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ABSTRACT. The formation of the active rhodopsin state metarhodopsin Il (MIl) is believed to be partially
governed by specific steric constraints imposed onto the protein by the 9-methyl group of the retinal
chromophore. We studied the properties of the synthetic pigment 9-demethyl rhodopsin (9dm-Rho),
consisting of the rhodopsin apoprotein regenerated with synthetic retinal lacking the 9-methyl group, by
UV —vis and Fourier transform infrared difference spectroscopy. Low activation rates of the visual G-protein
transducin by the modified pigment reported in previous studies are shown to not be caused by the reduced
activity of its Mll state, but to be due to a dramatic equilibrium shift from Ml to its immediate precursor,
MI. The MII state of 9dm-Rho displays only a partial deprotonation of the retinal Schiff base, leading to
the formation of two MIl subspecies absorbing at 380 and 470 nm, both of which seem to be involved
in transducin activation. The rate of MIl formation is slowed by 2 orders of magnitude compared to
rhodopsin. The dark state and the Ml state of 9dm-Rho are distinctly different from their respective states
in the native pigment, pointing to a more relaxed fit of the retinal chromophore in its binding pocket. The
shifted equilibrium between Ml and Ml is therefore discussed in terms of an increased entropy of the
9dm-Rho MI state due to changed steric interactions.

Light activation of rhodopsin is the first step in the reaction several intermediates to metarhodopsin | (Mlax478 nm),
cascade of visual perception. Rhodopsin is an integral which is formed after about 10@s 3). MI forms in
membrane protein with seven membrane spanning helicesmilliseconds a temperature- and pH-dependent equilibrium
interconnected by intra- and extracellular loops and belongswith metarhodopsin Il (MIl,Amax 380 nm) @). MIl is the
to the large superfamily of G-protein-coupled receptdjs (  active conformation of the protein, which in turn cata-
Bovine rhodopsin (Rhd)from rod outer segments (ROS) lyzes nucleotide exchange in the visual G-protein trans-
of cattle retinae is the best understood member of this family, ducin and starts the reaction cascade of visual perception
which is in part due to its availability in larger amounts for (5, 6).
biophysical studies, and may therefore serve as a model for Ml is the energetically lowest state in the relaxation
other G-protein-coupled receptors. Rhodopsin consists of theprocess following photon absorptioid, (8). The transition
apoprotein opsin and its chromophore dig+etinal, co- to Ml is therefore entropy-driven and characterized by a
valently linked to Ly3% on helix 7 of the opsin by a  major rearrangement of the protein, particularly by a move-
protonated Schiff base bond. The holoprotein has in the darkment of helix 3 relative to helices 6 and 7, which was
state an absorption maximum at 500 nm. Upon absorptiondetected by site-directed spin labelir®,(introduction of
of a single photon, the chromophore isomerizes within 200 metal ion binding sites10), and disulfide cross-linking
fs (2) to the all-trans geometry, and the protein relaxes via experiments 11). This intramolecular rearrangement is
accompanied by a transfer of the Schiff base proton to the
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binding pocket 16). The 9-methyl group in particular is  of the 9-methyl group for rhodopsin activation, the properties
tightly held in position between these two residues. Other of the photoproduct of 9dm-Rho causing the reduced
structural models of rhodopsid 7, 18 position Phé&! near activation have not been characterized. Finally, 9dm-Rho,
the s-ionone ring, but further away from both the 9-methyl as assayed in regenerated salamander rod cells, showed a
group and GI¥?L reduced quantal response, but a prolonged excitation of the
Upon light absorption and subsequent isomerization of the photoreceptor due to reduced light-dependent phosphoryla-
retinal to the all-trans geometry, the chromophore is in a tion of the receptor proteir29, 30
twisted conformation in the early intermediate bathorhodop-  |n this paper we report on a changed MI/MII equilibrium
sin of the reaction cascade, as deduced from resonancef 9dm-Rho, that is extremely shifted to the Ml side. Mll is
Raman 19) and infrared investigations2(), and relaxes  formed only under very favoring conditions, as low pH, high
progressively in the subsequent low-temperature intermedi-temperature and a fluid environment as present in a detergent
ates BSI, lumirhodopsin, and MI. In MI, the protein is tightly micelle. In contrast to Rho, the transition from Ml to Mll is
packed around the chromophore in an energetically mini- not strictly coupled to a deprotonation of the Schiff base
mized conformation, albeit a conformation with also a low and a concomitant shift of,ax to the near UV. Instead we
entropy @, 8. The strain on the chromophore is considerably will report on a MIl state with an only partially deprotonated
weaker, yet not fully released as deduced from the intensity retinal Schiff base resulting in two spectrally different Mil
of the hydrogen-out-of-plane (HOOP) modes in resonance forms, Mllsg and Mllsz, absorbing at 380 and 470 nm,
Raman spectré() and FTIR spectra?) derived from Rho  respectively. The latter species is spectrally almost degenerate
MI. Only in the entropically higher MIl state with its less  with the MI state, which has a simildima with an only
tightly packed protein conformatiord), the chromophore  slightly smaller bandwidth. Both MI and M#, form the
is presumably in a relaxed all-trans geome{)( red-shifted photoproduct Rf3 as defined by visible spec-
This local steric interaction between the retinal 9-methyl troscopy. Asimax Of this visible photoproduct is very close
group and the protein conformation is termed the “steric to the absorbance maximum of the dark state, there is
trigger” in rhodopsin activationl). Experimental evidence  considerable photoregeneration of the dark state upon il-
for this proposal is derived from site-directed mutant opsins lumination, and consequently only a limited photoproduct
that have GI¥** replaced by amino acids with bulkier side yield is obtained. Finally, we will discuss published trans-
chains, this leading to a correspondingly decreased uptakeducin activation results2@, 2§ and show that they are in
of 11<cisretinal into the binding pocke2@). Moreover, the agreement with a fully active Ml state of 9dm-Rho, taking
inverse agonist activity of ltis-retinal is reversed to a  the pigment's particular properties into account. The reported
partial agonist activity with increasing volume of the side Jimited G protein activation of 9dm-Rho only reflects the
chain at position 121 as assayed by transducin activation ofshifted MI/MII equilibrium and the limited photoproduct
the respective dark pigmen24). This reversion could be yield of the pigment due to photoregeneration.
inhibited by a specific second site replacement of?Pran
helix 6 by a smaller residuum. In analogy, replacing the MATERIALS AND METHODS
methyl group at g of the retinal by larger ethyl or propyl

groups led to a correspondingly increased dark and decreased Preparation of RhodopsirRhodopsin (Rho) in washed
light activity as well as an increased instability of the rod outer segment disk membranes was isolated from retinae

resulting pigment, presumably due to steric incompatibility Prepared from cattle eyes obtained from a local slaughter-
(14). hous_e essentially as d(_ascnbed previousti).(For pur|f|ca— .
This raises the question on the characteristics of a pigmenttion in detergent32), disk membranes were solubilized in
without the functional 9-methyl group. Such a pigment was dodecyl maltoside (DM, Anatrace, OH) and loaded on a
described first by Blatza5) and Kropf @6), who noted the ~ concanavalin A (Con A) Sepharose column (Pharmacia
blue shiftedAmax Of Wild-type opsin regenerated with either Biotech, Sweden). After washing with dodecyl maltoside
11-cis or 9-cis 9-demethyl retinal (9dm-retinal). The pigment Puffer, purified Rho was eluted with methg-o-manno-
resulting from regeneration with 11-cis 9dm-retinal (9dm- pyran05|d§- and dialyzed agamst0.0Z% DM in distilled water.
Rho) was investigated by an extensive FTIR and biochemical E”Oth Rho in membranes and in detergent were storee8t
study @2). It was shown, that 9dm-Rho forms a red-shifted - All manipulations involving Rho or 9dm-Rho were
photoproduct (PBo) with a protonated Schiff base linkage Performed under dim red light.
both at 80 K and at room temperature and neutral pH. The Synthesis of 9-Demethyl Retin@he synthesis of 11-cis
appearance of a red-shifted photoproduct was also confirmedand 9-cis 9dm-retinal was carried out according to methods
by a kinetic study covering the time range from 20 ns to 1 described previously26, 33.
us at room temperature??). Infrared difference spectra Preparation of 9dm-Rh®dm-Rho in washed disk mem-
indicated a normal MIl conformation of the photoproduct, branes was prepared from Rho by removal of the covalently
yet with a protonated retinal Schiff base as deduced from bound retinal chromophore and subsequent regeneration of
the unusual position of the ethylene stretch mode of the the opsin with the synthetic 11-cis 9dm-retinal. In detail, Rho
chromophore. Despite this otherwise apparently normal Ml in disk membranes was bleached thoroughly by white light
state, as judged by infrared spectroscopy, transducin activa-at room temperature in the presence of 10 mM hydroxyl-
tion assays gave dramatically low values for G-protein amine in 100 mM phosphate buffer, pH 7.0. Hydroxylamine
activation by 9dm-Rho. A second, more detailed study on was removed by washing the disk membranes &€ 4nd
transducin activation2g) reported a higher activity of upto  15000@ twice with 10 mM and once with 1 mM phosphate
43% in dependence of temperature in comparison to Rho.buffer, pH 5.5. The membrane suspension was mixed rapidly
Although these studies clearly demonstrated the importancewith 11-cis 9dm-retinal (0.51-fold molar excess) dissolved
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in ethanol (final concentratiorr1%). The suspension was we calculated the total MIl content from\Aggo Of light-
kept far 2 h atroom temperature, and the regeneration was induced difference spectra obtained also under other condi-
followed spectrophotometrically. The regenerated membranestions by the equation: [MI}E (AAssd/Aues dard X 2.64 in

were washed again with distilled water and stored-20 units of the total pigment content of the sample. This

°C. extrapolation depends on a constant value of the refigy
9dm-Isorhodopsin (9dm-Iso) was prepared similarly with  AAy, (see next paragraph).

9-cis 9dm-retinal. For quantification of the Ml content in the photostationary

9dm-Rho in detergent was prepared by purification of the state, we used the following approximation for the absor-
regenerated disk membranes on Cerepharose in DM bance at 466 nm after illuminationfues iight ~ Aazo mi +
similar as described above for Rho. To remove excess retinalA,,, ,,, T Assa regen. da the last term being due to photore-
and retinal oxime completely, the pigment was thoroughly generation of the dark state. With the determined relative
washed overnight on the sepharose column with approxi- absorption coefficients of the three states [dark and regener-
mately 100 mL of DM buffer. ated dark, 1; MI, 1.41; MIl, 1.05 (assuming that both Ml

UV-Visible SpectroscopyJV —visible absorption spec-  species have similar absorption coefficients)], we can rewrite
troscopy was performed on a Perkin-Elmer Lambda 17UV  this equation in terms of concentrations. With the conserva-
Vis Spectrophotometer equipped with a thermostated cuvettetion equation [MI]+ [MIl] + [regen. dark]= 1 (all con-
holder. Spectra from pigment solutions in 0.1% DM were centrations in units of the total pigment concentration of the
measured in 100L micro quartz cuvettes with 10 mm path sample) and [MII] as determined above, we get after some
length. The spectra were background and offset corrected.basic calculation the approximation [M# [(Asss iight +
As buffers we used generally phosphate buffer and in someAAggy x 0.866)Aus4 dark— 1]/0.41. This value represents only
experiments 2-morpholinoethanesulfonic acid (MES) and bis- an estimate and depends as in the case of [MIl] on a constant
tris propane buffer (BTP), making a pH range from pH 3.5 value for the MIksdMll4zo ratio. The validity of this
to 10.0 accessible. The buffer concentration was 100 mM assumption was tested by two methods: (a) The MIl content
throughout, unless stated otherwise. Sandwich or film was determined from sandwich samples in detergent by UV
samples for UV-visible absorption spectroscopy were Vis spectroscopy employing the described method and found
identical to those for infrared spectroscopy described below. consistent with the MIl content derived by FTIR spectros-
For light-induced difference spectra, the samples were copy on identical samples for temperatures up té@4and
illuminated for 60 s by a 150 W slide projector through a pH =4.5. (b) The U\~vis method derives values for [MI]
GGA475 cutoff filter (Schott, Germany) and a fiber optic. and [MII] from the three experimentally accessible values
Flash photolysis was performed in the bVis spectrometer  AAsso, Assa dark aNJAses iighe BY the hydroxylamine method,
on pigment solutions by an external flash fitted to a fiber however, we can experimentally obtain a fourth valtue,
optic. HA, and thus calculate the amount of photoregenerated dark

Quantification of Photocawersion and Total MIl and Ml state, or, equivalently, the amount of photoproduct [PP].
Content by UV-Vis SpectroscopyFor a quantification of ~ Cross-checking the calculated values for [MI] and [MII]
photoconversion, solutions of pigment in detergent and 100 (both based on a constant value of the MIl 47 ratio)
mM phosphate buffer were illuminated for 1 min, and with the conservation equation [PE] [MI] + [MII] gave
photoproduct spectra were recorded. Then 20 mM hydroxyl- consistent results. It must be noted that the first method is
amine (stok 1 M in 1 M NaOH) was added to the samples, quite accurate, but cannot be applied to solutions, while the
which were subsequently warmed to 22 to allow photo- second analysis largely employs the difference between the
products to react with hydroxylamine. After completion of extinction coefficients of Ml and MII.
the reaction £30 min), the amount of unreacted dark Quantification of the Schiff Base Hydrolysis Rates of
pigment was determined. The unreacted dark pigment wasRhodopsin.Schiff base hydrolysis was assayed by acid
stable against further incubation at 30 for at least 2 h. denaturation of the MII photoproduct of purified Rho in DM
Upon subsequent illumination with white light for 5 min, at specified times after bleaching. Samples were bleached
the amount of total pigment could be determined. at 24 °C for 1 min through a GG495 filter. The UWis

For a quantification of the total MIl content from the 380 spectra of the denatured samples were fitted to two Gaussian
nm photoproduct subspecies Ml we recorded spectra as peaks centered at 380 and 440 nm. The faiif(las0 + 1440),
described above under conditions where the photoproductwhere | is the respective peak intensity, was taken as a
consists entirely of MIl €Ml 350 + Ml 47, recorded at 10 measure for the amount of pigment with a still intact retinal
°C and pH 4.5; see Results). We determined the absorbancéschiff base linkage. Replacing the peak intensities by the
change at 380 nmAAsso, between photoproduct and dark respective peak integrals gave similar results.
spectrum (Figure 3B: spectrum 2 spectrum 1),AA470 FTIR SpectroscopyFTIR spectroscopy was performed
between the photoproduct and the hydroxylamine-treatedwith a Bruker IFS 28 FTIR spectrometer, equipped with a
state (spectrum 2 spectrum 3), the absorbance at 464 nm, liquid nitrogen cooled HgCd—Te detector and a dry air
Ausa dark Of the dark state, anBles na Of the hydroxylamine- purged measuring chamber with a sample holder thermo-
treated state (spectrum 3). Taking the sum of the absorbancestated by a circulating water bath. Difference spectra were
changes of the two MIl subspeciag\ = AAggo + APu7o calculated from each 512 to 2048 scans recordeddecm*
as an approximate measure for the MIl photoproduct resolution before and after illumination. lllumination condi-
absorbance anflAgark = Ausa dark— Aass na @S @ measure for  tions were similar as described for BWisible spectroscopy.
the equivalent dark absorbance, we d@&dw/AAdark = Samples for infrared transmission spectroscopy were
1.05+ 0.01 (SD), as well ad\Aggd AAw = 0.36 £+ 0.01 sandwich samples. Sandwich samples were prepared on
(SD, n = 5) under these conditions. From these relations, specially designed Cakvindows by drying approximately
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0.5 nmol of pigment on a round spot of 7 mm diameter, 1204 cm! band is influenced by changes in the B4#MII 470
separated from the 4m higher rim of the window by a 1 equilibrium and gives therefore inconsistent results at very
mm wide depression. The dried sample was hydrated by 0.5low pH, where the Schiff base can be titrated (see Results
uL of 100 mM phosphate buffer (at pH 8.5 borate substituted and Figure 2b,c). We estimate the systematic error inherent
for phosphate) and sealed by placing a second, plane windowin this method to be around 10% (absolute).

onto the first window with its higher rim serving as a spacer.

The buffer capacity of the phosphate buffered samples wasRESULTS

found to be sufficient even at pH 4.5, as assessed by . . .
comparison of difference spectra derived from membrane The Recombinant 9dm-Rho Dark Pigme@psin in

samples with 100 mM phosphate, 100 mM MES, or 500 membranes regenerated well with the retinal analogue 11-
mM MES buffer ' ’ cis 9dme-retinal and the regeneration was completed within

2 h at room temperature. The purified protein has a visible
absorption peak atmax 464 nm and a spectral ratil,gy
Asss Of 2.7 in agreement with previous investigatio22(
25, 26, 28. Bleaching of purified 9dm-Rho and Rho in the
presence of 10 mM hydroxylamine at pH 7 yields opsin and

separatedpa 5 mmspacer. The resulting water content of the respective retinal oximes. Under the assumption that the

' . wo oximes have similar absorption coefficients, we can
g[[rggggnpzlzzgvaasn%etleégndngg by the water absorbance band‘%:alculate from the absorbance of the oximes at 357 and 364

nm, respectively, a spectral ratio for the dark statgs rnd

€rno = 0.90 + 0.03 (mean+ SD). With the absorption
coefficient for Rhoesgo = 42.7 x 10° cm™* M™%, the
corresponding value for 9dm-Rhodsss = (38 + 1) x 10°
cm M™% The dark pigment purified in DM is stable against
20 mM hydroxylamine (no detectable formation of oxime
within 1 h at 24°C) and toward pH values ranging from 3.5
to 9.5 at 24°C. Acid denaturation of the dark pigment yields
the protonated Schiff base with an absorption peak at 432
nm compared to 440 nm for Rho, corresponding to the
difference between thi,. of the two free retinals (372 and

In a few cases we used re-hydrated film samples. These
samples were prepared by drying approximately 1 nmol of
pigment with 5u4L of 100 mM phosphate buffer of the
desired pH under nitrogen on a Gakindow. The samples
were re-hydrated and sealed with a second ,GaiRdow

Determination of MIl Content from FTIR Difference
Spectra The conformational state of the samples was
determined by evaluation of characteristic Ml difference
bands in the carboxyl range. All spectra were first normalized
by their +1272/1235 cm! difference band, which is
insensitive to the MI/MII transition. For detergent samples,
we determined theA = AA;7s5 — AA1760 from essentially
pure Ml (Aw) and MII (Awy) difference spectra and assigned
them a MII content of 0 and 1, respectively. By determining
the corresponding values from all other samples, we could
ﬁ\;}}tﬁrm:m? Athflr AI:A/tl)I/(g(h)A?te_rlt Abd) t?ne Jg}tesaro;n:ﬁép?éztiglon 379 nm for 11-cis 9dm-retinal and 11-cis retinal, respec-

photoproduct concentration. We repeated this procedure with“vely)' _
A = AA713— AAssand averaged over the two values for The 9dm-Rho Photoproducts and the MI/MII Equilibrium

the MII content. Reference spectra were recorded at pH 7.5 "€ 9dm-Rho photoproducts were examined both by-UV
and 1°C for Ml and at pH 4.5 and 10C for Mil (see  ViS and FTIR spectroscopy. UWis spectroscopy was
Results). The same procedure was used for membrand®€rformed with solutions of purified pigment in 0.1% DM
samples, yet with differing wavenumbersAi7so — AAqze7 and in 100.mM phogphate.buffer qnless stated otherwise.
and AAi710 — AAweed, that proved to be more appropriate Sample; with unpurified pigment in membranes had the
due to the differing band pattern in the carboxyl range for Major disadvantage of considerable light scattering and
membrane and detergent samples. Application of the Wave_resldual absorbance of rgtlnal oxime andi unreacted 9dm-
numbers set used for detergent samples to membrane spectftinal from the regeneration procedure (Figure 1L,M). For
led to inconsistent results and vice versa. The pure spectra | 'R Spectroscopy, we tried to match the conditions of the
for pigment in membrane were derived from sandwich UV VIS samples as far as possible and used sandwich
samples at pH 7.5 and°C for MI. As we observed no pure samples with defined water content, ionic strength, and pH.
MII state in sandwich samples, we used for the Mll reference At 1 °C, 9dm-Rho forms at neutral pH, as described before
spectra in membrane re-hydrated film samples at pH 4.5 and(22, 28, a red-shifted visible photoproduct (R§ with a

—3 °C, supplemented with additional NaCl to increase the protonated Schiff base (Figure 1C). At more acidic pH, the
ionic strength of the samples. Under conditions of extreme formation of an additional blue-shifted photoproduct is
ionic strength, MIl formation in 9dm-Rho is facilitated Observed (Figure 1B) with &nax0f 380 nm, as derived from
(Vogel, R., and Siebert, F., unpublished results), and we weredifference spectra. This photoproductRexists in a rapid,
thus able to obtain essentially pure Ml difference spectra PH-dependent equilibrium with BR Interestingly, the P&
from membrane samples. We chose difference bands in theyield in 100 mM phosphate buffer is maximal at pH 4.5 and
range of the &0 stretch mode of protonated carboxyl decreases at more acidic pH (Figure 1A), indicating a re-
groups, as these are an indicator of the protein conformationprotonation of the retinal Schiff base at low pH. The 380
and are insensitive to changes concerning the chromophorém photoproduct increases, when increasing the temperature
only. The amide | range is generally unreliable due to to 10°C (Figure 1D), but does not further increase at24
distortions by the strong background absorption of the amide (Figure 1G, spectrum’)lL

I mode and the high water content of the samples. Difference Infrared spectroscopy on solubilized 9dm-Rho under
bands in the amide Il range, including the ethylenic mode corresponding conditions reveals two photoproducts with
of the chromophore, and chromophore bands in the finger- distinct infrared spectra. At 18C and at pH 4.5 (Figure 2
print range, e.g. the difference bands at 1204 and 1148,cm a), the infrared difference spectrum of 9dm-Rho is with few
may also serve as marker bands, however particularly theexceptions identical to the respective Ml difference spectrum
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Ficure 1: UV—vis spectra of 9dm-Rho. (AJ) Spectra of pigment in detergent in solution in 10 mM BTP buffer (F and J) or 100 mM
phosphate buffer (all other spectra). Spectra were recorded of the dark state (thin line) mad aftie illumination (boldface line). When
indicated, additional spectra were recorded at the specified time after illumination. At the end of some experiments, Schiff base hydrolysis
was assayed by acid denaturation (addition of HCI) of the sampteMXSpectra of pigment in sandwich samples (identical to those used

for infrared spectroscopy) in detergent (K) and in membranes at two different temperatures (L and M) and pH 4.5. The insets in L and M
show the light-induced difference spectra (photoproduct minus dark state).

of solubilized Rho under same conditions [cf. the corre- differences being, however, much more pronounced as
sponding Rho MII difference spectrum in membrane in compared to the differences between the MIl spectra.
Figure 5, that shows only minor differences to the respective Nevertheless, we will refer to both 9dm-Rho photoproducts
spectrum in detergent, as already shown previou3f].( described here in analogy to Rho as the respective 9dm-
This situation changes at lower temperature$G}t While Rho Ml and MII states, keeping in mind that there are distinct
Rho forms at this temperature still a pure MIl photoproduct differences to the Rho MI and Ml states.

(data not shown), in the 9dm-Rho spectrum there are With this information, we can correlate the photoproduct
contributions of a different photoproduct (Figure 2c). This species PR, and PRy, that were defined above by UV
photoproduct’s difference spectrum can be obtained in its vis spectroscopy, with the conformational states Ml and Mill,
essentially pure form when increasing the pH to 7.5 (Figure as defined by infrared spectroscopy. At pH 7.5 angiCl

2d). It bears some resemblance to a Rho MI spectrum, thewe observe a pure MI state, which corresponds to the red-
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Ficure 2: Infrared difference spectra of 9dm-Rho and its photo- g:a;H 4).5mand 1%(: ?paﬁgl %). A?terr’sgbsequgr?t aégﬁi%n 0]2‘20
products in detergent (photoproduct minus dark state). The spectra, hydroxylamine, the samples were warmed to°25 and the
were recorded from sandwich samples at ID and pH 45 pleaching process was followed spectrophotometrically for ap-
(spectrum a) and at°C and pH 3.5 (spectrum b), pH 4.5 (spectrum  h6ximatey 1 h until no further spectral changes could be observed

¢), and pH 7.5 (spectrum d). (trace 3). The samples were then entirely bleached with white light

for 5 min (t 4).
shifted photoproduct RR, that is observed under these or 5 min (trace 4)

conditions. On the other hand, the MII state observed at pH 9dm-Rho. Asimax of the initial and the photoregenerated
4.5 and 10°C is represented by both photoproductsggP  dark states are indistinguishable, 9dm-Iso is not produced
and PRz, MII consists therefore of two subspecies, Mil in appreciable amounts by photoregeneration from the Ml
and Ml with a deprotonated and a protonated Schiff base, state. This was further confirmed in FTIR spectra of 9dm-
respectively. Under conditions that allow formation of both Iso. 9dm-Iso spectra are quite similar to 9dm-Rho spectra
MI and MII, PP;7o may therefore be composed of a mixture with major differences only in the fingerprint region with a
of the spectrally almost degenerate MI and Mlstates, strong negative band at 1209 chwhich is not detected as
while PRgo always represents the Mibh subspecies (unless  a positive band in the photoproduct spectra of 9dm-Rho.
hydrolysis of the Schiff base has taken place). Under MII conditions (pH 4.5, 10C), the photoproduct
9dm-Rho shows due to the similay.x of the dark state  yield is enhanced due to the formation of MH (704 2)%
and PRy, considerable photoregeneration of the dark state. of the pigment is converted into Ml and Mlls7o (Figure
Under MI conditions (pH 7.5 and iC) and illumination 3B). If we assume that the two MIl subspecies have simi-
with wavelengths=475 nm only (45+ 2)% (meant SD, lar absorption coefficients, we can calculate [pdlV
Figure 3 A) of the pigment is converted into Ml in the ([Mll 35 + [MIl 47()), i.€., the portion of the MIl photoproduct
photostationary state. As extending the illumination time did with a deprotonated Schiff base, to be 0.£60.01 (see
not enhance photoproduct formation, the residual dark Materials and Methods). This value seems to be constant
pigment is due to an equilibrium between photoproduct for the solubilized pigment solutions under varying condi-
formation and photoregeneration of the dark state from the tions, except for pH below 4.5, where the protonation
photoproducts. As we can measure the contribution of the equilibrium is shifted to the Ml side. It also agrees with
dark state to the photoproduct spectra by the hydroxylamine FTIR and U\+vis results from both detergent and membrane
method, we can also determine the true visible absorption sandwich samples. For pH4.5, AAsgo can therefore be used
maximum of MI to be at 470 nm witlw/egank = 1.41 + to estimate the total MIl content in a sample (see Materials
0.05. The initial and the photoregenerated dark state areand Methods). At pH 4.5 and°C, we estimate from UV
indistinguishable in respect tbnax and €, as assayed by  vis spectra of pigment solutions, that the MI/MII photoprod-
bleaching of the two states in the presence of hydroxylamine uct equilibrium is shifted te~80% MII (Figure 1B), while
and comparison of the resulting oxime peaks. They also showUV —vis spectra from the corresponding sandwich samples
the same stability toward hydroxylamine and pH. We further indicate only approximately 50% MIl (not shown), in
determinedimax of 9dm-Iso to be blue-shifted by 8 nm to  agreement with FTIR spectra from the same samples. At 10
455 nm compared to 9dm-Rho in agreement with a previous °C, spectra from both sample types agree with a largely Mll
study £6) with an absorption coefficient similar to that of photoproduct (Figure 1D,K), in line with FTIR spectra
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(Figure 2a). This shows that the formation of MIl may be
reduced in sandwich samples compared to solutions, par-
ticularly at low temperatures, which may be due to the
extremely high protein and detergent concentrations com-
pared to solutions, which may interfere with MIl formation.

As evident from the FTIR difference spectrum afQ
and pH 4.5 (Figure 2c¢), light-induced difference spectra of
9dm-Rho do in general not correspond to pure Ml or Mll
difference spectra, but are rather described by linear com-
binations of these. For a quantification of the Mll contents wavenumber (cm”)
in the photoproduct, we used characteristic MIl difference Ficure 5: Infrared difference spectra of 9dm-Rho and its photo-
bands of Asp?, Glu'?2 and GIld!3 as described under productsin membranes in comparison to Rho (photoproduct minus

Materials and Methods. With this method, we could examine dark state). The upper two spectra represent the Ml state of Rho
the MIMII equilibrium in 9dm-Rho svstematically b and the corresponding state in 9dm-Rho; the lower two spectra show
aq Y Y BY  the respective Ml states. The Rho spectra were recorded from disk

infrared spectroscopy. The results of this investigation are membranes in a pH 8.5 film sample-a8 °C with low hydration
summarized in Figure 4, where we show the Ml content of (Ml) and a pH 4.5 sandwich sample at'@ (Mll).

the photoproduct of 9dm-Rho in dependence of pH, tem-
perature, and environment of the pigment (detergent or In detergent, we observe as stated above at pH 4.5 and 10
membrane) in sandwich samples. °C already an essentially pure Ml difference spectrum and

In membranes, no pure MII state could be obtained under at 1°C still almost 60% MII (Figure 2a,c). This percentage
the given experimental conditions (100 mM phosphate decreases again with increasing pH, and at pH 7.5 we have
buffer) even at room temperature, but only under high ionic @ pure Ml state at I'C (Figure 2d). We extended the
strength conditions, as will be described below. The Mil €xperiments at 2C to pH values below 4.5, as Schiff base
content of the photoproduct increases therefore even at 24hydrolysis is absent at this temperature. Interestingly, the
°C from almost zero at pH 7.5 to only 55% at pH 4.5. At MII content further increased to 80% at pH 3.5 (Figure 2b),
lower temperatures, Ml prevails even more, and the mixture @s judged from the protonated carboxyl or the amide | bands,
contains at pH 4.5 84% MI at 19C and 94% MI at 1°C. while UV—vis measurements indicated a decrease of the
It is not reasonable to extend experiments beyonéidand ~ MIlss0 photoproduct when decreasing the pH to 3.5 (Figure
below pH 4.5, as we observe under these conditions alAB). As chromophore related bands as the fingerprint
massive hydrolysis of the photoproduct. This is evident from bands at 1204 and 1148 cfrand the ethylenic stretch mode
an overall decrease of difference bands in the protein rangedt 1550 cm* are sensitive to the protonation state of the
from 1800 to 1500 crrt, a decrease of the ethylenic mode Schiff base, the effect of an increased Ml formation on these

of the chromophore at 1550 cthand an overall change of ~bands may be partly compensated by the re-protonation of
the protein bands, particularly the amide bands. This the Schiff base ata pH below 4.5. We can therefore conclude,
resembles a partial refolding of the pigment to the dark statethat the re-protonation of the Schiff base at low pH only
as observed before already for the decay of Mil of R3®).(  Shifts the Mlkgd/MIl 470 equilibrium toward the 470 nm
As with detergent samples, the FTIR results on Mil formation SPecies and does not induce the formation of an acid Mi
in membrane samples could be confirmed qualitatively by SP€CI€S.

UV —vis spectra recorded from sandwich samples with Infrared Properties of the MI StateDespite several
pigment in membranes (Figure 1L,M). Due to the still similarities, the 9dm-Rho difference spectra of the pure Ml
considerable light scattering of the membrane films and the photoproduct in membranes and detergent show distinct
presence of retinal oxime and free retinal from the regenera-differences to the respective spectra derived from Rho. In
tion procedure, MHg, formation becomes evident only in  the case of Ml in membranes (Figure 5, upper two spectra),
the difference spectra (see insets in Figure 1L,M). the intenset+950/~971 cm! difference band of Rho M,

9dm-Rho Mii
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which is assigned to the hydrogen-out-of-plane vibrations
(HOOP modes) of the chromophore and a marker band of
the Rho Ml state, is missing in 9dm-Rho. In the fingerprint
region of the two pigments between 1050 and 1300%¢m
the 1238 cm! band of a mode consisting of the £ Ci3
stretch and @H and NH bending modes36) of the
chromophore in the dark state of Rho is downshifted by 3
wavenumbers in 9dm-Rho. Two additional bands at 1184
and 1159 cm! characterize the dark state of 9dm-Rho, and
two prominent bands at 1148 and 1204 ¢énthe Mi
photoproduct. The latter two bands sensitively reflect the
protonation state of the Schiff base, as already described
under Materials and Methods. In the region between 1300
and 1500 cm?, only minor differences between Rho and
9dm-Rho are observed. In the amide Il region, which also
comprises the ethylenic stretch mode of the chromophore
the —15494-1539 cm? pattern of Rho is upshifted to
—1563H-1546 cmt in 9dm-Rho. In the region of the amide

| and the G=N stretch mode of the Schiff base between 1600
and 1700 cm?, we observe in 9dm-Rho slight variations of
the band pattern in Rho. Particularly, the 1644 &m
photoproduct band in Rho is considerably reduced in 9dm-
Rho, as well as the 1655 crhband of the dark state, part
of which is assigned to the=EN stretching mode of the
Schiff base in Rho36). The two dark state bands at 1735
and 1726 cm?! are present both in Rho and in 9dm-Rho,
while the band structure around 1701 ¢nis altered and
the positive 1744 cmt band is new in 9dm-Rho. The
negative 1768 crt band in Rho represents the A3E=0
stretch frequency in the dark stat@) and is downshifted

in Ml to 1764 cn1?, while it is upshifted in the 9dm-Rho
Ml state giving rise to a-17734#-1766 cn® difference band,
similar to the situation in rhodopsin- lumirhodopsin
difference spectra2@). 9dm-Rho MI difference spectra
derived from detergent samples (Figure 2d) correspond to
those of membrane samples with some minor differences.
For instance, the intense positive band at 1545'im the
amide Il region is upshifted by 5 crhin detergent, leading

to a decreased intensity and also a slight upshift of the
negative 1563 crt band. The intensity of the positive amide

| peak at 1664 cmi is slightly decreased and the band pattern
in the carboxyl range shows some minor modifications, too.

Infrared Properties of the Ml Statén contrast to the Ml

Vogel et al.
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FIGURe 6: pH dependence of the Schiff base hydrolysis of the Rho

MII photoproduct in detergent at 24C. The relative amount of

pigment with a still intact Schiff base linkage was assayed by acid

denaturation at the indicated time after complete bleaching of the

samples at = 0.

dark 50" after bleaching

the spectra are only slightly changed, as, e.g., a negative band
at 1733 cm! becomes visible, which is also observed in
Rho MII difference spectra and which is due to removal of

a difference band caused by lipid37}.

UV—Vis Results at Higher Temperatures and at Alkaline
pH. At higher temperatures, we observe with detergent-
solubilized 9dm-Rho also at pH 7.5 increasing amounts of
the MIl photoproduct as is evident from the fgfcontribu-
tion to the photoproduct spectrum at 10 and°24(Figure
1E,H). At 24°C, however, this MIl formation is superim-
posed by a hydrolysis of the retinal Schiff base yielding free
retinal and opsin, as shown by acid denaturation of the
samples. Hydrolysis can be observed by -this spectros-
copy particularly at low pH and at temperatures above 10
°C. At 24 °C and pH 4.5 (Figure 1G), the 380 nm peak
consists 20 min after illumination entirely of free retinal, as
shown by acid denaturation, and the 470 nm peak shifts
progressively with time to the blue side, which is interpreted
as a slow denaturation of the protein. Particularly at room
temperature, it is therefore necessary to distinguish carefully
between Mlg, and free retinal, which was already pointed
out in a previous study2@). To assay whether this pH-
dependence of Schiff base hydrolysis in the 9dm-Rho
photoproducts reflects specific properties of its particular Ml

state of 9dm-Rho with its distinct differences to the corre- state or is merely acid catalyzed, we performed hydrolysis
sponding Rho MI, the MIl spectra of both pigments in experiments with solubilized Rho in DM at 2&. In the
membranes are very similar (Figure 5, lower two spectra). assayed pH range from 4.5 to 9.2, solubilized Rho forms in
Particularly in the absorption range of protonated carboxyl contrast to 9dm-Rho only the MIl photoproduct with a
groups above 1700 cm the spectra are not distinguishable. deprotonated Schiff base, which facilitates recognition of a
The equal intensities of the 1712 chphotoproduct band  direct pH effect. At different times after bleaching, samples
in Rho and 9dm-Rho MII difference spectra imply that the were acid-denatured, and the amount of pigment with a still
counterion Glé*becomes fully protonated in 9dm-Rho Ml intact retinal Schiff base linkage was determined. Interest-
irrespective of the protonation state of the Schiff base. Major ingly, no hydrolysis was observed at alkaline pH even 50
differences between Rho and 9dm-Rho Ml are visible only min after bleaching, while at pH 7.5 already 50% of the
in the amide Il region, with a major photoproduct band at pigment was hydrolyzed to opsin and free retinal within that
1550 cmt in 9dm-Rho, which was previously assigned to time (Figure 6). At pH 4.5, already 10 min after bleaching
the ethylenic stretch mode of the retinal chromophore with half of the pigment was hydrolyzed. This suggests that also
protonated Schiff bas&®). This 1550 cm?* band becomes  in 9dm-Rho, the pH dependence of hydrolysis is at least
weaker only for Mll difference spectra recorded at°24or partially due to the acid-catalyzed reaction mechanism.
higher temperatures and very acidic pH, which is due to the Indeed, at pH 8.5 and above, we observe no hydrolysis at
onset of hydrolysis of the retinal Schiff base and the releaseeither 10 or 24°C (Figure 1F,J). Still a UV absorbing
of free retinal, as described above. In detergent (Figure 2a),photoproduct can be observed, that rises at 1 andC0
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absorbance changes at 550 nm. Again at this wavelength,
we observe a rapid Ml formation, which is followed by a
e 3.285 +-0.215 slower increase due to conversion of Ml to the jbpecies.

2°C . L
X The apparent time constants for the M Mll 47 transition
zc \

6°C k 0.90s +/- 0.06s

5mOD
ot 006 Effect of Anions on the Spectral Properties of 9dm-Rho.
Rhodopsin counterion mutants, that have'®&lteplaced by
neutral residues were shown to possess different spectral
properties due to a changed protonation state of the retinal
Schiff base compared to Rh88§). In detail, the protonation
10 state of the Schiff base in the dark pigment E113Q was
ety shown to be directly related to the external pH, leading to a
3.738 +/- 0.43s 380 nm species with an uncharged Schiff base at neutral to
alkaline pH and a 490 nm species with a protonated Schiff
base only at acidic pH. It could further be shown, that the
Schiff base of the 380 nm species re-protonated after addition
of halides and various other salts to the external medium
and led to the formation of pigments absorbing in the visible
range with thelnax determined by the type of the anion
serving as artificial counterior8g, 40.
As the MIl state of 9dm-Rho possesses a (partially)
protonated Schiff base despite of neutralization of *&ju
the proposition is obvious that an anion may be recruited
from the solvent in order to substitute for Gléias a new

absorbance change at 480 nm

are 3.7 s at-2 °C, 1.8 s at 2C, and around 0.5 s at &,
in agreement with the time constants for 4blformation.
M A A A A A A

8

1.76s +/-0.23s

0.52s +/-0.31s

absorbance change at 550 nm

IZmOD
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Ficure 7: Kinetics of MIl formation. Solubilized 9dm-Rho in 100
mM phosphate buffer, pH 4.5, was photolyzedtat O at the

indicated temperatures, and the subsequent absorbance changes wi
monitored at 480 nm for Mkko (A) and at 550 nm for MUz (B).

The stated values for the time constanwere calculated from an
exponential fit (meant SD from 3 experiments).

slowly and at 24°C rapidly after illumination. As this 365

counterion to the protonated Schiff base in the Mistate.

*fo address this possibility, we examined the influence of

isotonic amounts (150 mM) of various anions on the spectral
properties of the photoproducts, particularly a possible shift
of the MllzgdMIl 470 equilibrium to the Mlkzo side and an
anion-dependent wavelength shift of the Mjlspecies. To

nm species can be titrated by diluted acid to a 430 nm speciese able to work in a well-buffered system, all experiments
(data not shown), it is due to a progressive denaturation of were performed in 100 mM MES buffer which has a
the Ml state of the protein under alkaline conditions. Infrared comparatively bulky anion and proved to have no concentra-
spectroscopy revealed that the 365 nm species appears ifion-dependent influence on the spectral properties. As
parallel with major changes of the initial Ml spectrum being supplemented anions, we examined acetate, fluoride, chlo-
again indicative of a denaturation of the protein. As ride, bromide, iodide, and phosphate. We observed under
mentioned above, however, the retinal Schiff base linkage mild conditions (pH 5.5, 1°C) no anion specific shift of
is not hydrolyzed under these conditions for at least 1 h. ..., but only a general salt-dependent slight increase in
Flash Photolysis of 9dm-Rhd o determine the apparent MIll sgformation, which was also detected as an Mll increase
time constants of Mll formation in 9dm-Rho, we carried out by FTIR spectroscopy. lodide led to a more pronounced
flash photolysis experiments at different temperatures in 100 increase of the Mg yield and was accompanied by a slow
mM phosphate buffer at pH 4.5, conditions that favor MIl blue shift of the visible absorption maximum indicating
formation. Absorbance changes after photolysis of 9dm-Rho destabilization and subsequent denaturation of the photo-
in DM were first recorded at 480 nm, where the difference product. Under more acidic conditions (pH 4.0;@), we
spectrum between MI and the dark state reaches its maximunobserved generally a slow denaturation of the 470 nm
in order to measure the formation of Ml and its subsequent photoproduct, leading to a slow blue shift of ig.x toward
decay to Mlkgy At this wavelength we observe a rapid, 430 nm, which was accelerated in the presence of halides,
unresolved absorbance increase after the flash due to Miparticularly with iodide.
formation, and a subsequent slower decay of the signal due The salt-dependent increase of the MIl yield both de-
to conversion to MIl and partial deprotonation of the Schiff pended on the ionic strength of the solvent and on the anion
base (Figure 7 upper panel). Time constants of Schiff basespecies. It was observed both by BVis and by FTIR
deprotonation and thus formation of Mddwere determined  spectroscopy in both detergent and membrane and will be
by an exponential fit and are 3.2 s-aR °C, 1.8 s at 2C, described in detail elsewhere (Vogel, R., and Siebert, F.,
and 0.9 s at 6°C. With Rho in detergent under same unpublished results). Possibly related effects were reported
conditions, the kinetics of MIlI formation could not be before on native Rhoi(, 42. In a previous study on 9dm-
resolved. A determination of the rate constants of /Ml Rho @22), the shifted MI/MII equilibrium of 9dm-Rho was
formation was possible, because the visible absorption peaksiot noticed due the inherent high ionic strength of film

of Ml and Mill 7o despite having similatnay, differ slightly

in their bandwidth (see Figure 3). As the My peak extends
more to longer wavelengths compared to the MI peak, we
can resolve Mll;,, formation selectively by monitoring

samples ¥1 M phosphate) used for FTIR spectroscopy.

Thus, the MII photoproduct observed by FTIR spectroscopy
in high ionic strength pigment films was erroneously

identified with the 470 nm peak seen by bVis spectros-
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copy in low ionic strength pigment solutions, which only
supported formation of MI.

DISCUSSION

In this paper, we studied the influence of the 9-methyl
group of the retinal chromophore on the light-induced

reaction cascade of rhodopsin leading to the active receptor
state MIl. For that purpose, we examined the properties of

the artificial pigment 9dm-Rho consisting of the rhodopsin
protein moiety opsin regenerated with the synthetic chro-
mophore 11-cis 9-demethyl-retinal. This pigment shows
several interesting properties which distinguish it from native
rhodopsin in several respects and may help to elucidate th
role of the 9-methyl group in the activation process of
rhodopsin.

9dm-Rho Shows a Shifted MI/MII Equilibriurim 9dm-

€

Vogel et al.

as reported before for native Rho in disk membrams, (
while AS is concomitantly decreased.

To clarify the molecular background of these changes in
9dm-Rho, it is helpful to recall first the situation in native
Rho. In Rho, the MI to MII transition can be considered to
be a transition between a state (Ml), which is governed by
a thermodynamically optimized conformation of the chro-
mophore and its immediate protein environment (i.e., its
binding pocket), and a more flexible state (MIl), in which
the protein on the whole is in a thermodynamic minimum
(8). Chromophore-protein interactions should thus be
structurally important particularly in the MI state. We
therefore propose that the steric interaction between the
retinal 9-methyl group and specific residues on helices 3 and
6 in native Rho consists largely in a restriction of the
conformational space accessible to the Ml state. Removal
of this interaction in the 9dm-Rho pigment relieves this

Rho, the equilibrium between the physiologically important restriction, and therefore allows MI more conformational
late intermediates MI and MII of the receptor activation freedom for the chromophore and probably also the protein
cascade is dramatically shifted to the Ml side, the immediate ygjety in this modified pigment. In thermodynamic param-
precursor of the active receptor state MII. This is apparent eters, removal of this interaction in 9dm-Rho leads to an
both in its native membrane environment as well as in jncrease of the entropy of the MI state in this pigment
detergent micelles. Solubilized Rho forms full MIl even at compared to Rho. This increase in entropy may already be

0 °C and pH 8.5 (data not shown). 9dm-Rho forms under present in the states preceding MI formation including the
otherwise the same conditions no MIl. Moreover, the kinetics g,k pigment. If we consider the entropy of the MIl state to

of receptor activation are slowed by 2 orders of magnitude. e rather unaffected by the steric interaction, which is in

While in solubilized Rho Mll is formed with a time constant  |ine with the picture described above, the entropy gain of
of 10 ms @#3), in 9dm-Rho the same reaction takes place on the transition to Mil should be lowered in 9dm-Rho. This

the time range of seconds. _inturn renders the standard free energy chat@se of the
In membranes, Rho has a pH-dependent MI/MII equilib- MI/MII transition less negative (or more positive, depending

rium which is due to protonation changes of &fton helix

on position of the equilibrium), and thus shifts the corre-

3 at the cytoplasmic interface and presumably also other sponding equilibrium to the Ml side. The increage@, may

groups §#4). In detergent micelles with flexible alkyl chains,
the barrier for MIl formation is lowered and no longer

in part also be responsible for the increaagd” of the Ml
to MII transition in 9dm-Rho. With these changes in the

depends on proton uptake, which occurs in a separatethermodynamic parameters for 9dm-Rho, Ml should be

subsequent reaction at low p#3). In 9dm-Rho, protonation
is still required for Ml formation even in detergent micelles,
rendering the MI/MII equilibrium also for solubilized pig-

formed only at higher temperatures. Moreover, the influence
of parameters that change the enthalpy ternAG by a
similar absolute amount in both Rho and 9dm-Rho should

ment sensitive to pH. Even as compared to Rho in its native be more sensitively reflected in 9dm-Rho due to the

membrane environmen#%), 9dm-Rho in DM has both a
lower MII/MI ratio and a lower observed rate constant for
MIl formation. Ml formation of 9dm-Rho depends moreover
sensitively on the water content of the matrix it is embedded
in. A reduced water content in pigment films severely

decreased counteracting entropy term. Such a parameter may
for instance be the fluidity of the environment in which the
pigment is embedded.

The Dark StateThe dark state of 9dm-Rho is distinguished
from the Rho dark state by thinax blue-shifted by 36 nm

hampers MII formation, rendering 9dm-Rho much more to 464 nm compared to the only 7 nm difference of the
sensitive to the water content of film samples than Rho. This respective free retinals. As described above, we also derived
effect over-compensates the reported enhanced Rho Mlla reduced extinction coefficient for dark 9dm-Rho. Both

formation upon osmotic binding of wate42).

From the kinetics of MII formation, it is obvious that the
presence of the 9-methyl group of the retinal in Rho
decreases the activation free energ@* of the Ml to Mll
transition compared to 9dm-Rho. The impact of the 9-methyl
group on the MI/MII equilibrium consists similarly in a
decrease of the standard free energy chak@g between
MI and MIl. AGy is considerably less negative (or more

observations hint to a conformation of the chromophore in
its binding pocket which significantly differs from that in
Rho. The blue-shifted absorption maximum is possibly due
to a stronger interaction of the counterion with the Schiff
base. In the case of Rho, NMR investigations have placed
the counterion close to&-Css, i.e., rather far away from
the Schiff base46). Thus, removal of the 9-methyl group
could bring the Schiff base closer to the counterion&ju

positive) in the case of 9dm-Rho as compared to Rho, as isthereby inducing the blue-shift. The observation of an almost

evident from the drastic shift of the equilibrium constants.
Preliminary evaluation of the MI/MII equilibrium of 9dm-
Rho in membranes suggests that this changeGais rather
due to a decrease WS than an increase iAHg. Arrhenius

identical CG=N stretch mode in Rho and 9dm-Rh22 is

not in contradiction, since it has been shown that its
frequency does not reflect the electrostatic interaction but is
mainly determined by hydrogen bonding7j.

fits to our data at pH 4.5 and in the temperature range from A changed conformation of the chromophore in its binding

1to 24°C are in agreement with AH, of (79 + 9) kJ/mol

pocket is also inferred by the lack of the intense Rho 967
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cm ! HOOP band of the 1112-hydrogen-out-of-plane  As the respective Rho MIl spectrum corresponds to the
bending mode, which is due to a twisted chromophore spectrum of an all-trans unprotonated model Schiff base, we
structure in Rho, and a change of the band pattern in theconclude that some of the chromophore distortions present
fingerprint region, particulayl a 3 cnt! downshift and in lumirhodopsin or bathorhodopsin still persist in Rho M,
reduction of the 1238 cnt mode, which sensitively reflects  while they are relieved in Rho MII. A lack of these HOOP
chromophore-protein interactions in the neighborhood of bands in 9dm-Rho MI may therefore indicate a relaxed fit
the Schiff base up to the;€of the chromophore3g). The of the chromophore in the retinal binding pocket already in
chromophore fits therefore presumably more relaxed in its the Ml state. This would be in agreement with the 9-methyl
binding pocket in the dark state, a proposal which is also group of the retinal holding helix 3 and/or 6 “in position” in
supported by infrared spectroscopy of its immediate photo- the corresponding Rho MI state. The 9dm-retinal would
activation intermediates bathorhodopsin and lumirhodopsin therefore allow the protein a higher degree of freedom in
(22). In the range from 900 to 1300 cry covering both packing around the chromophore (but still far less than in
fingerprint and HOOP region, the difference spectra of both the MIl state). Vice versa, the 9dm-retinal may be less
9dm-Rho intermediates are already very similar to our Ml restricted than its methylated native counterpart in the same
spectra, in contrast to the corresponding Rho intermediatesbinding pocket, leading to a higher flexibility of the
This is in line with the proposed higher entropy of the dark chromophore in 9dm-Rho compared to native Rho. Both
state in 9dm-Rho compared to Rho. The positions of /e C  models yield a higher entropy of the Ml state in the absence
O stretch mode of the protonated carboxyl groups oféAsp of the 9-methyl group than in its presence. The results
and Gld??2are unchanged in dark 9dm-Rho and may together presented in this study suggest that both models apply: the

with the unchanged stability of the dark pigment toward
hydroxylamine hint to a rather similar protein conformation
in both dark pigments.

The MI State Transition to the Ml state is accompanied
by a slight 6 nm red-shift of the visible absorption maximum

9dm-Rho Ml state has a protein conformation different from
Rho MI as evident from the carboxyl bands. In addition,
already in 9dm-Rho bathorhodopsin and lumirhodopsin the
chromophore related infrared difference bands are similar
to 9dm-Rho MI @2) and indicate in all states a less strained

to 470 nm, together with a 1.4-fold increase of the absorption and restricted chromophore. Thus the resulting entropy

coefficient. Infrared difference spectra reveal major differ-

increase of the 9dm-Rho MI state appears to be the very

ences between the MI states of Rho and 9dm-Rho, as isreason for the dramatic shift of the MI/MII equilibrium in

evident in the range from 1500 to 1700 ¢ These
differences may indicate that the transitions comprise dif-

9dm-Rho.
The Actve Receptor State MIl and Photoregeneration

ferent conformational changes, becoming evident in the Infrared difference spectra of Rho and 9dm-Rho are almost

amide | and Il bands. In addition, they also reflect shifts in
the frequencies of the=EN Schiff base stretch mode and of
the delocalized &C ethylenic stretch mode of the chro-
mophore. While in lumirhodopsin and Ml of Rho major

indistinguishable from their MIl photoproduct bands. The
only major difference is the 1550 crhphotoproduct band

in 9dm-Rho, which was assigned previously to the ethylenic
stretch mode of a chromophore with a still protonated Schiff

changes of the Schiff base environment were observed bybase 22). This is reflected in the UVvis spectra of the

shifts of the G=N Schiff base stretch frequency8), these
are absent in the respective photoproducts of 9dm-RRp (

MIlI photoproduct, revealing two subspecies Mil and
Mil 350 with a protonated and deprotonated Schiff base,

The differences in the spectral range of protonated carboxyl respectively, being in an apparently constant proportion of
groups between Rho and 9dm-Rho indicate diverging about 60:40. Only at low pH below 4.5, we observe in the
environments for both ASpand Gld??in the two pigments, UV —vis range a decrease of the Mlispecies. This decrease
which may serve as markers for conformational changes inis not due to the formation of a low pH Ml species, but rather
the protein. The upshift of the A&pfrequency in 9dm-Rho  due to a shift in the MUsy/MIl 470 protonation equilibrium.

Ml reflects an slightly more hydrophobic environment of Evidence for this comes from the long-wavelength tail of
the carboxyl group in MI compared to the dark state. The the 470 nm peak, which allows a distinction between Ml

same might apply for G2 as the 1700 cmt Ml band in

and Mlly7o, and from the still increasing MIl content at pH

Rho is reduced in 9dm-Rho and instead an upshifted 17443.5 derived from the FTIR data. The shift in the MyMII 470
cm~* photoproduct band arises in membranes and even moreprotonation equilibrium is presumably facilitated by a

pronounced in the micellar matrix of detergent solubilized
Rho. Changes of the Gltf carboxyl bands were also
detected in rhodopsin bathorhodopsin difference spectra
upon mutation of GI§#* to alanine 49). Therefore, the
altering of GId?? bands in 9dm-Rho MI may also reflect
local steric changes due to the lack of the 9-methyl group.
Most interestingly in 9dm-Rho MI difference spectra, the

destabilization of the protein at a pH below 4.5 and a
concomitantly increased sensitivity of the Schiff base pro-
tonation state to the bulk pH.

The only partial Schiff base deprotonation in Mll has
major implications on experiments with 9dm-Rho. In Rho,
the transition from MI to MIl is strictly coupled to the
transfer of the Schiff base proton to &l81(12), leading to

intense HOOP bands are missing, which usually serve asa blue-shift of the MIl photoproduct to 380 nm. This

marker bands for Rho MI. The infrared intensities of HOOP

bands are related to twists in the chromophore structure,

wavelength shift allows under appropriate illumination
conditions complete conversion of the dark pigment into the

which store the energy of the absorbed photon in the early Ml photoproduct in Rho. Due to the almost perfect overlap

intermediates of the Rho reaction casca®).(In resonance
Raman spectra of Rho MR(), the 956 cm* HOOP mode

of the visible absorption peaks of the dark, Ml and Ml
state of 9dm-Rho, together with a drastically slowed transi-

is shifted and much more intense compared to the respectivetion to Mll, we have considerable photoregeneration of the

mode in an all-trans protonated model Schiff base or MII.

dark state upon illumination of the pigment, particularly
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under conditions, where only little MIl and therefore little such that new MIl will be formed from the MI pool, thus
Mll 350 is formed. Even with an optimized wavelength leading to areduced, but prolonged excitation of the rod cells.
selection the conversion yield will not reach 50% under Ml Activation of the visual G-protein transducin by Ml can
conditions, as the MI extinction coefficient is increased be assayed by different methods, e.g., by detecting changes
compared to the dark state. When examining MI/MII  of the intrinsic transducim-subunit G, fluorescence upon
equilibria, care has therefore to be taken to distinguish the nucleotide exchang&) or by a filter binding assay for &
three spectrally almost degenerate states, e.g., by the hywith bound, radioactively labeled GTRS (62). The first
droxylamine method to assay the regenerated dark pigmentmethod involves irradiation of the dark pigment with UV-
and by extrapolation of the M, subspecies to the total light, which leads to excitation of tryptophan side chains in
MIl content. Interestingly, only 9dm-Rho with the 11-cis the retinal binding pocket of the pigment and besides
chromophore is formed by photoregeneration and no 9dm- fluorescence also to energy transfer to the neighboring bound
Iso with a 9-cis chromophore. The latter pigment has an retinal. Considering the complicated bleaching behavior, this
absorption maximum which is blue-shifted by 8 nm com- would lead to shifts in the photoproduct yields, which are
pared to 9dm-Rho. difficult to control and render a quantitative comparison
We can only speculate on the molecular cause for the between transducin activation and the amounts of the single
presence of the two MIl subspecies in 9dm-Rho. In Rho, photoproducts impossible. We therefore rather tried to
GIu'3 which serves as the counterion to the protonated correlate published studies based on filter binding as@ys (
Schiff base in the dark state, is neutralized in Mll by proton 28) with the results presented in this paper.
transfer from the Schiff basel?). This mechanism is The most recent study on transducin activation by solu-
modified in 9dm-Rho MIl, as Gt becomes protonated  bilized 9dm-Rho revealed 37% activity compared to opsin
irrespective of the residual 60% Schiff base protonation. The regenerated with 1tisretinal at 25°C, pH 7.2, and
requirement of GItt3 neutralization for Ml formation could continuous illumination with light above 495 nn2§).
therefore be further confirmed. It was argued bef@2),( To analyze MIl activity, we determined MIl formation
that the charged Schiff base in MIl might be stabilized by (Ml 350+ MIl 479) by UV—vis spectroscopy under comparable
recruitment of an inorganic anion from the solvent phase conditions to be only about 33% of the total pigment. This
serving as a new counterion to the protonated Schiff base inlow MII yield is not only due to the shifted MI/MII
the Mll470 subspecies. This picture could not be confirmed equilibrium, but also due to considerable photoregeneration
in this study, as supplementing the solvent with a variety of of the dark state, which is favored under long-wavelength
anions did not lead to detectable changes ofithg of the illumination. The contribution of the 380 nm species to the
MIl 470 species nor to a shift of the MIl Schiff base photoproduct is only about 12% of the total pigment, in
protonation equilibrium to the Ml}o side. Such anion-  accordance with the original specti28g].
dependent changes were observed with the dark state of site- There was further disagreement with another transducin
directed mutants of Rho, where the counterion&lwas activation study22) that reported only 9% and 27% activity
replaced by an uncharged resid89,(40. Our data are  under illumination with orange (cutoff 540 nm) and white
consistent with a stabilization of the protonated Schiff base light, respectively (values corrected for regeneration ef-
in the Mll47o State by internal bound water molecules serving ficiency with 11<€is-retinal). Pigment was illuminated at 4
to shield the Schiff base proton in an environment with an °C and then transferred to the 2Q assay buffer at pH 7.4
otherwise low dielectric constant. This may involve a inthe dark. Under these conditions, we determined the initial
changed position of the Schiff base in 9dm-Rho MIl conversion to be 50% with white light, and the MIl content
compared to Rho MII. It was shown previously that in model of the photoproduct to be about 50% under final assay
compounds the i, of the Schiff base sensitively depends conditions, yielding a total of only 25% MII, in agreement
on the particular structure of hydrogen bonds to water with the transducin activation results. Upon illumination with
molecules in the environment of the Schiff bas@)( orange light, the photoproduct yield will again be severely
Activity of the 9dm-Rho MIl StatePrevious studies decreased and thus lead to the observed low activity levels.
addressed the ability of 9dm-Rho photoproducts to activate These results show that the activity of the 9dm-Rho
the visual G-protein transduci2?, 2§ and the excitation  pigment directly corresponds to the amount of Ml (consist-
and subsequent desensitization of salamander rod cellsng of bothsubspecies Mikoand Mlls7g) being formed with
regenerated with 9dm-retinaR9, 30. The latter studies  a relative activity comparable to that of native Rho MiIl. If
revealed a 30 times decreased quantal response upon flasbnly the 380 nm species were in the active state, a more
illumination of the modified pigment and a subsequent 5-fold than 3-fold activity of this species would be required
prolongation of the decay of the active state, as well as acompared to that of Rho MIIl, which seems very unlikely.
maximal initial rate of phosphorylation of ROS 9dm-Rho We can therefore conclude that in the 9dm-Rho photoprod-
being only 25% of the respective rate of native ROS pigment. ucts presumably both M4, and Mll,70 activate transducin,
These results agree well with the presented results on 9dm-+egardless of the protonation state of the Schiff base. This
Rho activation. Under the reported assay conditions (e.qg.,is in full agreement with the infrared difference spectra, that
neutral pH), the MI/MII equilibrium in the 9dm-pigments is  indicate besides the 1550 cinband marking the only
shifted to the MI side, such that initially only little Mll is  partially deprotonated Schiff base no major differences
formed compared to the native pigments. Desensitization of between the MII states of both Rho and 9dm-Rho. Schiff
the rod cells, which proceeds via Mll-specific phosphoryl- base deprotonation, the signature for Rho M), (s in the
ation by rhodopsin kinase and subsequent binding of arrestin,case of 9dm-Rho not a prerequisite for formation of the active
will proceed only at a decreased rate. Moreover, desensitizedreceptor. The significance of the retinal 9-methyl group is
MiIl is no longer in equilibrium with pigment in the Ml state, therefore not based on a particular influence on properties
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of the active MIl conformation itself, as this conformation

is functionally not changed in 9dm-Rho. It must rather be
seen in its impact on the precursors of and the transition to
MII, which is slowed by 2 orders of magnitude in its absence,
and the shifted equilibrium. The steric constraints imposed

11.
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Farrens, D. L., Altenbach, C., Yang, K., Hubbell, W. L., and
Khorana, H. G. (1996%cience 274768-770.

12. Jger, F., Fahmy, K., Sakmar, T. P., and Siebert, F. (1994)

13.

by the 9-methyl group onto the Rho MI state can be clearly 14.

resolved by infrared spectroscopy, as well as the release of
these constraints in the corresponding 9dm-Rho state. The 15.

concomitant entropy increase of this state finally leads to ;¢4

the observed dramatic shift of the MI/MII equilibrium in
9dm-Rho, rendering the retinal 9-methyl group a crucial

determinant of rhodopsin activation.
Future Questions9dm-Rho differs from Rho not only in

17.

18.

the changed MI/MII equilibrium, but also in the broad shape 19

of the pH dependence of its activation. From previous studies
on Rho activation, it is known that Ml formation is coupled

to proton uptake X3, 43, 45, 58 One can distinguish

between protons being essential and nonessential for the ,
transition itself 4, 45. Due to the Schiff base protonation '
equilibrium, formation of 9dm-Rho MII should require 0.6

proton for the protonation of GH# in addition to the 0.7
1.0 essential proton required by Rht3( 45, 53. As this

additional 0.6 proton is again rather essential for the
transition, we expect a complicated interplay between the
two different K, values, which may in turn lead to the broad
pH profile observed for Ml formation in 9dm-Rho. Studies
to investigate the proton uptake by 9dm-Rho and to resolve

these questions are in progress.
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During the reviewing process of this article a paper on g,

properties of COS-expressed solubilized 9dm-Rho appeared

(54). While the authors arrive at similar conclusions regarding 29

the MI/MII equilibrium of 9dm-Rho, the properties of the

MIl photoproduct of their pigment seem to be different.
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