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Abstract: The mammalian visual dim-light photoreceptor
rhodopsin is considered a prototype G protein-coupled recep-
tor. Here, we characterize the kinetics of its light-activation
process. Milligram quantities of a,e-"N-labeled tryptophan
rhodopsin were produced in stably transfected HEK293 cells.
Assignment of the chemical shifts of the indole signals was
achieved by generating the single-point-tryptophan to phenyl-
alanine mutants, and the kinetics of each of the five tryptophan
residues were recorded. We find kinetic partitioning in
rhodopsin decay, including three half-lives, that reveal two
parallel processes subsequent to rhodopsin activation that are
related to the photocycle. The meta Il and meta Ill states
emerge in parallel with a relative ratio of about 3:1. Transient
formation of the meta IIl state was confirmed by flash
photolysis experiments. From analysis of the site-resolved
kinetic data we propose the involvement of the E,-loop in the
formation of the meta III state.

One of the most thoroughly studied G protein-coupled
receptors (GPCRs) is the mammalian visual dim-light photo-
receptor rhodopsin. The apo-protein, referred to as opsin, is
covalently attached to the chromophore 11-cis-retinal
through formation of a Schiff base. Photon absorption results
in the isomerization of retinal to the all-trans configuration
and conformational changes in the protein through a complex
photocycle in which several intermediate states are transi-
ently populated. These states differ significantly in their light
absorption, structure, and dynamics and have been intensively
studied.”! The absorption maximum of the rhodopsin-bound
chromophore shifts from 380 to 570 nm during the photocycle
(Figure 1).1*3 Crystal structures are available for four of the
kinetically identified intermediates, while some intermediates
can be captured at low temperatures and in time-resolved
experiments."* The metarhodopsin I (meta I) state is the first
state, where significant helix rearrangements occur.’! The
photocycle can progress via two different intermediates,
metarhodopsin II (meta II, 1 =380 nm) or metarhodopsin I1I
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(meta III, 1 =465 nm).""! After reaching the meta II/meta III
states, the photocycle slows down significantly to a regime on
the minute timescale.l” The conversion of meta I into meta II
is the major pathway and constitutes the key event in the
photocycle. The absorption maximum (4,,,) is shifted by
about 100 nm (4 =478 nm to A =380 nm). The meta I state is
inactive, and it is the meta II state® that transmits the light
signal to the visual G protein. The lifetime of the interaction
of the G protein with rhodopsin has been reported to last
approximately 100 ms and is interrupted by rhodopsin kinase
and arrestin.® The active meta II state has a life-time of
several minutes and decays to opsin and retinal.”! The
formation of meta III from metal has been reported to
represent a minor pathway. Since the meta III state is not
active in signaling,””’ it is thought to represent a storage state
of the light-receptor rhodopsin that is important for regen-
eration of the photoreceptor. This storage of activated
rhodopsin could also play a significant role in the light
adaptation process, since an already saturated light receptor
cannot be excited further.!

The changes in the photophysics of retinal are linked to
structural and dynamic changes in the protein. A number of
crystal structures have been solved (see Figure 1231011y We
linked those crystal states by molecular morphing (see
Movie S1 in the Supporting Information). From inspection
of the movie, it is apparent that the most important conforma-
tional change during the photocycle is a tilt movement of
helix 6 induced by disruption of the interaction network at the
cytoplasmic ends of helices 3 and 6, commonly referred to as
the “ionic lock” and involving the highly conserved D/ERY
motif in helix 3 (see Movie S1 at times (min:s) 0:09-0:22 ). In
a concerted process, a second set of interactions involving the
cytoplasmic end of helix 7, especially F313, and helix 8, are
rearranged, in particular of Y306 which is part of the
conserved NPXXY motif (see Movie S1 at times 0:24—
0:37).12

While these crystal structures provide snapshot views of
major intermediates in the photocycle, understanding the
dynamics of the transitions between conformations in solu-
tion and especially of the competing decay paths from meta I
to meta II or meta III requires studies under more physio-
logically relevant conditions. NMR spectroscopy in solution is
ideally suited to address these questions.">'¥l The kinetics of
the photocycle have previously been monitored by 1D "“F
NMR spectroscopy, and '°F chemical shifts could be differ-
entiated between dark and meta II states as well as during the
decay of meta IL.I*!

To gain insight into the dynamic equilibrium of structures
formed upon activation with light, we carried out time-
resolved solution NMR experiments on a,e-""N-tryptophan-
labeled rhodopsin, complemented by optical data from flash
photolysis experiments. We unambiguously assigned all five
tryptophan resonances in dark-state rhodopsin, thus allowing
us to measure the kinetics for the five tryptophan reporter
signals upon activation with light. Analysis of the kinetic data
reveals differences in the decay kinetics of the five signals and
a significant kinetic partitioning of the decay of light-
activated rhodopsin, thereby suggesting that both meta II
and meta III states are populated under our experimental
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Figure 1. The photocycle of bovine rhodopsin, adapted from Ref. [1]. The photocycle involves
several intermediates defined by their absorption characteristics. The first detectable intermediate
after illumination is photorhodopsin, and subsequent intermediates emerge through thermal
relaxation: The conversion of meta | into meta Il is a key event within the rhodopsin photocycle,
and constitutes the transition from the inactive state to the signal-transducing state of rhodopsin.
In the meta Il state, the Schiff base is deprotonated and the retinal is present in its all-trans-15-anti
configuration. During the decay of meta I, retinal dissociates from rhodopsin, thereby resulting in
free retinal and opsin. Meta Ill is an alternative intermediate on a second meta | decay pathway.

all-trans-15-anti-retinal

failed because of an insufficient
signal-to-noise ratio in the correla-
tion experiments.'**'3 Therefore, we
assigned the five tryptophan indole
resonances by utilizing single-point
tryptophan to phenylalanine mutants.
Each of these rhodopsin mutants
then shows only four of the five
NMR resonances in the indole
region (Figure 2B). Rhodopsin was
illuminated in situ in the NMR spec-
trometer by using an argon ion laser
as the light source that was coupled to
the NMR measuring tube through
fiberglass optics.’® By using fast
NMR-acquisition schemes optimized
for spectral resolution through
a highly narrow spectral width in
the indirect dimension it was possible
to record a series of heteronuclear
2D NMR spectra of a,e-"’N-trypto-
phan-labeled rhodopsin with a tem-
poral resolution of one minute. The
first 2D 'H,"N-SOFAST HMQC
spectrum after the illumination
pulse is shown in Figure 3 (see Fig-
ure S5 in the Supporting Information
for the series of 2D 'H,"N-SOFAST
HMQC spectra recorded subse-

conditions, a proposal fully supported by the reported flash
photolysis experiments. "N-Filtered NMR spectra of a,e-">N-
tryptophan-labeled rhodopsin show five proton resonances in
the indole region which correspond to the five tryptophan
moieties present in bovine rhodopsin (Figure 2, Figure S1).
The '"H NMR spectra of unlabeled rhodopsin show several
additional signals stemming from backbone amide protons in
this region (see Figure S2). Previous attempts to assign the
NMR chemical shifts of the tryptophan indole resonances

a) HOOC-APAVQSTET

quently in one minute intervals). As a result of previous
kinetic analyses revealing that the early intermediates have
very short lifetimes, we can assign the first spectrum after
illumination to a mixture of states mainly composed of
meta IT and meta III states. During the meta II/III decay, the
Schiff base is cleaved and retinal is irreversibly (in vitro)
released from rhodopsin. The dissociation of retinal from
opsin initiates aggregation, thus resulting in a decrease in the
signal intensities over several hours.
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Figure 2. a) Secondary structure of bovine rhodopsin. The five tryptophan residues (W35, W126, W161, W175, and W265) used as reporter groups
in the NMR experiments are indicated. b) Overlay of the indole region of 1D "H NMR spectra of a,&-"’N-tryptophan-labeled dark-state rhodopsin
and the tryptophan to phenylalanine mutants: W35F, W161F, W175F, and W265F.
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Figure 3. SOFAST HMQC spectra of the indole region of dark-state
rhodopsin (blue) and light-activated-state rhodopsin (red). NMR
chemical shift assignments in the dark state were transferred from 1D
dimensional NMR spectra. Spectra were recorded at 800 MHz proton
frequency at T=298 K.

NMR chemical shifts are highly sensitive to the chemical
environment, and the resonance pattern changes significantly
after illumination. Only the resonances for W35 and W175
show relatively small changes in their chemical shifts upon
activation with light (Figure 4a). In contrast, the resonances
corresponding to W161 and W265 in the dark state are no
longer observable in the light-activated state of *N-labeled
rhodopsin immediately after illumination. The resonances
corresponding to W265 recover and rise to a maximum after
approximately 15 minutes, while the resonance corresponding
to W161 can be detected only in unlabeled rhodopsin at
higher concentrations (see Figure S2). The chemical shift of
the resonance corresponding to W126 undergoes a large
perturbation. Kinetic deconvolution of the decay data after
light activation reveals three time regimes (Figure 4). The first
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half-life (¢,) is in the range of four to five minutes, the second
process has a half-life (z,) in the range of 21 to 25 minutes, and
the third process has a half-life (#;) on the order of two to
three hours. The half-life #; has large error bars and can be
detected only through changes in the amplitude of signals
corresponding to W175 and W265. Half-life #; most likely
corresponds to an aggregation process initiated after the
dissociation of retinal from opsin. This conclusion is also
supported by the observation that the kinetics are irreversible
and the end state is invisible to solution-state NMR spectros-
copy. Aggregation of rhodopsin is also confirmed by precip-
itation in the NMR tube after several hours. We thus
disregard this third process, since the half-life of 2-3 h
exceeds the time range of the physiological activity of
rhodopsin. Kinetic analysis could also be conducted with
two mutants of sufficient concentration (see Figure S4). The
process corresponding to the time constant #; shows an
amplitude of 73 £8 %, whereas the slow process shows an
amplitude of 26 +7 %.

To confirm that the meta III state indeed forms under our
NMR conditions (solubilized protein in n-dodecyl-p-p-malto-
side (DDM) micelles), we performed flash photolysis experi-
ments under identical conditions. The meta III absorption
maximum (1 =465 nm) differs considerably from the absorp-
tion maximum of the meta II state (A =380 nm) and is close to
the absorption maximum of the dark state (4=3500nm).
Continuous illumination led to a depletion of the absorption
maximum of the dark state and a rise of an absorption around
380 nm (Figure Sa), which corresponds to the meta II state.
Time-resolved absorption changes at 500 nm and 380 nm after
photoexcitation revealed an interconversion of both species
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Figure 4. a) A series of 1D '"H NMR spectra of a,&-"°N-tryptophan-labeled rhodopsin recorded at different time intervals after illumination. The
indole region of the spectrum is shown. The five resonances visible in the dark state correspond to the five tryptophan residues present in
rhodopsin. Subsequent to illumination, 1D 'H spectra were recorded with a temporal resolution of one minute. The blue spectrum corresponds to
the indole region of dark-state rhodopsin and the red spectrum corresponds to the light-activated state of rhodopsin. The dashed lines connect
the corresponding resonances before and after illumination. For W161, the dashed connection was transferred from 1D 'H NMR spectrum of the
unlabeled rhodopsin sample (see Figure S2). b) Extracted signal intensities from the series of 1D "H NMR spectra of a,&-"°N-tryptophan-labeled
rhodopsin. The signal intensities were normalized and plotted as a function of time. Different fitting routines have been applied to accommodate
for the individual graph properties of each signal row. A mono-exponential fitting routine was applied for the signal intensities of W35 and W161,
a biexponential fitting routine was applied for the signal intensities of W126 and W175, and a triexponential fitting routine was applied for the
signal intensities of W265. c) Half-lives for each tryptophan indole ring were extracted by exponential fit (Figure S3).
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Figure 5. a) Absorption spectra of the rhodopsin dark state (blue) and after continuous illumination (red).
The corresponding difference spectrum is depicted in gray. b) Time-resolved absorption changes after
photoexcitation with a short laser pulse (5 ns) monitored at 380 nm (blue) and at 500 nm (green).

c) Difference spectra between the absorption spectra of rhodopsin after photoexcitation at different time
points and the dark state (black). d) Double difference spectra from the spectra shown in (c).

on a timescale of hundreds of microseconds (Figure 5b). The
photoproduct itself decays further on a timescale of tens of
seconds. Difference spectra and double difference spectra at
distinct delay times after laser excitation are depicted in
Figure 5c,d. The difference signal decays on a timescale of
several minutes. At least three different species cause the
spectral changes.['l The UV-absorbing species meta II rises on
a millisecond timescale at 380 nm. The later photointermedi-
ate exhibits a bathochromic shift (465 nm) characteristic of
meta III. After a few minutes, the meta III state converts into
a species where the retinal is released from the Schiff base.
The free retinal exhibits an absorption maximum around
380 nm.

The time-resolved NMR experiments reveal that the
tryptophan reporter groups were affected differently in the
two states, in line with the previous conclusion that motions in
rhodopsin are segmental."® W126, W161, and W265 show
a common half-life of approximately four to five minutes,
which corresponds to decay kinetics of the meta II state. The
three largest chemical shift perturbations correspond to the
tryptophan residues (W126, W161, W265), which show the
same first half-life ¢;, whereas the two minor chemical shift
perturbations correspond to the tryptophan residues (W35
and W175), which do not report on the fast kinetics associated
with ¢;. Thus, the kinetic data and chemical shift perturbation
data are in agreement. Furthermore, W126, W161, and W265
are highly conserved among GPCRs,"! thereby emphasizing
the importance of these residues in the activation process of

www.angewandte.org
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450 500 550 600 These values are highly con-
sistent with ratios of
meta [I/meta III previously
determined by fluorescence
spectroscopic studies that
support the presence of
a meta III state under our
conditions used for NMR
spectroscopy.?”l The NMR
data reveal that the meta II and meta III states emerge in
parallel in a relative ratio of approximately 3:1, which was
unambiguously confirmed by flash photolysis experiments. In
the meta II state, rhodopsin is active and induces the visual
signal transduction cascade, while no signal transduction is
observed for the meta III state, thus indicating that the
structural differences between the two states are directly
related to activity.

The kinetic behavior observed for tryptophan residues
can be classified into three different types: 1) meta II only,
2) meta IT and meta III, and 3) meta IIT only. One residue,
W161, shows only meta II kinetics. W161 is located in the
middle of helix 4 and, even though this helix is not involved in
the most intense structural rearrangements, it is directly
adjacent to helix 3 and is affected by the large rearrangement
process involving helix 3 (see Movie S2 at 00:07-00:19, and
Figure S6). This influence is indeed observable by the change
in the signal intensity of W161 as detected in the 1D '>N-
filtered '"H NMR spectra (Figure 4a). In contrast, W126 and
W265 show meta II and meta III kinetics. Their involvement
in both processes is in agreement with what is seen in flash
photolysis experiments, where retinal kinetics can be
recorded, and can be rationalized in the context of the
rhodopsin structure, because both residues, W126 and W265,
are tightly linked to the retinal. For W265, the interaction of
its indole ring with the {3 ionone ring of retinal is disrupted
upon rhodopsin activation, visible in the lumirhodopsin
intermediate, and the retinal is free to relax and move (see

Angew. Chem. Int. Ed. 2014, 53, 2078 —2084
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Movie S2 at times 00:20-00:32, and Figure S6). The rear-
rangement contributes significantly to the meta Il and
meta III kinetics observed for W265, since retinal is released
from rhodopsin in both intermediates and leads to a signifi-
cant change in the chemical environment. The structural
reorientation of retinal drives the rearrangement of the
hydrogen network that connects helix 3 with helix 5 in which
W126 is involved (see Movie S2 at times 00:32-00:44, and
Figure $6).' W126 takes part in this hydrogen-bond network
and is thus modulated by the same process. The changes in the
signal intensity of W126 are attributed to the significant
changes in the hydrogen-bond pattern between residues
W126, E122, and H211 (see Movie S2 at times 00:32-00:44,
and Figure S6).

Finally, W35 and W175 show exclusively meta III kinetics.
The two residues are located in the extracellular domain at
the N-terminal end of helix 1 and the E,-loop, respectively
(see Movie S2 at times 00:44-00:56 and at 00:56-01:09,
respectively, and Figure S6). The large structural rearrange-
ments known for the meta II state are not observed in the
vicinity of W35 and W175. As a consequence of their unique
position at hinge regions, both residues are not structurally
perturbed during the photocycle, which is consistent with the
comparatively small changes in the chemical shift seen upon
activation with light (Figure 4 a). Despite the spatial distance
to the retinal, the decays of their NMR signals display
meta III kinetics. Since both tryptophan residues are located
close to the E,-loop of rhodopsin, it is tempting to speculate
that the E,-loop plays a major role in the formation and decay
of meta III. The E,-loop contains 3-sheet secondary structural
elements that are part of the retinal binding pocket and,
importantly, the disulfide bridge connecting the [-sheet to
helix 3 that is crucial for stability and folding of rhodopsin.”
The E,-loop is also involved in ligand binding in many other
GPCRs.»

In addition to affording functional insight into the
rhodopsin activation process, the experiments presented
here also constitute an important advance in method devel-
opment for the study of membrane protein structure and
dynamics in solution: we show that time-resolved liquid-state
NMR spectroscopy can be utilized to characterize the kinetics
of structural changes of membrane receptors. The technique
provides, therefore, a unique opportunity to link information
from structural snapshots obtained by X-ray crystallography
with spatially resolved kinetic information in solution.
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