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ABSTRACT. The light-induced conformational changes of rhodopsin, which lead to the formation of the
G-protein activating metarhodopsin Il intermediate, are studied by polarized attenuated total reflectance
infrared difference spectroscopy. Orientations of protein groups as well as the retinylidene chromophore
were calculated from the linear dichroism of infrared difference bands. These bands correspond to changes
in the vibrational modes of individual molecular groups that are structurally active during receptor activation,
i.e., during the rhodopsin to metarhodopsin Il transition. The orientation of the transition dipole moments
of bands previously assigned to the carboxyHQ) groups of Asp83 and Glul13 has been determined.

The orientation of specific groups in the retinylidene chromophore has been inferred from the dichroism
of the bands associated with the polyene@ C=C, and hydrogen-out-of-plane vibrations. Interestingly,

the use of polarized infrared light reveals several difference bands in the rhodopsin to metarhodopsin I
difference spectrum which were previously undetected, e.g., at 1736 and 939Ttma latter is tentatively
assigned to the hydrogen-out-of-plane mode of the;#C;,H segment of the chromophore. Our data
suggest a significant change in orientation of this group in the late phase of rhodopsin activation. On the
basis of available site-directed mutagenesis data, bands at 1406, 1583, and I#3&eentatively
assigned to Glu134. The main features in the amide regions in the dichroic difference spectrum are discussed
in terms of a slight reorientation of helical segments upon receptor activation.

Rhodopsin, the vertebrate visual pigment responsible for mophore. Since activation of a GPCR is assumed to require
scotopic vision, is located in the retinal rod cells. It is a protein conformational changes, understanding the molecular
7-helix integral membrane protein and is considered to be aevents underlying rhodopsin activation is not only extremely
paradigm for the vast superfamily of G-protein coupled important for understanding the first step in vision but also
receptors (GPCR5)(1). It is generally assumed that the is likely to hold significance for other GPCRs as well.

7-helix bundle is arranged such that a cleft is formed in the  Foyrier transform infrared (FTIR) difference spectroscopy
interior part of the protein which accommodates the light has peen extensively used to study the structural changes
sensitive ligand (and chromophore) dis-retinal, covalently  occurring in the photoreceptor membrane upon light activa-
bound through a Schiff base linkage to a lysine in helix 7. tjon. with this technique, conformational changes in the
Photoexcitation of rhodopsin is triggered by ultrafasQ0  chromophore, peptide backbone, lipid matrix, and bound
fs) (2) 11-cis— all-trans photoisomerization of the chro- 1,0 aswell as changes in protonation state and/or hydrogen-
mophore, which subsequently initiates a series of thermal phonding environment of Asp, Glu, Cys, and Tyr residues
conformational transitions in the protein (bathorhodopsin  have been detected at the various stages of rhodopsin
blue-shifted intermediate- lumirhodopsin— metarhodopsin  activation {—24). Assignment of vibrational bands to

| = metarhodopsin 1), 4). At physiological temperature,  individual protein groups has been accomplished in combi-
metarhodopsin I, the active state of the recepfordj, is nation with site-directed mutagenesié4( 16, 23 and
formed within milliseconds after isomerization of the chro- yecently also by stable-isotope labeling of the proteif) (
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bovine rod outer segments. to earlier polarized FTIR studies of the absolute absorption

10.1021/bi9909501 CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/17/1999



Polarized ATR-FTIR Study on Rhodopsin Activation

Biochemistry, Vol. 38, No. 40, 19993201

which revealed information about the orientation of structural collection. Spectra were recorded at°Ql) since under these

components of the protein, e.gy;helices, relative to the
membrane plane26, 2. In the case of difference spec-

conditions metarhodopsin Il is sufficiently stabtg= 30
min (17), after data acquisition (see below) 70% meta-

troscopy, however, information is obtained about the relative rhodopsin Il still remains]. Sample humidification with®l

orientation of specific structurally active molecular groups

buffer, and all subsequent procedures were performed under

including previously assigned protein residues and ret- identical conditions as humidification with,D.

inylidene groups (or vibrational modes). Our data also

Polarized ATR-FTIR spectra were recorded using a wire-

complement the results obtained using other experimentalgrid BaF, polarizer (Graseby Specac, Kent, U.K.) placed in
approaches which probe orientation of structural componentsthe IR beam of a Mattson Cygnus 100 FTIR spectrometer

of rhodopsin, including the early visible dichroism studies
(27—29) and, more recently, solid-state NMR studi&g)(

(Mattson, Madison, WI) equipped with a narrow band Hg-
Cd-Te detector. Spectra were derived from 256 single beam

The macroscopic orientation of secondary structure elementsscans (1 min aquisition time), taken at 8 ¢nresolution.
we calculate basically agrees with earlier transmission FTIR Interferograms were doubly zero-filled and apodized using

studies on bovine rhodopsi2§). Our polarized difference

a triangular function, prior to further processing. The

spectra clearly reveal several new, previously unobservedpolarized single beam spectra were ratioed against a cor-

bands throughout the entire spectral range (468D cn1l).

respondingly polarized background. The orientation of the

The dominant features in the amide regions suggest that thergolarizer could be controlled with the spectrometer computer,
occurs a small reorientation of helical segments in the and spectra were recorded with the polarization of the IR

activation step of rhodopsin. A novel band at 939 é¢m

probe beam alternately paralléf)(and perpendicular{() to

assignable to a HOOP mode in metarhodopsin Il, is the plane of incidence. In this way, we were able to signal

considered to reflect a reorientation of the retinal ({#€
CioH group in the metarhodopsin | to metarhodopsin I

average the parallel and perpendicular data sets in the
bleaching experiments over the same time span.

transition. Bands at 1406, 1583, and a previously undetected Photoactivation of the samples was accomplished by

band near 1736 cm are tentatively assigned to the sym-

illumination with yellow light (40 s) using a 20 W halogen

metric and asymmetric carboxylate and carbonyl stretching lamp equipped with a KG1 heat filter and an OG530 cutoff
vibrations of Glu134, which was proposed to protonate upon filter (both filters from Schott). Difference spectra (meta-

formation of metarhodopsin 113Q).

MATERIALS AND METHODS

Preparation of RhodopsirROS was prepared as previ-
ously described32). The Axsd/Asoo typically was between

1.9 and 2.1. Membrane suspensions in doubly distilled water

(typically 130 nmol/mL in rhodopsin) were stored in an argon
atmosphere at-80 °C until further use. All manipulations
involving rhodopsin were performed under dim red light
(RG645 cutoff filter, Schott). Throughout the experiments,
a Mes HO/D,O buffer (40 mM Mes, 260 mM NacCl, 10
mM KCI, 4 mM CaC}, and 0.2 mM EDTA, pH/pD 6) was
used.

ATR-FTIR MeasurementsSamples were prepared by
slowly drying 30uL of ROS suspension (about 4 nmol of
rhodopsin) under a gentle stream of nitrogen onto ax50
20 x 2 mn? (I x w x h) Ge internal reflection element
(EJ3121, Harrick Scientific Corporation, Ossining, NY).

rhodopsin Il minus rhodopsin) were computed by subtracting
the average of at least eight spectra, recorded with the same
polarization of the IR probe beam (at least 2048 co-added
interferograms), taken before and after illumination, respec-
tively.

Dichroic difference (LD) spectra were calculated by
subtracting (difference) absorption spectra of the sample
taken with perpendicularly polarized lightl( from those
taken with parallel polarized light|j using the scaling factor
c. LD = || — ¢ x [ The factorc was determined
interactively from the absolute absorption data in the dried
or humidified state, by optimizing the sign and relative
magnitude of the dichroic difference bands corresponding
to the lipid methyl and methylene CH stretching modes, i.e.,
the vs (CH3) band at 2875 cmt and thev,s and vs (CHy)
bands at 2924 and 2853 cinrespectively. Since the GH
vibrations are known to have their average transition mo-
ments perpendicular to the acyl chain long axis, i.e.,

Hereafter, the Ge element was placed in a vacuum desiccatoperpendicular to the plane of incidence, in oriented fluid
for 15 min to remove residual water. Subsequently, the bilayers, their respective LD signals are expected to be
sample was mounted into a modified, temperature controlled, overall negative. The reverse holds for the {ymmetric

variable angle ATR unit (MEC-1W in combination with

stretching mode since its transition moment lies approxi-

TMP-V, Harrick) and polarized dark spectra were recorded mately parallel to the lipid acyl chains, and in oriented
at ambient temperature. For the analysis of the rhodopsin tosamples this band should give rise to positive [33)( For
metarhodopsin Il transition, the membranes were humidified presentation purposes, the same scaling was used to calculate

with either HO or D,O buffer. Deuteration of the sample
was accomplished by putting 5 of D,O on top of the

the LD of the absolute absorbance spectra (in the dried and
humidified state) as well as that of the light-induced

dried sample, now placed in a nitrogen purged glovebag. difference spectra of the sample. We emphasize, however,

The sample was left to exchange for2 h. After this period,

the sample was redried before mounting it into the ATR cell,

to allow a well-defined humidification with fD buffer. Six
microliters of DO buffer was then placed on top of the
sample and, in total, 5L of D,O buffer on the inside of
the sample cell's covering lid. Data collection typically

that the LD spectra were used only for visualization purposes;
the actual calculations of the linear dichroism of specific
bands were based on the original, unscaled data.
Calculation of Orientations from ATR-FTIR Dichroism.
The method applied here to determine the angle between
the dipole moment of a specific vibrational mode corre-

start@l 6 h after sealing the cell. Thus, the samples had beensponding to a dichroic band and the normal of the ATR

in contact with bulk DO for at leas 8 h prior to data

internal reflection element is essentially similar to that
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previously described3d—37). Briefly, a dichroic ratioRarr,
is defined as

Rare = J'A(v) dvl [A(v) dv (1)

where fAo(v) dv are the integrated intensities of a certain
vibrational band in the frequency range &rom the dichroic
ratio, and an estimation of the electric field amplitudes of

DelLange et al.

Industries, Nashua, NH). Dichroic ratios were determined
from peak heights as well as from the integrated intensities
of the bands in the absolute absorbance spectra. Either
baselines were calculated between data points limiting the
integrating intervals or a global (straight line) baseline
correction was performed by zeroing the 3800, 2600, 1900,
and 945 cm! data points. In addition, in the case of the
amide | region, curve-fitting analyses were performed in

the evanescent wave at the surface of the internal reflectancebrder to resolve the relative contribution of thehelices to

element E;, E;, andE; xy-plane parallel to the surface of
the Ge element), an order paramesas calculated for the
orientation of the structural elemerg8§):

S= 2(Ex2 - ATREy2 + Ezz)/
[(3 cog o ~1)(E — RarrE,” — 2E,)] (2)

The average anglé), between the main axis of symmetry

this band. For this, spectra were baseline corrected in the
region 19006-945 cnt?, and a maximum of 13 bands was
used to curve-fit the 17901415 cm? region @0). The
dichroic ratios corresponding to tleehelical structures were
determined from the integrated intensity of the band centered
at 1655 cm?. For the analysis of the rhodopsifn meta-
rhodopsin |l difference spectra, dichroic ratios were deter-
mined from the integrated intensities of the difference bands.

of the structural element and the membrane normal, relates/ntegrating intervals were chosen such that only one dichroic

to Sthrough the expression

S= 3/2@0o$H+ 1/2 (3)

difference band fell in that region, thus minimizing interfer-
ence from overlapping bands. Throughout this work, the
average or apparent tilt angteis calculated from eq 3 by
equatingléos 6= cog [@L]i.e., by assuming an infinitely

The order parameter is a time- and space-averaged functiomarrow distribution of TDM orientations contributing to the

of 8, which is symbolized with the brackets in eq 3. In eq 2,
a scaling factor 8, = 2/(3 cog a. —1) has been introduced
to account for the angle. between the transition dipole
moment of the vibration and the main axis of symmetry of

absorption band under study.

RESULTS
Figure 1 compares the linear dichroism (LD) of an oriented

the structural element. Similar correction factors can be ROS membrane film in darkness in the dried (Figure 1a)

introduced to account for membrane disord&)(and
imperfect surface flathes& () of the ATR crystal. However,
here we tak&,, = S =1, i.e., basically a perfectly flat ATR

and humidified state (Figure 1b). The sample presented in
Figure 1b was also used for the photoactivation experiments,
presented in Figures 2 and 3. Panels b1 and b2 derive from

surface and a perfectly oriented membrane multilayer is the same sample as shown in Figure 1a; and the same scaling
assumed. Note that due to this assumption we probablyfactor € = 1.70) was used to calculate the LD spectrum in
slightly underestimate the degree of orientation of the the humidified state (LD= || — 1.70 x 0). Panels b3 and

photoreceptor membrane segments (see results).

b4 show the absorbance data from a sample 4@ [ =

Electric field amplitudes were estimated based on the semi-1.54). In all cases, the LD spectra are dominated by the

infinite-bulk (or two-phase) approximation. In the case of
unit incoming amplitude for both polarizations, the electric
field amplitudes in the, y, andz direction (eq 2) are given
by (39)
E, = 2(sirf ¢ — ny,)™? cosg/

[(1 = e (L + ny)sin’ — ngy 17 (4a)
E, = 2 cosg/(1 — ng)*? (4b)

E,= 2 sin¢ cos¢/
[(1 = ng )AL + ngsint ¢ — ng 1M (4c)

positive (+) amide A (3287 cm?!) and amide | (1654 cnt)
contributions and negative—) amide Il (1545 cm?)
contribution, typical for a net transmembrane orientation of
o-helical structures26, 37, 41-43). Moreover, LD signals
from the lipid moiety are observed at 1740)( 1219 (),
and 1060 cm! (+). The latter bands are assigned to the
phospholipid ester carbonyl stretch and the antisymmetric
and symmetric P© double bond stretch, respectively, and
their relative dichroism is in agreement with previously
published data on oriented phospholipid containing mem-
branes 83, 34, 44. Clearly, the qualitative orientation of
the dried membrane film is well preserved upon humidifi-
cation with HO/D,O buffer.

Hydrogen-Deuterium ExchangeAs previously shown,

Here,¢ is the angle of incidence between the IR beam and the FTIR-ATR spectra of ROS inJD exhibit a characteristic

the Ge element (set to 45 andng; (= ns/my) is the ratio
between the refractive indices of the sampie<1.7) 26)
and the Ge crystahg = 4). Thus, throughout this work, we
usedE, = 1.38,E, = 1.56, andge, = 1.73. The use of eq 4,

downshift of the amide Il band from 1545 to near 1450 €m
(amide II) (45). The amide Il mode is assigned to (primarily)
N—H bending vibrations of peptide amide group$6)
therefore, the isotope induced shift of this band provides a

specifically applying to the semi-infinite bulk case, is based measure of the fraction of peptide groups undergoing
on the assumption that the thickness of the sample [typically hydrogen-deuterium (H/D) exchange. The relative amount

in the order of 16-20 um (34)] is much larger than the
penetration depth of the evanescent wave [about2 4m
in the spectral range 206000 cm* (35)].

Data AnalysisAll spectral analyses were performed using

of peptides undergoing H/D exchange was estimated by
comparing the ratio of the (residual) amide Il band intensity
to the amide | band intensity inJD, wp, to that before H/D
exchange in a dehydrated samplg, Integrating intervals

the GRAMS/32 Spectral Notebase program suite (Galactic ranged 17161587 cn1* and 1586-1520 cnm* for the amide
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1 0.05 a Ficure 2: Polarized FTIR difference spectroscopy of the rhodopsin
- 3 nec——— to metarhodopsin Il transition. Traces shown are the averaged results
3600 3200 2800 1800 1600 1400 of 4 samples. LD= || — 1.71 x O. TheO-spectrum has been scaled

with a factor 1.71 for better comparison. The absorbance scale is
1 for the ||-spectrum. The inset shows the averaged result of two
Wavenumber (cm™) samples in the 350683100 cnt? region; the scaling is similar to

Ficure 1: FTIR spectra of ROS membranes using either parallel that in the main panel.
(I) or perpendicular [{) polarized IR light. (a) Dried ROS
membranes, (bib4) humidified ROS membranes: (b1 and b2) showing little net orientation. Such a differential H/D

ROS in HO buffer and (b3 and b4) ROS in,D buffer. Amide A, exchange in rhodopsin was recently also proposed on the
| and Il bands are indicated in panel a. LD denotes the difference basis of unpolarized infrared measuremea8 and has also

spectrum betweep and, identifying dichroic bands (LB= || — ! . . )
¢ x 0), c factor (see text) was 1.70 in panels a, b1, and b2, and been observed in the early polarized infrared experiments

1.54 in panels b3 and b4. Traces shown are the average of 12800f Michel-Villaz and coauthors2G) on oriented intact (frog)
scans. Note the differences in the frequency scale between panelsod outer segments.
a and b and the different absorbance scales for all figures. In all  §:iaqiation of Structural ElementsTo calculate the
panels, the absorbance scales are those corresponding [ the . . . . .
spectra. In panels a and bi, the LD signal has been scaled by s2verage orientation of the rhodopsin helix bundle with respect
factor of 2 for better comparison. to the membrane normal, we used previously determined
values, e.g., the angles of the transition dipole moments
I and amide Il bands, respectively. The fraction of unex- (TDMs) relative to the helix long-axis. For example, we used
changed peptides,, was estimated frorfy, = wp/wy (47). 35° for the amide | band, 75for the amide Il and llbands,
Calculations using different approaches (choice of baseline,and 28 for the amide A band34, 39. The lipid acyl chain
peak intensity, peak area etc.) indicate thati60% of the orientation was calculated from the dichroism of the meth-
peptide groups did not exchange under the experimentalylene vs andvas modes, settinge = 90° (33, 36, 49. The
conditions, in good agreement with previously reported lipid ester carbonyl band was analyzed usig= 0° (49).
values 45, 47, 48. The results of these calculations are shown in Table 1. The
In contrast to the marked changes observed in the absolutdisted dichroic ratios are based on integrated intensities, using
absorption spectra in the;8 and DO condition as a result ~ baselines calculated between data points. Integrating intervals
of H/D exchange, the corresponding LD spectra (Figure 1b) ranged 34083225 cnt* for the amide A band; 29562903
are found to be very similar. Significantly, the relatively cm™, and 28672839 cni* for the methylenevas and vs
intense amide 1lband is found to be essentially nondichroic. bands, 17691709 cn* for the lipid ester &0 band, and
Thus, similar to an earlier polarized FTIR study of bacterio- 1710-1587 cn1?, 1580-1520 cnt*, and 1506-1390 cn*
rhodopsin 42), the combination of polarized light spectros- for the amide I, amide Il, and amide bands, respectively.
copy with H/D exchange is able to reveal more information  First, we note that the lipid acyl chain ordering seems to
on the structural origin of the exchanging groups of rhodopsin be slightly higher in the humidified membranes. This might
and shows that the latter are located in secondary structureseflect a partial bilayer to  phase transition in the
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agreement with values of 48 6 and 38 obtained from
LD polarized infrared transmission spectroscopy on dried samples
(26) and from measurements on intact rod outer segments
(25), respectively. Third, the orientation calculated from the
1 dichroism of the amide Il and amid€ band in QO indeed
W suggests that the peptide groups which were subject to H/D
0 _ exchange are located in protein segments exhibiting consid-
erable less net orientation (see above). Having separated the
distinct contributions by deuteration, we believe that the best
estimate for the overall orientation of rhodopsin should be
1 rather based on the results obtained for the amide A and Il
bands in RO buffer. Hence, we conclude that the average
tilt angle of the seven helical segments in rhodopsins
membrane domain is at 3@l0° with respect to the mem-
brane normal, while the accessible surface regions have a
more random distribution.

The above-mentioned qualitative results were found to be
only weakly dependent on the choice of the input parameters
(Sn1, N3, anda) and the way the spectral parameters were
extracted (integrated vs peak intensities, curve-fitting; not
shown). In some cases (amide A, amide Il) a slight
dependence on the choice of the baseline was observed;
however, this variability €7° in [@0) does not affect the
general trend of our data. We further note that the internal
consistency of the orientations calculated from the amide

.002 4

3 3500 3300 3100
|

Difference in Absorbance

.002 4

-.002

1sloo 17'00 16'00 15'00 1;00 13‘00 12'00 band dichroisms and the good correspondence to the
literature values indicate that the most important assumption
Wavenumber (cm™) in our analysis, i.e., the estimation of the electric-field

Ficure 3: Comparison of the FTIR difference spectra of the am'plitudes using the two-phase approximation, is indeed
thodopsin to metarhodopsin Il transition in® or DO (thicker  valid for both hydrated and dehydrated membranes. Impor-
lines). LD spectra were calculated using subtraction factors of 1.70 tantly, this gives us a realistic basis to extend our analysis

(H20) and 1.58 (RO), and the correspondirig-spectra were scaled  to the case of rhodopsin~ metarhodopsin Il difference
using the same factors. All traces are shown on the same scale; th%pectra.

1780-1680 cntt region of the LD spectra has been expanded on . . )

they-scale for clarity. The inset shows the LD spectra in the 3500 Polarized Infrared Difference Spectroscopligure 2
3100 cnt? region; the scaling is similar to that in the main panel. shows the difference spectra of the rhodopsin to metarhodop-

sin Il transition recorded with the IR beam polarized either

Table 1. Values for the Average Dichroic Ratf, and the parallel or perpendicular to the plane of incidence. Since
Average Angled) for Selected Vibrational Modes of Oriented these spectra are calculated by subtracting a rhodopsin
Photoreceptor Membrane Films in the Dried=€ 4) and f hod in il itive band
Humidified State & = 2) spectrum from a metarhodopsin Il spectrum, positive bands
R 5 (deg) represent metarhodopsin 1l and negative bands rhodopsin.
frequency — _ 9 These spectra reflect changes of the retinylidene chro-
band (cm™) dried H0° D,O* dried HO DO mophore, which undergoes an 11-cis to all-trans conforma-
amide A 3289 27 rmd 350 45 nd 38 tional change, as well as structural changes of the protein
Vas(g_'l"i) gggg i-gg if& 1-32 3; 33 gé including those required to expose interaction sites for the
Vs 2 . . . A . )
veolipids 1739 157 126 146 60 66 62 G-protein transducin/ 10, 12. For example, negative bands
amide | 1654 224 224 220 50 50 51 atl1558,1237,1214,1190, and 969 ¢érhave been assigned
amide IP 1545 148 146 132 39 37 32 to the retinylidene chromophore in rhodopsin upon com-
amide If 1450 n& na 174 na na 47 parison with resonance RamaBB( 54 and FTIR analyses

aStandard deviations were smaller than 7%Rpresulting in a of rhodopsin analogues containing isotope-labeled chro-
szn_aller than _3deviation in6. bVaria_bi_li_ty in these results is 4, 5,_ and mophores 10, 59. In contrast, few bands have been assigned
Zeéntgngrng”ﬁgt%nge?gi/r?ég Egmr'fg{'ggp'nf;‘)f’f”es' respectively, s far to specific protein residues except in the 1700

’ — 1800 cnmi?! region (G=0O stretch modes of Asp and Glu

phospholipid membranes upon dehydration, resulting in a carboxylic acid groups)1@, 16, 18, 23 The LD spectrum
decrease in dichroism of the methylene Qitretch bands.  has been calculated using a scaling factor of 1.71, and the
The coexistence of these two phases in dried ROS samplespectrum recorded with perpendicular polarization has been
has been inferred from X-ray and electron microscdg, (  scaled with the same factor to allow easier visual comparison.
51), as well as fron?!P NMR studies on ROS membranes The traces shown represent the average of two to four
(52). Second, the average orientation of the rhodopsin helix- independent experiments, to compensate for slight variations
bundle in the photoreceptor membrane, obtained from thein the baseline. However, we note that the band profiles in
dichroism of the amide bands in the dried/ angOD,0O the LD spectrum, reflecting the dichroism of the difference
humidified state (45+ 5/44 + 7/40 + 8°) is in good bands, was reproducibly observed in every experiment.
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Obvious differences between the polarized difference spectravibration of a tyrosine hydroxyl function in rhodopsin. The
are best observed in the LD spectrum. 1247 cmt LD band observed in the present study could
The relatively strong LD bands at 165%)and 1537 cm® therefore represent a reorientation of this tyrosine side-chain
(—) can be seen to derive from positive contributions in the upon photoexcitation. We are presently in the process of
parallel and perpendicular polarized spectra, respectively. Onincorporating singlé3C-labeled tyrosine into rhodopsin; this
this basis, these bands may be assigned to the metarhodopsishould facilitate definite assignment of tyrosine vibrations
Il intermediate. The dichroism of this pair qualitatively agrees to specific tyrosine modes.
with the amide | and amide Il LD characteristicscehelical The difference spectrum taken with parallel polarization
structure, cf. Figure 1, and may thus reflect a small further shows an additional band at 939 ¢mwhich lies
reorientation of helical segment(s) upon activation of rhodop- within a region characteristic of hydrogen-out-of-plane
sin. The positive band observed at 3275 ¢mvhich lies in (HOOP) wag modes. In previous FTIR studi&s)( using
the amide A region (assigned to peptide NH stretch vibra- rhodopsin analogues containing a stable-isotope labeled
tions) (66) supports this assignment. This band shows chromophore, bands at 947 and 950 “énhave been
significant overlap with a negative band at 3308 ¢mvhich identified to derive from the retinal HE=C,.H A, HOOP
is prominently present in thg-polarized spectrum only,  combination in lumirhodopsin and metarhodopsin |, respec-
reducing the intensity of the 3275 cfband. On the whole, tively. In metarhodopsin Il, a band assignable to this mode
these data suggest a slight reorientation of helical segmentdas never been reported. This vibration is the best candidate
in the photoactivation step of rhodopsin, resulting in a smaller for the 939 cm? (+) band of metarhodopsin Il. The presence
angle between the-helix axis and membrane normal in the of this band only in the spectrum taken with parallel
metarhodopsin Il intermediate. polarization would then indicate a significant change in
Bands appearing in the 176Q800 cn1? region are highly orientation of the Hg=C;.H group during the final activa-
characteristic of &0 stretching modes in esters and tion step of rhodopsin. A definitive assignment, however,
protonated carboxylic acid groups in Asp or Glu side chains. requires the use of selectively labeled chromophores, and
By utilizing rhodopsin reconstituted into an ether-phospho- this work is in progress.
lipid which lacks the ester carbonyl group, it was shown that  In Figure 3, the polarized difference spectra recorded in
contributions from phospholipids in this region of the H,O are compared to those obtained igCDbuffer. As in
spectrum are unlikelylQ). Indeed, the bands observed in the case of the absolute absorbance spectra, the difference
the 1786-1710 cm! range in the rhodopsin to metarhodop- spectra also exhibit characteristic isotope induced band shifts
sin Il difference spectrum have thus far all been tentatively (16, 17. Overall, the net intensity of the LD spectrum in
assigned to specific Asp or Glu residues on the basis of D,O is significantly smaller than that inJ®. For example,
mutagenesis data. In this way, the 1767/ 745 () and the bands in the amide A, |, and Il regions [3275)(1657
the 1730 {)/1745 () pairs have been assigned to the Asp83 (+) and 1537 cm! (—), respectively] are reduced in
(14, 16 and putatively to the Glu122.6, 1§ COOH group, intensity. Assuming the above assignment of these bands to
respectively. Part of the positive band at 1713 ¢hms been  amide modes is correct, the H/D sensitivity of the amide A
assigned to Glu1135(), the counterion to the protonated and Il bands indicates that the involved helical structures
Schiff base. According to this assignment, Glu113 bears aare positioned in a region accessible to H/D exchange,
carboxylate group in rhodopsin and the corresponding implying a localization near the membrane surface. The loss
vibrations have been tentatively assigned to bands at 15900f intensity in the amide | region, however, is somewhat
and 1395 cm! (57). puzzling. Clearly, the reduced sensitivity to the polarization
Interestingly, the major band observed in this region of of the IR probe beam cannot be ascribed to a reduced net
the LD spectrum is at 1736 crh(—), at a position where a  orientation of the samples (cf. Table 1). Indeed, the orienta-
specific band has yet not been detected in the unpolarizedtion obtained from the bands assigned to D83 u®Dvas
difference spectrum of the rhodopsin metarhodopsin I found to be the same as i@ (see below). On the other
transition. Furthermore, this LD band is sensitive to H/D hand, additional H/D exchange triggered by bleaching,
exchange as discussed below and is therefore assigned to axtensively discussed in a previous pap4%)( produces
protein carboxyl group. Only much smaller LD bands are additional difference bands near 1660/1632 tritherefore,
observed at the position of the Asp83 bands (1767/1745we currently believe that the reduced 1657 “éniD
cm™Y), indicating that this group is not strongly immobilized contribution in DO is rather caused by mixing with
or is located near the magic angle (53.6vhere the downshifted, nonhelical, amide | contributions.
dichroism is 0. Two strongly dichroic bands are also observed The dichroic difference spectra in Figure 3 further indicate
at 1407 and 1583 cnj, in the frequency ranges expected that the 1736+) band shifts down ta- 1720 cmt in D,0,
for the symmetric and asymmetric stretching vibrations of a effectively canceling the positive, H/D insensitive part of
carboxylate group. Combination of the latter two bands with the peak at 1713 cm. The H/D sensitive part of the band
the band at 1736 cm could represent either the depro- at 1713 cm?, assigned to E113, shifts down to 1705¢mn
tonation or the protonation of a previously undetected Asp in agreement with earlier studies?. Notably, the 1407 and
or Glu residue. 1583 cnit bands are still present in the;D data, whereas
A moderately strong LD band is also observed at 1247 the 1736 cm* band clearly shows an isotope induced shift,
cm! (=). In a previous paper, the role of tyrosines in the in general agreement with the assignment discussed above.
rhodopsin to metarhodopsin Il transition has been specifically  Intramolecular Orientations from Polarized Difference
addressed using stable-isotope (ring-deuterated tyrosine)Spectroscopy.Table 2 shows the apparent orientations
labeling £4). Among other things, it was found that there is calculated from the dichroism of selected bands in th® H
a negative band at 1248 cfassignable to the bending data set, takingt = 0°, which assumes that the TDM runs
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Table 2: Dichroic RatioR, and Orientation Angl®, for Selected which are essentially obtained from a single photolytic
Absorption Bands in the Rhodopsin (rho) to Metarhodopsin Il (MIl) ~ reaction, a tilt series analysis is not readily accomplished on

Transition in HO Buffer (n = 4, except for the 3308 cm Band: the same sample. This problem does not exist in the ATR
n=2p mode, where both polarization angles can be alternately
frequency (cm?) assignment R 0 (degp monitored. The ATR technique offers the additional advan-
3308 () 2 6.5 33 tage over transmission spectroscopy that the sample is probed
1768 () D83 side chain €O in rh¢? 150 61 with the maximal difference in polarization of 9@vith
1748 (t) D83 side chain €0 in Mie 2.0 55 respect to the sample plane, whereas in transmission mode
igg ?3 5113 side chain 80 in Ml %'.%2 ‘:,)92 the maximal tilt angle usually is about €0This is an
1621 () ” 20 55 important advantage since it significantly increases the
1558 () retinal G=C stretch mode in rifo 1.9 56 sensitivity of the measurements.
1274 (+) Tyrosinate G-O™ stretchin MIf 2.3 52 Macroscopic Orientation and H/D Exchang&he mac-
1237¢)  retinal Go—Cysstretchinrhe — 0.96 75 roscopic orientation of rhodopsin in its native disk membrane
1214 ) retinal G—C, stretch in rh8 1.12 70 ;i . .
1190 () retinal Ga—Cysstretch in rhe 1.4 63 was determined and compared to literature data in order to
969 () retinal HG=C;,;H HOOP inrthd 1.39 63 check on the validity of the method of analysis. The
939 (+) retinal HG;—C;,H HOOP in MIl 6.8 32 membranes were studied in both the dried and humidified

aAll analyses were performed using= 0. ® Standard deviations  State (HO and RO). The present estimate of 455° (Table
were smaller than‘3 except for the 1748 cm band (7). © Assignment 1) for the average orientation of rhodopsins helix bundle is
3?Seerde§’2| Rs%hee;\:lsl'i an“n‘i'e':n"’t“g;‘é’ezt ffé,ﬁ?,}d ?;S'ggé)‘("jeA':S?fn‘igrgn in good agreement with the previously reported value from
b?sed on'DeI-_ange %t ak4). gAssignmentgbased on Paliggs et al. polarized transmission experiments on (dried) oriented
(54). samples Z6).

When combined with hydrogerdeuterium exchange,
polarized absorbance spectra can also provide information
on the regions of the protein most accessible to the aqueous
phase. It is found that the inaccessible helical core of the
protein has an average orientation of-3M° with respect

parallel to the atomic bond (see Discussion). Integrating

intervals were chosen such that only one dichroic difference

band (LD) was located in that region. Since the bands in the
1o

1630-1680 and 15561490 cm* regions are prone to lead to the membrane normal, while the more accessible parts

to erroneous results due to extreme overlap, they were NoY,ave a more random distribution. These results substantiate

taken into account. For similar reasons, we were not able to - - .
: . X . ' - the predictions based on previously reported unpolarized
determine the dichroic ratio of the 1736 and 1583 &m infrared studies45).

bands. The dichroic ratio of the 1407 chband was found - . .
: . I Polarized IR Difference Spectroscopyhe rhodopsin to
to be 4.84 0.1, from which we calculated that its transition metarhodopsin 1l difference spectra obtained with the

moment lies at 3Bwith respect to the membrane normal. polarization of the IR light perpendicular to the plane of

As an additional Ch(?Ck on sample orientation ipCL incidence most closely resemble the unpolarized transmission
assuming that the coupling effects of the-B bending mode mode difference spectra previously reported from our

to_th(;,\ :_)rientation Ofl thlet%dof TD';/:] a:f Qegligibl?tﬁ8),l757 laboratorieg12, 14, 17, 18, 24, §4This is not unexpected,
orientations were caiculated from the dicnroism ot the since, in transmission experiments the polarization of the

(=)/1740 +) pair, assigned to Asp8s3. Orientatiqns 0’56 incident light will be in the plane of the membrane for the
(1757 Cm.l band_) and 57 (17.40 cnt’) were obtained for well-oriented samples we routinely use. The photoreceptor
the D83 side phaln .eo band n rho'dops_m and metarhodqp- membrane samples we use for transmission FTIR are
sin Il respecﬂyely, i.e., essentially identical to those obtained routinely prepared by spin-drying a photoreceptor membrane
from the data in HO. suspension onto an IR transparent substrate, which yields
DISCUSSION well-oriented membran_e film®Hb—67). On the othe_r hand,_
the parallel polarized difference spectrum is obtained using

In this paper, we report the first application of polarized a polarization direction that should not be present in
ATR-FTIR difference spectroscopy to investigate the ori- transmission measurements on oriented samples. Indeed,
entation of individual groups in bovine rhodopsin. Previously, these difference spectra exhibit several new bands such as
only the macroscopic orientation of rhodopsin in its native the one at 939 cnt, which we tentatively assign to the
membrane has been investigated using polarized transmissiotiC,;=C,,H hydrogen-out-of-plane (HOOP) mode of the all-
FTIR spectroscopy2@). In the case of bacteriorhodopsin, trans retinylidene chromophore in metarhodopsin II.
infrared linear dichroism studies, in combination with Orientation of the Chromophor&he present work yields
difference spectroscopy, already provided detailed informa- information on the relative orientation of specific groups in
tion on intramolecular orientations including the orientation the retinylidene chromophore. The data in Table 2 show that
of the retinylidene polyene plane relative to the membrane the G=C and G-C TDMs for the chromophore polyene
plane and specific protein groups8-62). chain in rhodopsin have tilt angles in the range-36°, in

In infrared LD measurements based on transmission qualitative agreement with visible LD studies, indicating that
spectroscopy, a tilt angle series is normally conducted wherethe electronic dipole moment of the 498 nm transition,
the sample plane is tilted with respect to the direction of oriented approximately along a vector connecting the Schiff
incident radiation. Z6, 60, 63. Extensive data acquisition base nitrogen and the ionone-ring portion, lies &t W@h
and averaging is often necessary in these experiments sinceespect to the membrane plan7), It should be noted,
the dichroism tends to be small at low angles. However, for however, that obtaining global chromophore orientations
analysis of rhodopsin to metarhodopsin Il difference spectra, from individual chromophore bands relies on accurate
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knowledge on the orientation of the infrared dipole moment bands reflect a small reorientation of helical structure, and
(which may be the sum of various contributing normal the pattern observed is consistent with the net tilting of
modes) relative to the retinal plane. Mixing of normal modes a-helical structures toward the membrane normal during the
may cause the net vibrational TDM of the band to deviate rhodopsin to metarhodopsin Il transition. In a previous paper
from the C-C or C=C bond directors, i.eq. may not be 0 (24), we discussed that the fully conserved Pro/Tyr pair in
(58, 60-62). Furthermore, the retinal moiety in rhodopsin helix 6 in all visual pigments may be acting as a hinge for
adopts a skewed 11-cis conformation and exhibits consider-movements in this helix in response to chromophore isomer-
able twists around the carberarbon bonds in the isomer- ization. Possibly in relation to this, the present work provides
ization region (Go-*C13) (68, 69. Due to these twists, the evidence for a tyrosine mode (1247 chwhich changes
HOOP modes may mix with in-plane modes (e.gsCand its orientation in the rhodopsin to metarhodopsin Il transition.
C—C stretch and €CH bending modes) by which they loose Overall, this agrees with and complements previous results,
their pure out-of-plane charactéig, 61, 62. More quantita- obtained from electron paramagnetic resonance spectroscopy
tive analyses of the retinal conformation therefore must await on site-directed spin-labeled rhodopsin, which were inter-
further theoretical (normal-mode) and experimental efforts. preted to reflect rigid body movement involving parts of helix
It has been suggested from visible dichroism stud2& (3 and/or 6, resulting in a more expanded structure of the
that the chromophore in metarhodopsin Il transiently adopts cytoplasmic side of rhodopsin in the activation st&g)(
a more in (membrane) plane orientation of51°. However, FTIR difference spectroscopy has been especially suc-
we could not address such overall effects, since, apart fromcessful in identifying changes in the hydrogen-bonding
the newly assigned band at 939 ciifew bands have been  environment and protonation state of residues carrying
identified to derive from the all-trans chromophore in carboxylic acid groups (e.g., Asp83, Glu113, and Glul122;
metarhodopsin II. UsingC labeled retinals, we are currently ~ see Results). The highly conserved Glu134 has been associ-
trying to identify these bands which should facilitate orienta- ated with light-dependent proton uptake and signaling in
tion studies of the chromophore in this late phase of the rhodopsin 81) and, therefore, is also expected to become
photocascade. protonated in the activation step. However, to date, bands
The discovery of a new band in the rhodopsin to assignable to this protonation reaction could not be identified
metarhodopsin Il difference spectrum deserves special menfrom FTIR studies on E134 mutantdq, 18. We now
tion. The intensity of the 939 cm (+) band is significantly suggest that the strong bands observed in the dichroic
lower than that of the HOOP bands in lumirhodopsin and difference spectrum at 1736 (carboxyl), 1583, and 1407*cm
metarhodopsin |, where it is approximately as intense as the(carboxylate asymmetric and symmetric stretch, respectively)
969 cnt?! (—) rhodopsin band. This may be due to the more may represent the protonation of E134 in the rhodopsin to
relaxed local structure or to secondary effects caused by themetarhodopsin Il transitioflt would also follow that this
deprotonation of the Schiff base linkage in the metarhodopsin group has restricted mobility and is oriented toward the plane
| to metarhodopsin Il transition5f). In any case, if the  of the membrane. In unpolarized difference spectra this band
assignment of this band to anAOOP mode proves to be is probably obscured by the other strong carboxyl bands.
correct, the fact that in metarhodopsin | this mode strongly Although definite assignment will require further studies
responds to perpendicular polarized light (i.e., obvious in involving site-directed mutagenesis, additional support comes
“unpolarized” FTIR difference spectra of oriented membrane from a recent study describing ATR-FTIR studies on
films), but in metarhodopsin Il only to parallel polarized light, complex formation between bovine rhodopsin and transducin
indicates that the HZ=Cy.H group significantly reorients  and transducin derived peptide&l). A band at 1735 cmt
during this transition. Possibly, this represents a secondwas clearly observed in the double difference spectrum
essential conformational change in the chromophore, permit-representing the rhodopsin to metarhodopsin Il transition in
ting proton transfer from the Schiff base, and finally leads the absence or presence of transducin and was tentatively
to the rearrangements in the protein necessary to expose itassigned to protonation of Glul34 induced by transducin
signaling sites. This would agree with the observation that binding. The protonation of Glul134 does not depend,
an additional methyl group at the 10-position of the retinal however, on the presence of transdu@d)( and we rather
strongly retards the metarhodopsin | to metarhodopsin Il propose that the band observable upon complex formation
transition @4). with transducin may reflect a reorientation of the carboxyl
Intramolecular (re-)Orientation of Protein Groups during  group of Glu134 protonated at an earlier stage, rather than
Photoactiation. The highest sensitivity to the direction of the protonation of this residue.
polarization in the rhodopsin to metarhodopsin Il transition  Conclusion In this work, we demonstrate the potential of
was observed in the amide regions. In the linear dichroic polarized ATR-FTIR difference spectroscopy to obtain highly
difference spectrum, the amide | contribution is strongly detailed information on intramolecular orientations in rhodop-
positive whereas that in the amide Il region is negative. The sin. Evidence is presented for a small reorientation of helical
polarized difference spectra indicate that these bands stensegments in the activation of rhodopsin as well as for the
from the metarhodopsin Il intermediate. A corresponding protonation of a previously undetected carboxyl-group-
positive amide A band may be located at 32757&m  bearing residue. Additionally, the dichroic properties of the
although this band seems to be largely obscured by a strongbands in the HOOP region suggest a localized reorientation
band at 3308 crrt, possibly due to a peptide NH stretch in the retinal polyene tail in the late phase of photoactivation.
mode. The overall appearance of these bands in the dichroic
difference spectra is strikingly similar to those characteristic > These bands may have escaped detection in the difference spectra

of oriented helical structures (cf. the absolute spectra in of mytants E134D and E134R because of the severe overlap in these
Figure 1). Hence, the most direct interpretation is that theseregions (8).
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Significantly, the use of polarized probe light yields ad-
ditional resolving power and facilitates the analysis of
component bands in spectral regions showing considerable 29

overlap. Future perspectives include studies on oriented

27.
28.

30

membranes of rhodopsin analogues and recombinant rhodop-~""

sin,

which are in progress. In combination with site-directed

mutagenesis and (site-directed) isotope labeling, this will 31.
allow both identification as well as orientation studies of
additional protein groups involved in activation of rhodopsin.
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