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’ INTRODUCTION

Rhodopsin, the photoreceptor of the vertebrate rod cell, is the
archetype of family A G-protein coupled receptors (GPCRs),
which receive signals from a variety of ligands.1 GPCRs are a
subgroup of the membrane proteins with seven transmembrane
helix (TM) structure. Rhodopsin is a special case, since both the
active and inactive state of the receptor harbor the retinal ligand
bound via a covalent Schiff base linkage between the retinal
aldehyde group and the side chain of Lys2967.43 (with Ballesteros/
Weinstein numbering superscripted2). In the inactive ground
state the Schiff base is protonated and the retinal is in its 11-cis
configuration. Light absorption triggers retinal isomerization and
converts the inverse agonist 11-cis-retinal into the all-trans-retinal
agonist. Through fast intermediates and the still inactive meta-
rhodopsin (Meta) I, the active Meta II state is formed, in which
the Schiff base is deprotonated. Meta II binds and activates the
G-protein transducin (Gt).
In all GPCRs, the sequence of amino acids exhibits several

conserved key residues, which form functional domains within the
protein structure.3,4 Themost prominent ones are highlighted in the
dark state crystal structure of rhodopsin in Figure 1A. It is assumed
that these domains act as “microswitches” that change from an
inactive to an active conformation in the course of receptor
activation.5 In the dark ground state of rhodopsin, all of these

switches are inactive, thereby preventing spontaneous receptor
activation. The so-called “ionic lock” is located in the cytoplasmic
domain of the receptor and connects two helices via an extended
hydrogen-bond network between Arg1353.50 (located in the highly
conserved (D)ERY-motif in TM3) and Glu2476.30 and Thr2516.34

in TM6 (Figure 1A,B).6,7 The Arg1353.50 side chain is further
stabilized by an intrahelical salt bridge to Glu1343.49. Figure 1C
depicts the active conformation of the cytoplasmic surface, as found
in the available crystal structures of rhodopsin’s active states. Spectro-
scopic and structural investigations suggest that light-activated
rhodopsin, ligand-free opsin at low pH (so-called Ops*), and the
reversibly formed Meta II in all-trans-retinal soaked opsin crystals8

exhibit similar structures with respect to the cytoplasmic surface.9,10

In the crystal structure of Ops*, the interaction between Arg1353.50

and Glu1343.49 is broken and replaced by a new hydrogen bond
between the side chains of Tyr2235.58 and Arg1353.50, while
Glu2476.30 and Thr2516.34 are now coupled to Lys2315.66 in
TM5.11 The altered interaction pattern is accompanied by an
outward tilt of TM6 by about 6 Å and a movement of TM5 toward
TM6 by 2 Å, as indicated by the arrows in Figure 1C. The resulting
cleft involving TM3, TM5, and TM6 and the interaction between
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ABSTRACT: Rhodopsin, a seven transmembrane helix (TM) receptor, binds its ligand 11-cis-
retinal via a protonated Schiff base. Coupling to the G-protein transducin (Gt) occurs after light-
induced cis/trans-retinal isomerization, which leads through photoproducts into a sequence of
metarhodopsin (Meta) states: Meta I h Meta IIa h Meta IIb h Meta IIbHþ. The structural
changes behind this three-step activation scheme are mediated by microswitch domains
consisting of conserved amino acids. Here we focus on Tyr2235.58 as part of the Y5.58X7K(R)

5.66

motif. Mutation to Ala, Phe, or Glu results in specific impairments of Gt-activation measured by
intrinsic Gt fluorescence. UV�vis/FTIR spectroscopy of rhodopsin and its complex with a
C-terminal GtR peptide allows the assignment of these deficiencies to specific steps in the
activation path. Effects of mutation occur already in Meta I but do not directly influence
deprotonation of the Schiff base during formation of Meta IIa. Absence of the whole phenol ring (Y223A) allows the activating
motion of TM6 in Meta IIb but impairs the coupling to Gt. When only the hydroxyl group is lacking (Y223F), Meta IIb does not
accumulate, but the activity toward Gt remains substantial. From the FTIR features of Meta IIbHþ we conclude that proton uptake
to Glu1343.49 is mandatory for Tyr2235.58 to engage in the interaction with the key player Arg1353.50 predicted by X-ray analysis.
This polar interaction is partially recovered in Y223E, explaining its relatively high activity. Only the phenol side chain of tyrosine
provides all characteristics for accumulation of the active state and G-protein activation.
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Arg1353.50 and Tyr2235.58 at its base constitutes the binding site for
the Gt R-subunit and is thus thought to be the crucial structural
element of the active receptor when it catalyzes GDP-GTP exchange
in the G-protein nucleotide binding pocket.12�15

Meta II is the photoproduct that couples to the G-protein.16

The UV�vis absorption maximum is shifted from 500 nm in dark
state rhodopsin to 380 nm in Meta II due to the deprotonation of
the retinal Schiff base.17 At low temperature one observes the pH-
dependent equilibrium of Meta II with its inactive precursor Meta
I, which is favored at high pH. More recently, kinetic and spectro-
scopic investigations identified several Meta II subspecies which
are populated above 10 �C. Thewhole process can be arranged in a
rapid (millisecond) sequence of conformational substates of Meta

II (termed Meta IIa, Meta IIb, and Meta IIbHþ, respectively)
developing from the inactive precursor Meta I (Scheme 1).18

The equilibrium of Meta states, equivalent to the conformational
equilibrium of diffusible ligand activated GPCRs4,19 persists for
minutes until eventually the Schiff base hydrolyzes to yield opsin
and free all-trans-retinal.20 During this time, increasing temperature
depletes the relative amount of Meta I, whereas Meta IIa and Meta
IIb accumulate. In Meta I, the counterion of the retinylidene Schiff
base shifts from Glu1133.28 to Glu181EL2, but only limited structural
changes occur.21 The Schiff base becomes deprotonated uponMeta
IIa formation. Substantial structural changes occur with the subse-
quent formation of Meta IIb, including the TM6 movement first
identified by EPR22 and also seen in the crystal structures of opsin.
Meta IIbHþ formation is accompanied by a proton uptake reaction
at the cytoplasmic surface, most likely by protonation of
Glu1343.49.23 Infrared absorption bands could now be assigned
to the transitions between the Meta states, corresponding to
the microswitches that operate in the course of rhodopsin
photoactivation.24

Tyr2235.58 is part of a Y5.58X7K(R)
5.66 motif near the cytoplasmic

end of TM5.4 A recent NMR investigation of this region in mutant
rhodopsins came to the conclusion that tyrosine at position 223 has a
stabilizing effect on the active state of the receptor.10 In the present
paper, we extend these studies to specify the role of Tyr2235.58 in the
formation of theMeta intermediates (Scheme 1) and in the coupling
to theG-protein.Wehave investigated themutants Y223A (inwhich
the bulky side chain of Tyr is lacking), Y223F (with a bulky aromatic
side chain), and Y223E (with a polar side chain). By means of
intrinsic Gt fluorescence measurements we have found that all of
these mutants have reduced catalytic activity compared to wild-type,
with the most dramatic reduction for the Y223A mutation. To
elucidate the molecular background of this deficiency we applied
UV�vis and FTIR difference spectroscopy to wild-type rhodopsin
and Tyr2235.58 mutants reconstituted in phospholipid vesicles to
simulate a native environment inwhich all intermediates in Scheme1
appear. While UV�vis spectroscopy of the Meta states reports
mainly on the protonation state of the retinal Schiff base, FTIR
difference spectroscopy allows us to identify structural changes
beyond the direct protein chromophore interactions on a molecular
level and under various conditions. We show how Tyr2235.58, which
is already involved in Meta I formation, comes into play with the
formation of Meta IIb. In this step, it assists the breakage of the
hydrogen-bond network between Arg1353.50 and Glu2476.30/
Thr2516.34. Postponed and alongwith proton uptake inMeta IIbHþ,
the new interaction between Tyr2235.58 and Arg1353.50 is built up.
The crystal structures of opsin and of the reversibly formed Meta II
are in line with this spectroscopic characterization of the active
species.8,11,12 So the present study provides valuable information on
binding site formation of the prominent class A GPCR rhodopsin.

’MATERIALS AND METHODS

Sample Preparation. Rhodopsin mutants were prepared as de-
scribed before.25 During the last step of elution n-D-dodecyl-β-maltoside
(DDM) buffer was changed to n-D-octyl-β-D-glucopyranoside for recon-
stitution into lipid vesicles that were used for FTIR-sandwich samples. Egg-
PC (Avanti Polar Lipids Inc., Alabaster) was lyophilized and suspended in
buffer A (20mMBTP, 130mMNaCl, 1mMMgCl2) to a concentration of
3 mg/mL. The suspension was then treated with five freeze�thaw cycles
with liquid nitrogen and lukewarmwater and extruded repeatedly through a
200 nm polycarbonate membrane. Subsequently, the suspension was
incubated with purified rhodopsin in a molar ratio of 100:1 (lipid:protein)

Figure 1. Rhodopsin functional domains and ionic lock. (A) Side view
of rhodopsin dark ground state (PDB ID: 1GZM6) with helices 1�8
colored blue to red. Side chains of key amino acids that are part of
functional domains are highlighted in orange. Three domains of special
interest in this study are scaled up: The Schiff base network is stabilized
by a complex counterion consisting of Glu1133.28; the TM3/TM5
network consists mainly of Glu1223.37, Trp1263.41, and His2115.46 and
stabilizes the dark state position of TM5; and the ionic lock is constituted
by Arg1353.50 and several surrounding groups (Glu1343.49, Glu2476.30,
and Thr2516.34) fixing its position and preventing TM6 from outward
movement. (B) Top view of the cytoplasmic surface of dark state
rhodopsin depicting the inactive conformation of the ionic lock (cf.
A). (C) Top view of the structure of ligand-free opsin (PDB ID:
3CAP11) representing the active conformation of the ionic lock.
Arg1353.50 binds to Tyr2235.58 via hydrogen bond, and Glu2476.30

and Thr2516.34 build up new linkages to Lys2315.66 from TM5, thereby
stabilizing the new arrangement of TM3/TM5 and TM6.

Scheme 1
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at 4 �C for 1 h.Thereafter the sampleswere dialyzed against 0.5 Lof bufferA
with 1 mMDTT and 2 g of Calbiosorb adsorbant (Merck, Germany) for 5
days at 10 �C by daily buffer exchange. Sandwich samples were prepared
without any drying, as described earlier.26 To achieve complex formation
with the G-protein derived peptide CTR [GtR(340�350)K341L,
NH2�ILENLKDCGLF�COOH] a 10 mM solution was added to the
protein sample before centrifugation to reach a final concentration of 5mM
CTR peptide.
Coupled UV�Vis and FTIR Spectroscopy. An OLIS Rsm16

UV�vis spectrophotometer was coupled to the Bruker ifs66v/s FTIR
spectrometer via fiberoptics to collect absorbance spectra in the region
350�570 nm and FTIR difference spectra in parallel. Illumination was
performed with LEDs for 3 s with λmax = 530 nm at 30 �C or 10 s with
λmax = 590 nm at 0 �C to prevent formation of isorhodopsin, which can
form by photolysis of the Lumi and Meta I intermediate.
Activation Measurements. To determine receptor activity, we use

the intrinsic tryptophan fluorescence assay.27 Activity can only properly be
determined in detergent, because in lipid vesicles other rate-limiting steps,
such as the association of soluble Gt with the membrane, become rate-
limiting.28 Furthermore, in vesicles the Meta I/Meta II ratio is strongly
shifted toward Meta I for Y223F,10 so it is impossible to obtain adequate
amounts of Meta II for determination of the activation rate. At pH 6 we
mixed 1.5 nMof solubilized receptor protein (0.006%DDM29) and 600 nM
Gtwith 5μMGTPγS and triggerednucleotide exchange by 10 s illumination
with λ > 540 nm. After 6 min, excess light-activated wild-type rhodopsin is
added to activate all Gt present in the sample. The traces are normalized to
the total amount of Gt, and the apparent activation rates are given by the
initial slope calculated by least-squares fits. The gray line represents a control
measurement without receptor; the other traces are corrected for this
spontaneous Gt activity.
Data Processing. The calculated time-dependent FTIR absorbance

difference spectra are analyzed by a specially designed combination of
singular value decomposition and global analysis to increase signal-to-noise
ratio.26 The fastest component is usually taken for further analysis, while
slower components are related to the decay process and sample instability.
All spectra (except pH 8, 0 �C) that contain Meta I are corrected for this
amount of Meta I. The amount was estimated by least-squares fits of the
FTIR region between 1050 and 940 cm�1 to pure Meta I and Meta IIbHþ

spectra or by the 480 nm UV�vis absorbance. In other words, we first
subtracted theMeta I fraction to eliminate themutant-specific pKa shift of the
Meta I/Meta II equilibrium, to calculate afterward the mutants minus wild-
type double difference spectrum (see Supporting Information Figure 1).

Insets show the corresponding UV�vis difference spectrum photoproduct
minus dark state without any further processing.

’RESULTS

G-ProteinActivationbyWild-Type and Tyr223Mutants. In
a first experiment (Figure 2), the catalytic activity of purified
recombinant rhodopsin and of the Y223A, Y223F, and Y223E
mutants was determined by monitoring the intrinsic tryptophan
fluorescence change in the G-protein resulting from GTPγS
uptake.27 To exclude the influence of the lipid environment on
the equilibrium between active and inactive species, we per-
formed the experiments in detergent micelles in which for wild-
type rhodopsin theMeta equilibria are completely shifted toward
Meta IIb/Meta IIbHþ (for details, see Materials and Methods).
We find 6%, 41%, and 46% of the wild-type activation rate for
Y223A, Y223E, and Y223F, respectively. Obviously, the Y223F
mutant still exhibits 40% of a 480 nm absorbing species under
these conditions (Figure 2, inset). This suggests that the actual
activation rate is even higher than the apparent rate when only
the Y223F-Meta II species are considered (up to 65% of wild-
type activity).
FTIR Spectroscopy of Tyr2235.58 Mutants at pH 8 and 0 �C.

In order to elucidate themolecular reasons for the reduced catalytic
activity, the impact of Tyr2235.58 mutation on the Meta intermedi-
ates was investigated by FTIR difference spectroscopy. We re-
corded the illuminated state minus dark state FTIR difference
spectrum of wild-type rhodopsin at pH 8 and 0 �C and of the
Y223A, Y223F, and Y223E mutants under identical conditions
(Figure 3A and Supporting Information Figure 2A) and calculated
the double difference spectra (for detailed information, see meth-
ods section and Supporting Information Figure 1). The photo-
product minus dark state difference spectra of the mutants are
shown as gray lines for direct comparison, and the respective
UV�vis difference spectra are given as insets. Neither the 500 nm
dark state absorption maximum nor the 480 nm absorption of the
Meta I intermediate is significantly influenced by the mutations.
Alterations at þ1745/�1720 and þ1236 cm�1 are revealed by

the FTIR double difference spectra indicating small differences
between wild-type Meta I and the photoproduct of the mutants
(superscripted þ or � denotes the orientation of the band). All
mutants show very similar deviations fromwild-type, andH2O to
D2O exchange does not affect these bands (Supporting Informa-
tion Figure 3).
Meta IIa and Meta IIb Formation at 30 �C, pH 8. Increasing

the temperature to 30 �C leads to the formation of Meta IIa and
Meta IIb at the expense of Meta I.30 As seen in the UV�vis
difference reflecting the Meta I/Meta II ratio (Figure 3B, insets),
wild-type, Y223A, Y223F, and Y223E exhibit a ratio of 35:65,
35:65, 60:40, and 35:65, respectively. In wild-type rhodopsin,
FTIR bands typical for Meta IIa (�1768 and þ1687 cm�1) and
Meta IIb (þ1745, �1656, and þ1643 cm�1) monitor the frac-
tions of these intermediates24 (Figure 3B). Corresponding
spectra were also recorded for the Tyr2235.58 mutants. For better
comparison of the Meta IIa and Meta IIb species, the specific
amount of Meta I present in each sample was subtracted before
the double differences were calculated. The original difference
spectra are shown in Supporting Information Figure 2B.
We find only small deviations in the structurally sensitive amide I

region (þ1664,�1643 cm�1) for Y223A,whichmost likely originate
from different rotameric states of the Tyr2235.58 side chain and their
influence on the backbone vibration. Polar interactions of Tyr2235.58

Figure 2. G-protein activation assay. The G-protein activation capacity of
purified wild-type rhodopsin and of the Y223A, Y223F, and Y223E
mutants determined bymonitoring time-resolved tryptophan fluorescence
changes in the G-protein resulting fromGTPγS uptake at 20 �C and pH 6.
TheGt activation rates are 100% (wild-type), 46% (Y223F), 41% (Y223E),
and 6% (Y223A). Y223F does not show complete conversion to Meta II
(inset). This suggests an even higher activation rate for Y223F-Meta II.
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are excluded since tyrosine/tyrosinate specific difference bands are
lacking in the Y223A double difference. In contrast to this, Y223F
mutation shifts theMeta equilibria towardMeta I, as indicated by the
larger 480 nm absorption in the UV�vis difference spectrum.
Specific alterations in the FTIR difference spectrum of this mutant
are the double difference bands at �1237/þ1201 cm�1 (retinal
fingerprint region), a large positive band above 1550 cm�1, several
features in the amide I region between 1600 and 1700 cm�1, and the
band centered at �1745 cm�1 (carbonyl stretching vibrations).
However, the typical Meta IIa bands at �1768 and þ1687 cm�1

exhibit intensities comparable to the wild-type, demonstrating that
Y223F mutation does not directly influence Schiff base deprotona-
tion. All Meta IIb characteristics have little if any intensity, showing
that Meta IIb formation is impaired by this mutation. The strongly
reduced bands at þ1745/�1727 cm�1 have been assigned to
changes of the TM3/TM5 network (cf. Figure 1A)31 which occur
in parallel with TM6 outward movement.24 It seems likely that the
large deviations in the carboxylate (above 1550 cm�1) and

fingerprint regions (�1237/þ1201 cm�1) reflect the inhibition of
activating changes in the Glu2476.30/Thr2516.34 and Lys2315.66

network depicted in the opsin structure in Figure 1C, the latter
residue constituting the counterpart of Tyr5.58 in the Y5.58X7K-
(R)5.66 motif. We note that Y223F depletes Meta IIb but not Meta
IIa by blocking TM5movement. This leads to a shift of the coupled
equilibria to Meta I. The UV�vis difference spectrum of Y223E
indicates the same ratio of Meta I/Meta II species as in Y223A and
wild-type. Additional bands in the amide I and amide II region of the
Y223E difference spectrum reflect even larger structural changes
than observed with the wild-type (�1656 and �1550 cm�1), most
likely due to polar interactions of the carboxylate of Y223E in the
rhodopsin dark state.
Meta IIbHþ at 30 �C, pH 5. In Figure 3C we present the FTIR

difference spectrum of wild-type rhodopsin recorded under con-
ditions favoringMeta IIbHþ formation. At this low pHnoMeta I is
formed in wild-type rhodopsin, and in the UV�vis spectral range
only the absorption with maximum at 380 nm is observed

Figure 3. Coupled UV�vis and FTIR spectroscopy of wild-type and mutant photointermediates. (A)Wild-type and Y223A, Y223F, and Y223E minus
wild-type double difference spectra recorded at pH 8, 0 �C (Meta I conditions), superimposed with the mutant Meta I differences (gray). The UV�vis
difference spectra (insets) show a 500�480 nm transition, indicating a dark state toMeta I transition. The FTIR double difference spectra indicate small
alterations introduced by the mutation of Tyr2235.58. Interestingly, all mutants show very similar deviations compared to the wild-type. (B) The spectra
recorded at 30 �C, pH 8, were corrected for Meta I content and therefore represent the dark state toMeta IIa/Meta IIb transition. The same experiment
was performed with the mutants (gray), and subsequently the Y223A, Y223F, and Y223Eminus wild-type double difference spectra were calculated. (C)
Photoproduct minus dark state difference spectrumwild-type at pH 5, 30 �C, indicates the formation ofMeta IIbHþ. The bands in the double differences
represent structural deviations between wild-type Meta IIbHþ and the respective photoproducts of the mutants. (D) Photoproduct minus dark state
difference spectrum in the presence of CTR peptide recorded at 30 �C, pH 5 (Meta IIc). The mutants’Meta IIc state minus wild-type Meta IIc double
difference spectra represent structural changes in the receptor/peptide complexes caused by the mutations (see Results section for detailed description).
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(Figure 3C, inset). The same applies to the Y223A and Y223E
mutants, while the Y223F still shows 10% Meta I. As for the other
intermediates, this amount was subtracted for better comparison
before calculation of the FTIR double differences. A very similar
pattern of double difference bands in the amide I (þ1664/�1658
and �1644 cm�1) and amide II (around 1550 cm�1) regions is
found for all mutants, suggesting a similar influence of all mutations
on the structure of Meta IIbHþ. Y223F mutation leads to larger
double difference bands at þ1692, þ1623, and þ1559 cm�1, while
Y223Emutation exhibits smaller differences, especially with respect
to the amide I band at þ1644 cm�1. The similarity of all double
differences lets us conclude that under these low pH conditions,
where Glu1343.49 becomes protonated, Arg1353.50 is released in all
mutants from the intrahelical salt bridge.
FTIR Spectroscopy of the Meta IIc 3CTr Complex. The high

receptor protein concentration (∼3 mM) in the sandwich samples
used for FTIR spectroscopy makes it impossible to add stoichio-
metric amounts of G-protein for studies of receptor-G-protein
coupling. Therefore, an 11-mer G-protein derived peptide, GtR
(340�350) K341L (CTR), was used, which is known to stabilize
the active conformation similar to the holoprotein.32,33 NMR
investigations have detected a random coil to R-helix transition of
the native GtR(340�350) peptide upon complex formation.34 In
addition to the structuring in the CTR peptide, complex formation
leads to conformational changes in the receptor protein.35 The
receptor intermediate that forms in the presence of the peptide
represents the G-protein interacting species and is termed Meta IIc
in the following.
Compared to Meta IIbHþ, the wild-type Meta IIc difference

spectrum (Figure 3D) exhibits mainly two additional bands at
þ1658 cm�1 (amide I) and þ1550 cm�1 (amide II). The sharp
amide I band was assigned to structural changes of the receptor,
indicating differences between Meta IIbHþ and the CTR bound
form. The amide II band comprises changes in both the receptor
and peptide.35 In theMeta IIc spectra of themutants, the intensities
of these bands are significantly reduced, as shown by the double
difference bands at �1658 and �1550 cm�1. These features appear
clearly against the background of deficiencies of the mutant
precursor states, which indicates that the structural deficiencies of
Meta IIbHþ are still present in Meta IIc. The intensity of these
bands can by qualitatively correlated with the mutant activity, as
measured by intrinsic fluorescence change (cf. Figure 1). The band
atþ1658 cm�1 is least affected by Y223Emutation, whereas Y223F
exhibits less deviations around 1550 cm�1. The double difference
band at þ1559 cm�1 present in Meta IIbHþ of Y223F disappears
upon CTR binding. This is exactly the region where the peptide
structuring is monitored.35 We conclude that the polar side chain
of Y223E accomplishes the receptor structural changes at least
partially, whereas the phenyl ring of Y223F suffices to induce
R-helical structure in the CTR peptide. In both regions the Y223A
mutation exhibits the largest differences to wild-type, demonstrat-
ing that Y223A cannot perform either of these tasks of Tyr2235.58,
which is in agreement with the largely reduced activity of this
mutant.

’DISCUSSION

The crystal structures of rhodopsin’s active state8,36 suggest a
stabilizing role of Tyr2235.58 in forming the CTR binding site by
involving the guanidine side chain of Arg1353.50 in a strong
hydrogen bond. This interaction leads to a new orientation of
the Arg1353.50 side chain so that the unboundNH2 of its guanidine
group points toward the cytoplasmic surface, thereby eventually
providing a hydrogen bond donor for binding of CTR. Y223F and
Y223E show considerably higher activity toward the G-protein
than the Y223A mutant, suggesting that both the hydroxyl group
and the hydrophobic phenyl ring of the tyrosine phenol side chain
codetermine the activity. Combining this information with
UV�vis and FTIR spectroscopy enables us to investigate the
development of binding site formation and G-protein coupling in
molecular detail. Extending the three-step activation scheme of
Meta intermediates (Scheme 1), the discussion of the results will
be based on Scheme 2.
TheMeta I State (Schiff Base Counterion Shift).TheMeta I

intermediate accumulating at low temperature (Figure 3A) and
basic pH appears in all mutant rhodopsins with small but distinct
deviations from wild-type. This indicates that neither the intro-
duction of a polar side chain nor the presence of the phenyl ring is
sufficient to restore a complete dark state to theMeta I transition.
Already at this stage of the light-induced transduction path
the signal is transmitted from the photosensory ligand to the
cytoplasmic domain, in which Tyr2235.58 is located. Therefore,
we tentatively assign the band at þ1236 cm�1 to a tyrosine
vibration of themutated Tyr2235.58 itself, since tyrosine is known
to cause absorptions in this region which, as observed, may not be
affected by deuteration.37,38 The same insensitivity to H2O/D2O
exchange is seen with the band at þ1745 /�1720 cm�1, which is
thus most likely not due to a protein carbonyl but caused by a
lipid ester group, as already reported for the transition to Meta
II.39 Since very similar differences are observed when Meta I is
stabilized in detergent micelles,31 we envisage an interaction
between Tyr2235.58 and a lipid molecule, which is changed in the
Meta I state depending on a movement of TM5. This is in line
with a recent FTIR study using azido-labeled side chains, which
has proposed an outward movement of TM5 and rotation of
TM6 as early as with Meta I formation.40

Formation of Meta IIa (Schiff Base Deprotonation). No
significant impact of any of the mutations was detected on the
step that follows on Meta I. The intensity of the Meta IIa marker
bands (Figure 3B) is very similar in all mutants and wild-type,
demonstrating that Schiff base deprotonation is not affected by
the properties of the side chain at position 223. In agreement
with earlier studies,4 this step is not linked to major structural
changes occurring around Tyr2235.58.
Formation of Meta IIb (Gross Structural Changes). In Meta

IIb, TM6 is released from the helical bundle,18 and the interactions
between Glu2476.30/Thr2516.34 and Arg1353.50 are broken. This
most significant conformational conversion in the activation pro-
cess results in the cleft between TM3/5 andTM6, thus providing a
binding site for the Gt R-subunit.12 When Tyr2235.58 is exchanged
against alanine, the intensities of the Meta IIb typical FTIR bands
(Figure 3B) are only slightly influenced and the Meta I/Meta II
ratio remains the same. This shows that the Tyr2235.58 side chain
is not unconditionally needed to induce breakage of the
Glu2476.30�Arg1353.50�Thr2516.34 network, which leads to
TM6 outward movement. The spectroscopic features collec-
tively indicate that TM3, TM5, TM6 remain in their inactive

Scheme 2
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arrangement in Y223F.Conceivably, without the phenolOHgroup
the bulky, apolar phenyl ring is not capable of entering the polar
environment around Arg1353.50. Also other factors may influence
the in/out equilibrium of the side chain at position 223: Tyrosine is
known to “snorkel”41 in the lipid bilayer surrounding the mem-
brane protein, and the lack of the OH group means a dramatic
change in this property. Eventually, TM5 is hindered to adopt its
active, inward tilted conformation, leading to the notion that early
structural alterations of TM5 are a prerequisite for TM6 outward
movement and also for the formation of the hydrogen bond
network involving Glu2476.30, Thr2516.34, and Lys2315.66 (cf.
Figure 1 C). In turn, we conclude that in Meta IIb the
Tyr2235.58 side chain enters the environment around Arg1353.50

to provide an acceptor for the guanidinium group.
Formation of Meta IIbHþ (Proton Uptake). Tyr2235.58

mutation has a strong impact on this process, which is linked to
the uptake of a proton from the cytoplasm.The data clearly indicate
that all mutants exhibit very similar defects in this state. We
conclude that only the complete phenol side chain of Tyr2235.58

is able to bind Arg1353.50 via hydrogen bond, and this occurs when
the salt bridge between Arg1353.50 and Glu1343.49 is broken. Thus,
the pKa of proton uptake by Glu134

3.49 is decisively defined by the
molecular characteristics of Tyr2235.58. In line with the two crystal
structures of active opsin and of the reversibly formed Meta II, this
interaction remains intact also in the subsequent transition toMeta
IIc.8,11,12 The two constituents, Tyr2235.58 and Lys2315.66, of the
Y5.58X7K(R)

5.66 motif appear to stabilize the active helical arrange-
ment. Both do not adopt their active conformation in the Y223F
mutant, resulting in the strong shift to Meta I. This does not apply
for the other mutants, where the TM5 inward movement occurs
and at least the Glu2476.30�Lys2315.66 lock can form.
Formation of Meta IIc (G-Protein Interaction). Gt or CTR

peptide stabilizes the Meta IIc intermediate by a hydrogen bond
between Arg1353.50 and the backbone carbonyl of Cys347CTR.
Unfortunately, receptor activity and the FTIR bands reflecting
the underlying structural conversions cannot be quantitatively
correlated because of the difference in the measuring system
(detergent solution vs lipid vesicles). We observe the most
significant structural deviations between the mutants and the
wild-type for the mutant with the lowest activity (Y223A). Also
the relatively high activities of Y223E and Y223F can also be
explained at least qualitatively: the Y223E can provide in part the
orientation and stabilization of Arg1353.50, while the phenyl
group of Y223F is able to build up hydrophobic interactions
with the G-protein. A decisive role of hydrophobic interactions is
also consistent with the high affinity of peptide analogs, in which
polar residues are replaced with hydrophobic ones.42,43 Available
structural information of the opsin�CTR complex also empha-
sizes the role of hydrophobic contacts and suggests that the
corresponding entropy gain may provide a large contribution for
efficient signal transduction.

’CONCLUSION

The salient result of this study is that the distinctive side chain
characteristics of a highly conserved residue play a decisive role for
different steps during the activation process of the prototypical class
A GPCR rhodopsin and for subsequent signal transfer to the
G-protein.We have seen that the complete lack of a side group ring
system allows the activating conformational changes to proceed to
the last of the Meta intermediates, but the receptor fails to activate
its G-protein because of the lack of hydrophobic interactions. The

phenyl moiety alone without the hydroxyl group provides large
hydrophobic interaction capacity but strongly impairs opening of
the binding site. The hydroxyl group is involved in the stabilizing
interaction with Arg1353.50 and comes into play in concert with the
proton uptake reaction. The phenol side chain of tyrosine provides
all features, the capability to accumulate the active state, the polarity
to ensure the proper active conformation, and the bulky hydro-
phobic ring system required for efficient G-protein activation. It is
likely that the high conservation of Tyr2235.58 among class A
GPCRs10 is based on the unique combination of these features.
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