural perturbations
structures for rotamers of the R1 side chain in helical proteins (Figure 8C). The enhanced population\fi for 250R1 in
makes it possible to objectively model the spin-labeled bilayers K = 4) relative to the WT proteink = 1.5) at pH
proteins as a basis for a more quantitative interpretation of 6 corresponds to a free energy shift of only 0.6 kcal, possibly
the EPR spectra and their changes upon activation in termsdue to the strain energy of the nonrelaxed rotamer of R1
of protein structure and dynamics. As shown in the models modeled inR.
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Spectral simulations of 250R1 fét in DM and bilayers The similarity of the EPR spectra f&* in lipid bilayers
show the presence of comparable populations of both mobileand DM strongly supports the existence of similar states in
and immobile states of the side chain (Figure 8B) in slow lipid bilayers as well. In view of the above, it may be
exchange on the EPR time scale (exchange @ s1). concluded that overall constraints on the motion of 250R1
The dynamic parameters of the mobile state indicate a are successively removed in passing filemm Mil ;> Ml p,
relatively unconstrained motion (Table 1), similar to R1 on suggesting that the molecule moves toward an increasingly
the exposed surface of a helix or loop structure, whereasopen state.
modeling in the crystal structure 8f suggests only a single Like 250R1, residue 316R1 provides a useful monitor of
highly constrained rotamer of the side chain that is expected protein conformation free from direct effects of the host
to be immobilized (Figure 8C). This situation implies the environment, but it is not yet possible to provide an
existence of a second conformational substate, not observedinambiguous interpretation of the EPR spectra in terms of
in the confines of the crystal lattice, in which TM6 is partially ~ specific structures. Nevertheless, it can be concluded that
displaced to remove constraints on R1 or in which there is the simple change in populations between mobile and
partial unfolding of the cytoplasmic termination of TM6. The immobile states upon photoactivation does not correspond
latter view is consistent with the previously characterized to the extreme helixcoil transition proposed in one model
high flexibility of the TM5—TMB6 loop that includes residues  for structural changes in helix HF 4).
close to 25043, 70). In this model, the cytoplasmic end of The identical behavior oR* in POPC:POPE:POPS and
TM6 “flickers” between the two states. pure POPC bilayers should not be taken as inconsistent with

For 250R1 inR* in both DM and bilayers, two dynamic  the abundant evidence that tMd = MIl equilibrium of
populations of R1 are also observed, but with a population photoactivated rhodopsin in bilayers, detected optically, is
shift toward the more mobile state comparedRtdHowever, coupled to lipid compositiony7, 72, 73). For example, the
the two states are not identical to the corresponding popula-data presented above show that optical and structural
tions in R, and the transition to the activated state is not transitions are not necessarily tightly coupled, and structural
simply a shift in population between preexisting states. For changes may not parallel changes in absorbance. Neverthe-
the more immobile component in particular, the correlation less, protein structural changes are expected to accompany
times inR* are shorter than those R. In one model for changes in bilayer composition due to changes in hydro-
the conformational substates Rr, the immobile state of  phobic mismatch 15), curvature stress76), nonspecific

R1 corresponds to a structure with TM6 in d&nlike electrostatic effectsr(7), or specific headgroup interactions
conformation but where the helix bundle has an increased(78).
“flexibility” reflected in the shorter correlation times. The In the present study, bilayer compositions and experimental

substate giving rise to the mobile component correspondsconditions were selected to isolate effects due to specific
to the previously identified state with TM6 tilted oudQ, headgroup interactions with the protein. The palmitoyl
63). The notion of multiple conformational substates in oleoyl chain lengths provide a good match of the hydropho-
rhodopsin based upon 250R1 is compatible with the two bic domains of the bilayers and proteirg] (Figure 2); any
dynamic states of R1 seen at 140R1 in DM and 316R1 in mismatch present is constant in the two bilayer systems
DM and lipid bilayers, although modeling shows that the studied. For POPC:POPE mixtures containing more than
states could also arise from two rotamers of the side chain39% POPC, hexagonal Il (Hi phases are not formed even
(Figures 6 and 9). in the presence of 20% dodecar8f) suggesting that the

Although the conformations d® andR* are qualitatively spontaneous curvature of the mixture used here with 50%
similar in DM and phospholipid bilayers, there are interesting POPC is relatively small. Thus, effects on protein conforma-
differences. For example, the shift in population toward a tion due to differences in curvature stress between the two
substate corresponding to the immobile state of 250R1 in bilayer compositions are also expected to be small.
lipid bilayers relative to DM (Figure 8) may be rationalized The ionizable groups on PS and PE in mixed bilayers were
in terms of protein compressibility that arises from the previously shown to be fully charged throughout the pH
existence of multiple conformations of different volumes in range of 6-8 (81). All experiments reported here were
equilibrium. For example, a greater interfacial tension carried outin 0.1 M ionic strength to reduce additional effects
between the protein and lipids of the bilayer could effectively of the membrane double layer potential on surface pH in
compress the protein and stabilize the lower volume statethe PC:PE:PS bilayers. Tsui et al. measured the surface
(71), presumed to correspond to the immobile population of potentials of both reconstituted and native disk membranes,
250R1. The extreme effect of digitonin &t (Figure 11) and the results suggest that at 0.1 M ionic strength the surface
that uncouples Schiff base deprotonation and TM6 movementpotential would not exceeet—25 mV for the PC:PE:PS
and locks the conformation in aR-like state could arise  reconstituted membranes, corresponding to a maximum pH
from a similar effect. This model has been previously decrease of-—0.4 unit at the surface relative to pure PC
invoked to explain the influence of lipids72, 73) and (81). Given the relatively small EPR spectral changes from
detergentsZ0) on the optically detected conformational states pH 6 to pH 8 (Figure 10), the effect of surface pH difference
of rhodopsin. between the bilayer systems would be very small.

In DM, the MIl , and MIl ,, states can be differentially The fact that identical EPR data were obtained for 140R1,
populated at pH 8 and 6, respectiveB0). Assuming that 227R1, 250R1, and 316R1 in the two bilayer systems is thus
the EPR spectra at pH 8 and 6 correspond to theseinterpreted as a lack of specific headgroup interactions that
intermediates, they are each composed of conformationalinfluence rhodopsin conformation in the regions sampled by
substates (Figure 10), bitll , has enhanced population of these nitroxide sensors. Similar studies involving unsaturated
the mobile state, i.e., a substate with outward-tilted TM6. lipids expected to have significant curvature stress are an



Conformations of Rhodopsin

area for future investigation. In this regard, the helix tilt of
rhodopsin, which changes the protein cross section differ-
entially at the surface and bilayer interior, is an ideal model
for testing curvature stress theories of protdipid interac-
tion.
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