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ABSTRACT. The replacement of G¥ by Asp in human rhodopsin causes congenital night blindness. It
has been suggested that the molecular origin for the trait is an altered electrostatic environment of the
protonated retinal Schiff base chromophore. We have investigated the corresponding recombinant bovine
rhodopsin mutant G90D, as well as the related mutants E113A and G90D/E113A, using spectroscopy at
low temperature. This allows the assessment of chromoptpsogein interactions under conditions where
conformational changes are mainly restricted to the retinal-binding site. Each of the mutant pigments
formed bathorhodopsin- and isorhodopsin-like intermediates, but the concomitant visible absorption changes
reflected differences in the electrostatic environment of the protonated Schiff base in each pigment. Fourier
transform infrared-difference spectroscopy revealed effects on the chromophore fingerprint and hydrogen-
out-of-plane vibrational modes, which were indicative of the removal of an electrostatic perturbation near
Cy2 of the retinal chromophore in all three mutants. A comparison of the-W$ible and infrared-
difference spectra of the mutant pigments strongly suggests that*@wstably protonated in G90D.

The corresponding carbonyl-stretching mode is assigned to a band at 1727 lenzontrast to the case

in native bathorhodopsin, thal-trans-retinal chromophores in the primary photoproducts of the mutant
pigments are essentially relaxed. The peptide carbonyl vibrational changes in mutants G90D and G90D/
E113A suggest that this is due to a more flexible retinal-binding site. Therefore, the steric strain exerted
on the chromophore in native bathorhodopsin may be caused by electrostatic forces that specifically involve
glutamate 113.

Dim-light vision depends upon the molecular properties blindness in humans (Rao et al., 1994, Sieving et al., 1995).
of the photoreceptor rhodopsin in the outer segment disk Two models for the molecular pathophysiology of the
membranes of the retinal rod cells. The di%retinal disease have been suggested. One model assumes breakage
chromophore of rhodopsin is covalently bound via a proto- of a salt bridge between L3 and Gld*2in favor of a new
nated Schiff base (PSB to Lys**® of the opsin apoprotein.  electrostatic interaction between the lysine and %Agp
The positive charge of the PSB is stabilized by the side chain explain the constitutive activity of the mutant opsin in the
carboxylate of GIt on transmembrane (TM) helix 3 of the  absence of a chromophore obsenieditro (Cohen et al.,
receptor (Nathans, 1990; Sakmar et al., 1989; Zhukovsky & 1992; Rao et al., 1994). A high signaling level of the rod
Oprian, 1989). In native rhodopsin, photoisomerization of cell in the dark would explain the physiology of affected
the chromophore tall-transretinal results in deprotonation  individuals (Rao et al., 1994). Another model suggests a
of the PSB and concomitant neutralization of &fuwhich lowered energy barrier for thermal isomerization of the
are key events in the formation of metarhodopsin Il (M) - chromophore in the holoprotein, thus causing basal activity
(Jager et al., 1994) and the active receptor state, R* (Emeis in the dark, which raises the threshold for light perception
etal., 1982; Kibelbek et al., 1991). Recombinant rhodopsins (Sieving et al., 1995). Previous biochemical and spectro-
that adopt a Mll-like conformation without deprotonation scopic data obtained with mutant pigment G90D suggested
of the Schiff base have been described (Fahmy et al., 1994;that Asf° competes with Gt for electrostatic interaction
Rao et al., 1994; Zvyaga et al., 1996). Among this class of with the PSB (Rao et al., 1994; Zvyaga et al., 1996).
mutant pigments, a glycine to aspartic acid replacementin | the present study, the location of the Schiff base
TM helix 2 was shown to cause a form of congenital night coynterion in mutant GO0D is studied by visible and Fourier
transform infrared (FTIR) spectroscopy at low temperature.
A TK.F. Wlas su_pportedf %ﬁ DHFG Gorlaﬂt Fha 2,@'8/5_-1.| IT.P._S. is ar(}| The investigation of the primary photoproduct formation by
ssociate Investigator of The Howard Hughes Medical Institute, and yjsible absorption spectroscopy was motivated by the
T'é'ia(\;\'rizss Légfr%rstggr:gepnfé tt)g m:SH aTJt?{Q'rr.'g Grant EY 07138. expected influence of the electr(_)statig environment of the
* Albert-Ludwigs-Universita PSB on the chromophore absorption (Birge et al., 1988; Blatz
§ The Howard Hughes Medical Institute, Rockefeller University. et al.,, 1972). Two photon absorption experiments have
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! Abbreviations: con A, concanavalin A; FTIR, Fourier transform indicated that the retinal-binding site in native rhodopsin is

infrared; HOOP, hydrogen-out-of-plane; MI, metarhodopsin II; PSB, Neutral (Birge etal., 1985). Thus, a potential extra negative
protonated Schiff base; TM, transmembrane. charge can either entirely substitute for the counterio'Glu
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or contribute an external point charge (Honig et al., 1979).
In any case, a distinct effect on the visible absorption
properties was expected if the newly introduced Rdmas

an ionized side chain.

The main purpose of the FTIR experiments was to
characterize the protonation states of carboxylic acid groups
in the dark state of mutant pigment G90D. In contrast to
our previous study on G90D carried out at°6, it was
expected that at low temperature a putative@stretching
vibration of protonated AsSf or Glu!'3 would be better
observable because absorption changes of other carboxylic
acid groups are minimized. A corresponding carbonyl-
stretching vibration not present in rhodopsin can be identified
and assigned to G, in agreement with previous FTIR
results (Zvyaga et al., 1996). We show that G90D replace-
ment affects well-characterized vibrations of thecidretinal
chromophore in a way which strongly supports the neutral
state of GId!3. Finally, it is shown how, given reasonable L !

. . . . . 350 400 450 500 550 600
assumptions about the mutant pigment photoisomerization,
altered chromophoreprotein interactions in the batho- WAVELENGTH (nm)

photoproduct of G90D can be explained by the lack of a FIGURE 1: Absorption spectra of hydrated films of rhodopsin and

; mutant pigments in the presence of dodecyl maltoside detergent
negafive charge on GIt? as well recorded at-185 °C. The samples contained 200-fold excess of
phosphate buffer, pH 5. In the sample of E113A, 200 nmol of NaCl
was added in order to stabilize the PSB by an inorganic chloride

. . . counterion. lllumination was performed as described in Materials
Construction and Preparation of Rhodopsin Mutanthe and Methods. Solid lines: dark absorption. Dashed lines: batho-

preparation of mutant opsins E113A, G90D, and G90D/ intermediates. Dotted lines: iso-intermediates. One ordinate unit
E113A were previously reported (Sakmar et al., 1991; corresponds to 20, 85, 30, and 270 mOD (from top to bottom).

Zvyaga et al., 1996). Opsin genes were expressed in Ccos-1The extinction coefficients for the ground itates of the pigments
cells, reconstituted with 1gis-retinal, and purified as are 37 000, 32 000, 29 000, and 42 700%dm * for G90D, GIOD/

. E113A, E113A, and rhodopsin, respectively (Zvyaga et al., 1993,
described (Franke et al., 1988, 1992; Zvyaga et al., 1994).199s). P P Y (2vyag

Sample Preparation for FTIR Spectroscopgon A-
purified ROS rhodopsin was prepared in 0.02% dodecyl conditions were used to generate batho/iso-difference spectra.
maltoside as described (Kiy et al., 1989). Mutant pigments  For con A-purified rhodopsin, the filter combinations GG
G90D, E113A, and G90D/E113A were purified for FTIR 420 and SWP 500, or OG 570, were used to enrich the
studies as reported (Fahmy et al., 1993). About 1 nmol of photostationary mixtures for batho- and isorhodopsin, re-
recombinant or con A-purified rhodopsin was dried under a spectively. The different choice of filters for mutants versus
stream of N on a Bal window. All samples contained 200 rhodopsin takes into account the blue shift of the visible
nmol of potassium phosphate buffer, pH 5. For mutant absorption of the dark states of the mutant pigments. Using
E113A, 200 nmol of NaCl was added to stabilize a @ 150 W projector lamp and fiber optics, an illumination
protonated Schiff base pigment. ,®/D,O exchange was time of 30 s was sufficient in all cases for maximal
carried out at room temperature as reported (Fahmy et al.,photoproduct formation.
1993) with the exception that the sample was previously —UV—Visible Absorption Spectroscopyspectroscopy was
converted to a stable iso-photoproductdi85°C. The iso- carried out on a Perkin-Elmer Lambda-17 instrument under
photoproduct was then recooled+d85°C and converted  conditions identical with those used for infrared spectroscopy
to batho, thus causing an iso/batho difference spectrum inWwith the exception that one-half the amount of recombinant
the presence of fD. This procedure allowed us to obtain mMaterial was used. Batho/iso absorption differences were
H.O and DO spectra from an identical sample, thereby recorded from four successive photoconversions, and the
saving sample material. spectra were coadded to increase the signal-to-noise ratio.

FTIR-Difference SpectroscopyFTIR-difference spectra  Data present in Figures 1 and 2 were not smoothed.
were obtained with a Bruker IFS-28 instrument with a liquid RESULTS
N,-cooled MCT detector. Spectral resolution was 2-&ém
Interferogramsrf{ = 4096) were averaged before and after =~ UV—Visible Spectroscopy of Mutant PigmentRecom-
illumination of the sample, and the difference spectra were binant opsins with the amino acid replacements G90D,
calculated from the transformed single-channel spectra GO9OD/E113A, and E113A were expressed, regenerated with
(Ganter et al., 1990). Photostationary mixtures of pigment 11-cis+etinal, and purified in detergent as described (Zvyaga
states favoring the batho-intermediates were obtained fromet al., 1996; Fahmy et al., 1993). Low-temperature visible
the recombinant pigments at185 °C by irradiation with absorption spectra from hydrated films of these mutants and
wavelengths between 420 and 450 nm (GG 420 and SWPnative rhodopsin were recorded in order to charactérize
450 filters, Schott). The iso-photoproducts were enriched shifts of the mutant photoproducts versus those of rhodopsin.
by illuminating the previously formed intermediates at the Figure 1 shows the absorption spectra measured in the dark
same temperature with wavelengths above 550 nm (OG 550and after either short- or long-wavelength illumination of
filter, Schott). Subsequent repetitions of these illumination hydrated films at-185°C. Due to increased light scattering
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in the film samples, the absolute wavelengths cannot be

precisely determined, but the apparent peak positions are fg/\f

consistent with the previously reportégax values (Zvyaga ) /\,\\

et al., 1996). Upon illumination with blue light, all three \W
b i ?

ignated batho-intermediates or batho-photoproducts, as op- e

posed to bathorhodopsin formed from native rhodopsin.
However, the bathochromic shifts are considerably smaller
than those observed for rhodopsin. The accompanying
visible absorption changes are about one-eighth of those
usually observed. This is not due to partial photoconversion
since photostationary mixtures of photoproducts and dark
states are obtained after 15 s for each pigment and the
compositions of these mixtures do not change upon pro-
longed illumination (10 min). Thus, a significantly lower L
quantum efficiency of batho formation cannot explain the 5 5 ; ;
reduced magnitude of absorption changes. In addition, band- i i i i
pass filters were chosen to account for the blue-shifted visible 400 450 500 550 600

absorption maxima of the mutant pigments (see Materials WAVENLENGTH (nm)

and Methods). Therefore, the small absorption changesFIGURE 2: Absorption changes during batho- to iso-photoproduct

during primary photoproduct formation must be caused by transition. Four successive conversions were added to increase the
S e : signal-to-noise ratio for the absorption differences of the recom-
small intrinsic Amax shifts in the mutants and/or increased binant pigments: (a) G90D, (b) GOOD/E113A, (c) EL13A, and (d)

quantum efficiency of iso-photoproduct formation from the  yhodopsin. Conditions are as in the legend to Figure 1. One ordinate
mutant batho-intermediates. The latter possibility may unit corresponds to 5 (a and b), 6 (c), and 75 (d) mOD.

explain the lack of clear absorption decreases in the “blue”
part of the dark-state absorption band and the slight increaseof batho/isorhodopsin. However, comparison of the differ-
in this spectral range observed in mutant G90D/E113A. In ence spectra of G90D and G90D/E113A with the absorbance
any case, a larger fraction of iso-photoproducts in the spectra in Figure 1 shows that batho- and iso-photoproducts
photostationary mixture of the mutants versus that of deviate from the corresponding rhodopsin intermediates.
rhodopsin may be present. Similarly, one may argue that except for a blue shift of 5
Similarly, the iso-intermediates obtained from the mutants nm, the difference spectrum of E113A resembles that of
with long-wavelength illumination differ from isorhodopsin.  rhodopsin. However, this similarity is due to the compensat-
Again, the cutoff filter used for the conversion of the primary ing effects of an unusually small red shift of the batho-
photoproducts to the iso-intermediates was selected accordingntermediate and an unusually large blue shift of the iso-
to the smalleflnax value of the mutant batho-intermediates photoproduct relative to the dark state absorption.
relative to that of bathorhodopsin. The batho-intermediates One may also argue that the small visible absorption
of G90D and G90D/E113A form iso-intermediates, which changes during the batho-photoproduct formation of the
exhibit an increased absorption below 500 nm, rather than amutant pigments are due to a decreased photoreaction rate
clear band shift toward the blue because no significant rather than to small intrinsic red shifts. However, the batho-
absorption decrease above 500 nm is observed. Thisas well as the iso-photoproducts are readily formed within
contrasts with the photoreaction of the E113A batho- 15 s as is the case for rhodopsin. The actual proof of a
intermediate, which forms an iso-photoproduct distinctly photoconversion in the mutants similar to that of rhodopsin
blue-shifted relative to both the batho-form and the dark stateis provided by the magnitude of the infrared absorption
absorption. This property markedly distinguishes mutant changes described below. In summary, the results of visible
E113A from rhodopsin, which displaysiaa.x value only 5 spectroscopy indicate that the batho- and iso-intermediates
nm larger than that of isorhodopsin. In spite of the spectral of the mutant pigments differ from the normal photoproducts
alterations described above, reversibility of the batho to iso in a manner more complicated than a mere offset in their
photoconversion is retained in the three recombinant pig- Amax values as measured for the dark state absorptions. The
ments. recombinant pigments in which the native counterion'&lu
The absorption changes of repeated batho/iso photocon-was replaced by alanine have in common that the red shift
versions are displayed in Figure 2. The positive and negativeupon batho formation is greatly reduced. Thus, the change
lobes of the traces for GO90D and G90D/E113A are of similar in the electrostatic chromophore environment is reflected in
size, whereas rhodopsin shows about 2 times as large a bandlterations of the visible spectroscopic properties of the dark
for the disappearance of bathorhodopsin as compared withstates and low-temperature photoproducts. In particular,
the formation of isorhodopsin. This observation also sug- mutants G90D and G90D/E113A exhibit similar spectral
gests that the spectral properties of the chromophores in thephenotypes, arguing for similar electrostatic and/or steric
two photointermediates of the mutants are qualitatively chromophore environments in spite of the fact that'Glis
different. The spacing of the positive and negative band present in mutant G90D.
centers is about 80 nm and is thus comparable to that of the FTIR-Difference Spectroscopy of Mutant Pigment G90D
normal batho/iso-difference spectrum, suggesting that the Photoproduct Formation.Figure 3 shows FTIR-difference
mutant photoproducts may exhibit a blue shift similar to that spectra of mutant G90D and rhodopsin obtained-&85
°C with short-wavelength illumination under conditions
2The nomenclature is applied to the mutant iso-intermediates as well. identical with those used for the formation of the batho-like
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Ficure 3: FTIR-difference spectra obtained by short-wavelength
illumination of mutant G90D and rhodopsin. Absorption bands of \ e e A
the dark states are negative; those of the photoproducts are positive. 1800 1600 1400 1200 1000 800
Conditions are identical with the visible control experiments shown WAVENUMBERS (cm-')
in Figure 1; 1 nmol of material was used, and one ordinate unit . . )
corresponds to 2 mOD. FiGure 4: Batho/iso-difference spectra of mutant pigments and

rhodopsin in HO recorded at-185 °C. Four successive photo-

; ; P ; . conversions were added to a total of 4096 scans/trace. Absorption
intermediates in Figures 1 and 2. The maximal absorption bands of the batho-intermediates are negative; those of the iso-

change of the fingerprint modes between 1150 and 1300jntermediates are positive. One ordinate unit corresponds to 2, 1.2,
cmtin about 1 nmol of recombinant pigment is 6 mOD 1.2, and 1.8 mOD (from top to bottom).

and thus is almost identical with that of 1 nmol of rhodopsin.

Therefore, the amount of photoreacted chromophore is“Ci,—Cy3" stretch of the dark state at 1238 cinwhich in
comparable in both pigments in spite of the small visible the mutant is found at 1231 cth This has been reported
absorption changes described in the previous section. Base@arlier (Fahmy et al., 1994 der et al., 1994; Zvyaga et al.,
on the UV~visible absorption changes alone, only about one- 1996) and will be discussed in more detail below. In essence,
eighth of the normal photoconversion would have been the frequency drop of this delocalized mode appears to be
predicted. The significantly larger infrared absorption indicative of the neutralization of GIt?,

changes lend further support to changed intriigig values As suggested by the visible control spectra, the iso-
of the photoproducts rather than reduced photoreactionphotoproduct contributes to the infrared absorption changes
efficiencies. The difference spectrum of bathorhodopsin is even under conditions of 450 nm band-pass illumination. This
identical with that from washed ROS membranes (Bagley is shown by the fact that the intensity of the 1563 ¢itnand

et al., 1985; DeGrip et al., 1988; Ganter et al., 1989; Kandori varies upon alteration of the wavelength of illumination (not
& Maeda, 1995). The spectrum is dominated by a difference shown). Therefore, this band reflects absorption of the blue-
band in the 15381560 cn1! range where amide |l and=€C shifted mutant iso-intermediate.

stretching modes absorb. In spite of the potential overlap The wavelength-dependent generation of mixtures of
of both absorptions, red-shifted photoproducts of protonated batho- and iso-intermediates is well-established for rhodop-
retinal Schiff bases are often detected by a correspondingsin. The contribution of isorhodopsin is also mainly reflected
down shift of their strong &C stretching mode. This is in the C=C stretching frequency range because prominent
obvious for rhodopsin where the positive band at 1535'cm  fingerprint frequencies shift only little between batho- and
is caused by the €C stretching mode of bathorhodopsin isorhodopsin (Figure 4). Particularly, both photoproducts
as demonstrated by resonance Raman spectroscopy, whickexhibit a strong absorption in the 1265210 cn1?! range
selects for chromophore vibrations only (Eyring & Mathies, caused by the G—C;s and G—Cy stretching vibrations
1979; Oseroff & Callender, 1974). Similarly, the 1541dm  (Palings et al., 1987). Therefore, the strong positive band
band of the mutant photoproduct is likely to partially reflect at 1202 cm? indicates that illumination of G90D forms an
formation of the batho-intermediate identified by visible all-trans and 9¢is isomeric mixture in which the chro-
spectroscopy. Based on the correlation between the visiblemophores exhibit a lower degreesofelectron delocalization
absorption and the €C stretching frequency of polyenes rather than unusual retinal isomers. A small band 8154
(Doukas et al., 1978; Rimai et al., 1973), the higher frequency cm is typically observed in batho/iso-difference spectra and
of the mutant photoproduct band can be explained by the has been specifically assigned to they,€C;; stretching
smallerinax value of the mutant batho-intermediate. Another vibration of 9<is-retinal in isorhodopsin. In addition, the
intense band of the batho-intermediate is found at 122072cm stability of the low-temperature iso-photoproduct of G90D
(i.e., in a range typical of €C stretches coupled to€H at room temperature (see Materials and Methods) parallels
bending modes). This band is shifted to 1202 ¢&im the the behavior of normal isorhodopsin. Likewise, room
mutant photoproduct, which again agrees with the formation temperature flash photolysis experiments agree witkC»

of an intermediate with a smallélra value than that of  double-bond isomerization as the primary event in G90D
bathorhodopsin, since a lower degree of tielectron photoactivation leading to aall-transretinal-containing
delocalization can be inferred from the blue-shifted visible batho state which is less red-shifted than bathorhodopsin
absorption. A larger downshift can be observed for the (J&ager et al., submitted). FTIR spectra of the transducin-
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activating MllI-like form of G90D also show chromophore shown by the lack of the 961 crhvibration), but the signal-
protein interactions typically observed in thik-transretinal- to-noise ratio is reduced. This is due to the large spectral
containing native MIl (Zvyaga et al., 1996). These results overlap of the batho- and iso-photoproduct absorptions which
suggest that the isomerization pattern of the chromophoreprevents selective photoconversion of only one species in
in G90D is identical with that in rhodopsin. spite of proper wavelength selection. Therefore, the wave-
Regardless of the altered amounts of the two photoproductslength-dependent concentration changes of the batho- and
formed, however, some spectral features of the mutant differ iso-photoproduct are small although the total amount of initial
significantly from the native batho-difference spectrum and photoproduct formation is about normal. This drawback can
cannot be explained by the presence of an isoform. Thebe compensated for by coaddition of difference spectra
coupled G;—H, C;»—H hydrogen-out-of-plane (HOOP) obtained by alternating short- and long-wavelength illumina-
vibration of the 11eis chromophore of rhodopsin at 967 cin tions, which causes precisely reversed spectral changes (data
is shifted to 961 cm! in the dark state of the mutant as not shown).
observed previously (Zvyaga et al., 1996). A mutational = Carbonyl-Stretching AbsorptionsFigure 4 shows the
effect near @ is also obvious for the batho-photoproduct batho/iso difference spectra obtained with G90D, G90D/
as shown by the complete absence of the intense band aE113A, E113A, and rhodopsin by successive photoconver-
921 cml, which has been assigned to the 11-HOOP mode sions between both intermediates. The=@ stretching
uncoupled from the 12-HOOP vibration in bathorhodopsin vibration of a protonated carboxylic acid of the dark state
(Eyring et al., 1982; Palings et al., 1989). Instead, two new of mutant G90D at 1727 cm (Figure 3) is clearly visible
positive bands at 931 and 950 chare present. Since the in the iso-intermediate, whereas it absorbs at 1719'dm
visible controls show that a batho-intermediate is formed, batho. This difference band disappears upon the additional
the lack of the 921 cmi absorption indicates a different replacement of GRi%in GO90D/E113A. Therefore, the band
pattern of HOOP vibrations in the batho-photoproduct of can be assigned to G, which must be protonated in the
G90D rather than the lack of such an intermediate. In dark state of G90D as well as in its low-temperature
contrast to rhodopsin, which does not show absorptions photoproducts. Except for the 1719/1727 @ndifference
below 960 cm?, the dark state of G90D displays a negative band, the small absorption changes between 1700 and 1800
band at 871 cmt that shifts to 884 cmt in the photoproduct-  cm™! usually observed during the batho/iso transition are
(s). Since the infrared magnitude of HOOP mode absorption reproduced in the difference spectra of the mutants.
is increased upon single-bond twisting (Fahmy et al., 1991), Hydrogen-Out-of-Plane Vibrationslf the location of the
the 1leis chromophore of the dark state of G90D may be counterion in the dark state of G90D is different from that
slightly distorted versus that of dark rhodopsin. Similarly, in rhodopsin as suggested by the Yuisible spectrathe
the lack of the intense HOOP vibrations between 840 and down shift of the “G,—Ci3" stretching mode, and the
880 cn1! usually observed in the distortedl-trans-retinal protonated state of GItf, it is expected that chromophore
chromophore of bathorhodopsin indicates that the chro- vibrations in the photoproducts should also be affected as a
mophore is less distorted in the mutant photoproduct(s). consequence of an altered immediate electrostatic environ-
A distinct difference band at 1727 ci(negative)/1719 ment of the PSB. Resonance Raman spectroscopy has
cm! (positive) is visible in the mutant difference spectrum indeed identified an influence of Gitf replacement on the
in a spectral range typical of=€0 stretching frequencies. 11-HOOP mode of thall-transretinal-containing batho-
This band is sensitive to 40/D,O exchange, which causes intermediate of mutant E113A, which shifts from 920 to 934
a frequency drop of 3 and 6 crhin the negative and positive ~ cm™! when chloride serves as counterion (Lin et al., 1992).
parts of the difference band, respectively (data not shown). A similar shift can be observed in the FTIR-difference
Thus, the band can be assigned to tke(stretching mode  spectrum of this mutant (Figure 4) in which the batho-
of a protonated carboxylic acid already present in the dark photoproduct exhibits a band at 931 ¢m(negative).
state of mutant G90D. Only very small absorbance changesConcomitantly, a band at 858 ci which can be discerned
between 1700 and 1800 ctnare observed upon formation as a shoulder on the band at 851 ¢énn bathorhodopsin
of either batho- or isorhodopsin. and has been assigned to the 12-HOOP vibration, has
Batho/Iso FTIR-Difference Spectra of G90D, E113A, and vanished in the batho-intermediate of E113A. Both spectral
G90D/E113A. A more detailed interpretation of spectral alterations can be interpreted as increased coupling between
features in Figure 3 is impeded by the possible contributions the 11- and 12-HOOP modes in the mutant photoproduct
of vibrations caused by the iso-photoproduct. In particular, (Lin et al., 1992). Apparently, the position of the infrared-
it cannot be decided whether or not the 11-HOOP mode of active 11- and 12-HOOP modes can be related to the charge
the batho-intermediate has shifted from 921 to 950%tm environment of the PSB in a similar manner as the resonance
because isorhodopsin is also expected to absorb at thisRaman bands.
position. Therefore, we have based all further spectral Accordingly, the absence of a negative charge at position
comparisons among mutants and rhodopsin on batho/iso-113 is distinctly reflected in the frequencies of HOOP
difference spectra obtained by long-wavelength illumination vibrations of the batho-photoproduct of G90D/E113A. The
of the previously formed batho-intermediates. The corre- reproduced lack of a 858 cthband and an upshift of the
sponding absorption changes offer the possibility to distin- putative 11-HOOP frequency of GO90D/E113A to 9340
guish between iso- and batho-intermediates because them™! may indicate slightly stronger coupling of the 11- and
respective bands differ in sign in contrast to their superposi- 12-HOOP modes than in E113A. In addition, the location
tion with positive sign when formed by illumination of the or nature of the alternative counterion (A3jpr chloride)
dark state. With the selected band-pass and cutoff filters, seems to affect the magnitude of the frequency shift. Relying
no appreciable change in the steady-state concentration obn this diagnostic value of the 11- and 12-HOOP modes in
the initial state carrying the 1dis isomer is observed (as the mutant batho-intermediates, the FTIR-difference spectrum
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of G90D strongly indicates that also in the batho-photoprod- Amide Vibrations On the basis of the apparently similar
uct no negative charge is present at position 113 becausechromophore-binding sites in mutants G90D and G90D/
again the 921 cmt vibration has disappeared in favor of E113A, which is reflected in similar if not identical difference
bands between 930 and 945 ¢nand no 12-HOOP absorp- bands of chromophore vibrations between 800 and 1250
tion is observed at 858 cth In contrast to the rho/batho- cm™2, one would also expect similar protein conformational
difference spectrum in Figure 3, it is now clear that the 11- changes to occur in both mutants. This is supported by the
HOOP frequency of the batho-intermediate has not shifted band pattern between 1630 and 1680 &mwhere almost
to 950 cnl. The absorption at this frequency is due to the identical difference bands typical of amide | absorption
iso-intermediate. Similarly, the 884 ctband is not due  changes (predominantly peptide carbonyl-stretching vibra-
to the batho-intermediate. Therefore, the batho/iso-differencetions) are observed for G90D and G90D/E113A. These
spectra lack any batho-intermediate bands between 840 anad¢hanges are different from those occurring both in rhodopsin
880 cm! that are of comparable size to those in native and in mutant E113A and exhibit larger band intensities. This
bathorhodopsin. The HOOP modes of the iso-intermediatesis particularly obvious for the band at 1673 ¢hin the batho-
are obviously less sensitive to the electrostatic alterations of photoproducts of G90D and G90D/E113A. The absorption
the chromophore environment than those in bathorhodopsin.changes in the amide Il spectral range between 1540 and
The frequency shift does not exceed 8épand no shift at 1570 cm! (predominantly peptide NH bending coupled
all occurs in the iso-intermediate of E113A. However, the to C—N stretching) are expected to reproduce the same
precise coincidence of the positive 950 @nbands in pattern of spectral similarities among the different pigments
mutants G90D and G90D/E113A versus the absorption atsince they are caused by the identical conformational changes
958 cnt! in mutant E113A and rhodopsin argues for similar as the amide | absorption differences. However, this spectral
chromophore-binding sites in the former two mutants. region contains the largest deviations between the spectra
Fingerprint Vibrations. The results from mutants E113A of G90D and G90D/E113A. This is probably caused by
and G90D/E113A demonstrate that the HOOP vibrational different G=C stretching modes, which contribute to absorp-
modes near G of the all-trans chromophore in the batho- tion changes in the same frequency range. Due to the
photoproducts are affected by the removal of the native difference in the visible absorption maximum, the=C
counterion. It is thus interesting to investigate other chro- stretching frequency of the dark state of mutant G90D/E113A
mophore vibrations that involve movements at or negr C is expected to be higher than that of mutant G90D. This
in order to draw conclusions about the chromophore environ- does not contradict the nearly identical fingerprint absorption
ment in G90D. We have already pointed out that the-C changes because they are strongly coupled to théd C
Ci3 stretching mode of the dark state of all three mutants is bending modes, which renders them much less sensitive to
downshifted to 1231 cnt as previously observed in mutants the degree of bond conjugation than the=C stretching
with neutral amino acids at position 113. Since this mode modes (Fahmy & Siebert, 1990).
is delocalized over the —C;5 segment of the chromophore In summary, the FTIR-difference spectra reveal a proto-
(Ganter et al., 1988 a,b; Palings et al., 1987), it may be nated carboxylic acid in G90D, which is not present in
sensitive to a variety of factors. In rhodopsin, no frequency rhodopsin and can be assigned to &lu Peptide confor-
shift of the G,—C;3 stretching mode occurs during batho to  mational changes during the batho/iso-intermediate transition
iso photoconversion, which explains the lack of any differ- are different from those in rhodopsin and more pronounced.
ence band between 1230 and 1240 &im the batho/iso- In addition, well-characterized vibrations of the retinal
difference spectra (Figure 4). In mutant E113A, the 1231 chromophore in the batho- and iso-photoproduct of G90D
cm! (negative) vibration of batho shifts up to 1241 ¢m  are affected in a way which is quantitatively nearly identical
(positive) in iso, thereby weakening the usually observed with the mutational effects observed in the double mutant
negative band at 1245 crh G90D/E113A. Qualitatively, these spectral deviations from
Similarly, the frequencies of the putativg,£C;; stretch- rhodopsin resemble those of the single mutant EL113A. The
ing modes of the batho-intermediates of mutants G90D and spectra of E113A and G90D/E113A strongly indicate that a
G90D/E113A seem to differ from those of the iso-intermedi- perturbation near { of the retinal chromophore in batho-
ates as well. The $—Cy3 stretch is probably causing the rhodopsin is removed, thereby allowing partial coupling of
1233 cn1? absorption in the iso-intermediates. The lower the 11- and 12-HOOP modes in the batho-intermediates. This
frequency as compared to the corresponding mode in thelends further support to the proposed interaction between
iso-intermediate of E113A leaves visible the negative band Glu**®and the PSB chromophore neak @ native rhodopsin
at 1245 cmt as usual. The appearance of difference bands and bathorhodopsin (Han & Smith, 1995a). The striking
attributable to the G—C;3 mode in the mutants shows that similarities of the spectral phenotypes of G90D and G90D/
the removal of the native counterion affects thg €hviron- E113A with respect to this specific chromophefotein
ment differently in the batho- and iso-intermediates. Ir- interaction provide a strong argument for a neutral state of
respective of the detailed mechanism by which the lack of a GIu'*® in mutant G90D.
counterion at position 113 affects the-C single-bond-
stretching vibrations, the perfect coincidence of the difference DISCUSSION
bands of G90D and G90D/E113A further supports the neutral  Spectroscopic Properties of Mutant Pigmeni&/e have
state of Gld* in favor of a charged Asf side chain in obtained low-temperature visible- and FTIR-difference spec-
mutant G90D. The same holds for the pronounced 1215tra of detergent-solubilized rhodopsin and the rhodopsin
cm! (negative)/1203 cmrit (positive) difference band, prob- mutants G90D, G90D/E113A, and E113A regenerated with
ably caused by the ¢—C;5 stretching mode usually observed 11<isretinal. In contrast to con A-purified rhodopsin, all
at 1211/1205 cm(Palings et al., 1987), which is observed three mutant pigments exhibit unusually small red shifts of
in all three mutants. the absorption maxima of their primary batho-photoproducts
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at—185°C. Likewise, the iso-photoproducts of the mutants  In a resonance Raman study on the naturg.gf shifts,
differ from isorhodopsin. These deviations are not caused the diagnostic value of the fingerprint vibrations of &i$-
by a general blue shift of the photoproduct absorption similar retinal for the charge environment of the chromophore has
to the blue-shifted absorption maxima of the dark states. also been employed (Lin et al., 1994). It was shown that
Since the electrostatic environment of the PSB is an the G,—C;3 stretching frequency in iodopsin was down-
important determinant of the visible absorption maximum shifted versus that in rhodopsin by onl8 cnm ! in spite of
(Blatz et al., 1972) [for a theoretical treatment see Birge the 70 nm red shift of the visible absorption, arguing against
(1990) and Tallent et al. (1992)], the spectral deviations in new protein perturbations associated with the larger opsin
the absorption maxima of different mutant pigment states shift. The 2-fold larger frequency shift of the; £ Cis
from those of rhodopsin may roughly reflect different stretching mode observed here, as well as the complete
positions of the counterions relative to the retinal chro- consistency with other mutant data, allows the conclusion
mophore rather than grossly altered geometries of thethat a negative charge at position 113 has been removed in
chromophore-binding pockets. Based on this simplified the dark state of GO90D. Thus, we assign the deuterium-
model, the data suggest that the position of the counterionsensitive 1727 crmt band, which disappears upon additional
has changed in all three mutant pigments. This assertion isreplacement of GRI® in mutant G90D, to the €0 stretch
trivial for mutants E113A and G90D/E113A in which the of protonated GIt rather than assuming an indirect effect
native counterion GRI® has been replaced by chloride or from Asp®. Consequently, the Gl to Asp replacement
Asp™, respectively. Surprisingly, however, the spectral causes protonation of Git¥ via electrostatic competition for
properties of the mutant GOOD are almost identical with those ion pairing with the PSB. This abolishes the negative charge
of G9OD/E113A. Therefore, the data strongly indicate that of Glu'*® usually present near;gof the retinal chain and
also in mutant G90D the position of the counterion has thus affects chromophore vibrations involving,C
changed even though Gldis still present. This conclusion This mechanism may also explain the downshift of the
is confirmed by the FTIR difference spectra which reveal a 11,12-HOOP of 1lkis-retinal in the dark state of G90D at
protonated carboxylic acid side chain of Gftin both the 961 cntl. In addition, it rationalizes the general similarity
dark state of G90D and the low-temperature photoproducts.if not coincidence of chromophore vibrational bands observed
In contrast to our previous study on MIl formation by in the low-temperature photoproducts of G90D and G90D/
G90D (Zvyaga et al., 1996), the assignment of the nev{OC E113A. Gld®is already neutral in G90D, thereby rendering
stretching mode at 1727 crh to GIut*® is markedly additional effects by the Gl to Ala replacement in G90D
facilitated by the fact that at low temperature overlapping small. More specifically, the lack of the uncoupled 11-
absorption changes of other internal carboxylic acid residuesHOOP and 12-HOOP vibrations of bathorhodopsin at 921
are negligible. However, GHfand Asf® may be expected and 858 cm?, respectively (Eyring et al., 1982; Palings et
to compete electrostatically for ion pairing with the PSB. al., 1989) in the mutant batho-intermediates can be explained
Therefore, an assignment of the=O stretching band inthe by the protonated state of Glias well as by the appearance
dark state of G90D to protonated A8prather than GIHS3, of new HOOP absorptions above 930 ¢m Since single-
would also be compatible with the lack of this band in G90D/ bond torsions have been shown to be insufficient to cause
E113A if one assumes deprotonation of Asps a conse-  the unusual uncoupling of both HOOP modes in tile
qguence of the removal of a negative charge at8in the trans chromophore of bathorhodopsin (Birge et al., 1988;
double mutant. These considerations render comparisons irEyring et al., 1980; Warshel & Barboy, 1982), an electrostatic
other spectral regions indispensable for the verification of perturbation near {zhas been assumed (Palings et al., 1989).
the band assignment to the carbonyl of protonated'&lu In agreement with the model of the retinal-binding site
Spectroscopic evidence has led to a picture of the retinal- and its neutral state (Birge et al., 1985), 8fs the only
binding site that places Gitf near G, of the retinal polyene  candidate for this perturbation. Protonation or replacement
(Han et al., 1993; Han & Smith, 1995a,b; Tallent et al., of this residue by a neutral amino acid is therefore expected
1992). Neutralization of GA3 can thus be expected to affect to partially reintroduce coupling between both modes to a
chromophore vibrations which involve;£movement. We degree which may be limited by the remaining single-bond
consider the unusually low:&—Ci; stretching frequency of  torsions in theall-trans chromophore. Resonance Raman
the 1leis chromophore in the dark state of G90D highly spectra of E113A suggest that the;€H wag is indeed less
indicative of the removal of a negative charge at position perturbed, allowing its frequency to shift upward. Thus, the
113, whereas it appears that this mode is rather independen€,;,—wag may couple weakly with the;&H wag, pushing
of the degree ofr-electron delocalization. This is shown it up in frequency above 930 crh(Lin et al., 1992). The
by the fact that previously studied mutant pigments with batho/iso-difference spectra of E113A are entirely consistent
neutral amino acids at position 113 exhibit the same 7'cm with the resonance Raman data. The analogous spectral
downshift of their G,—C;3 stretching frequency (Fahmy et features in the batho/iso-difference spectrum of G90D
al., 1994; Jger et al., 1994; Zvyaga et al., 1996). On the strongly indicate that reintroduction of weak vibrational
other hand, replacement of Glaby Asp in E113D does  coupling in the batho-intermediate has occurred in G90D as
not shift the G,—Cy3 frequency but does induce a red shift well.
of theAmaxto 510 nm (Jger et al., 1994; Sakmar et al., 1991). The simplest explanation for this deviation from normal
Likewise, the mutant E122D exhibits the £ C3 stretching bathorhodopsin is that the neutral state of ‘Glteduces the
mode at 1238 cmt but has almaxof 475 nm (Sakmar et al.,,  electrostatic perturbation of the chromophore similar to the
1989) close to that of G90D/E113A. Similarly, the mutant replacement of this residue by alanine. Since the coupling
E122Q absorbs maximally at 480 nm (Sakmar et al., 1989) strength of HOOP modes is roughly proportional to the bond
(i.e., close to thelmax of mutant G90D), yet the G—Ci3 order of the involved €&C double bond (Curry et al., 1985),
stretching mode is not altered (Fahmy et al., 1993). the increased coupling versus bathorhodopsin argues for a
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higher electron density in the;&=C,;, double bond in all logical trait as well. Our data show that the dark state of
three recombinant pigments. This may be a direct conse-G90D carries a protonated side chain of &luvhich is
guence of the lack of the nearby negative charge of&lu  usually only formed in Mll (Jger et al., 1994). Thus an
Simultaneously, single-bond torsions in the batho-photo- important feature of the transducin-activating receptor state
products are reduced as evidenced by the lack of intenseis already anticipated in the dark. This partial similarity to
HOOP absorptions (Fahmy et al., 1991). This may indicate MIl may favor thermal transition of the dark state to an active
that relaxation to an almost planafl-trans geometry is conformation by either facilitating a structural change of a
possible in the mutants even-al85°C. The larger amide  cytoplasmic domain or by facilitating thermal isomerization
| absorption changes in mutants G90D and G90D/E113A of the retinal chromophore. The electrostatic interaction
suggest that their chromophore-binding sites have becomebetween Glii®and the PSB chromophore in native rhodopsin
particularly flexible to relieve sterical strain on the chro- has been suggested to contribute to the energy barrier for
mophore usually generated upon bathorhodopsin formation.thermal chromophore isomerization (Birge & Barlow, 1995).
Apparently, the geometry of electrostatic interactions between Thus it is reasonable to assume that the altered electrostatic
the PSB chromophore and a localized counterion influencesenvironment of the chromophore in G90D may effect the
the partitioning of sterical strain between opsin and retinal. rate of thermatis/transisomerization. The increased single-
The above evaluation of HOOP modes is based on thebond torsion deduced for the Xis-retinal chromophore of
formation of a nominallall-transchromophore in the batho-  mutant G90D indicates destabilization of the dark state. The
photoproduct of all G90D in spite of the altered electrostatic more relaxed geometry inferred for the batho-like photo-
chromophore environment. This is strongly supported by product argues for stabilization of the isomeric state that
the chromophore infrared absorption changes displayed inultimately leads to the active receptor conformation. Con-
Figure 3 as well as by the additional evidence presented insequently, the energy gap between theciklandall-trans
the Results section. Likewise, resonance Raman data orchromophore states may be reduced in this mutant, and
E113A have shown that the lack of the native counterion thermal isomerization to a Mll-like form may thus occur in
does not interfere with the formation of the norradittrans the dark. This would agree with the proposition that “dark
and 9eis-retinal isomers in the low-temperature photoprod- light” raises the threshold for dim-light perception in patients
ucts (Lin et al., 1992). However, the native counterion'@lu  with congenital night blindness (Sieving et al., 1995).
has been implicated in the mechanism of barrierless excitedModels that implicate an extra negative charge in the retinal
state isomerization in rhodopsin, which is thought to be binding site of G90D as a molecular cause for the disease
responsible for the high quantum efficiency of MIl formation are not consistent with our results.
(Tallent et al., 1992). It may therefore be expected that the
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