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Abstract

Continued activation of the photocycle of the dim-light receptor rhodopsin leads to accumulation
of all-trans-retinal in rod outer segments (ROS). This accumulation can damage the photoreceptor
cell. For retinal homeostasis, deactivation processes are initiated in which the release of retinal is
delayed. One of the processes involves binding of arrestin to rhodopsin. Here, we investigate the
interaction of pre-activated truncated bovine visual arrestin (Tr) with rhodopsin in 1,2-
diheptanoyl-sn-glycero-3-phosphocholine (DHPC) micelles by solution NMR techniques and
flash photolysis spectroscopy. Our results show that formation of the rhodopsin-arrestin complex
markedly influences partitioning in the decay kinetics of rhodopsin that involves the simultaneous
formation of meta Il state and meta 11 state from the meta | state. Binding of Tr leads to an
increase of meta 11 state population and consequently to a ~2-fold slower release of all-trans-
retinal from rhodopsin.
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The mammalian visual cycle is a complex process involving activation, deactivation and
regeneration pathways.[1~6] The prototype GPCR rhodopsin plays a pivotal role in this
system. The extensive study of this system has provided information about the signaling
pathways of other GPCRs making rhodopsin the most crucial member of the largest class of
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the GPCR protein superfamily.[’=°] One of the breakthroughs in rhodopsin and GPCR
research was the elucidation of the crystal structure of bovine rhodopsin[2% which provided
a platform for the future structural and functional studies on GPCRs.[7-9]

Rhodopsin adopts a seven transmembrane a-helical structure and carries the retinal
chromophore covalently attached. Photo-induced isomerization of the chromophore from its
11-cisto all-trans configuration results in conformational changes in rhodopsin which lead
to the formation of several transiently populated intermediate states (Figure 1).[10-16] Early
photointermediates are short-lived and convert to a meta | state on a sub-ms range. This
meta | state functions as a juncture at which the photocycle bifurcates to form meta Il and
meta 111 states.[17] The meta I1 state interacts with the guanine nucleotide-binding protein (G
protein) transducin and triggers the activation signaling cascade, finally leading to
hyperpolarization of photoreceptor cells. The meta I11 state has been reported to function as
an energy storage state.[18] The distribution between states populated along the photodecay
can be shifted by different conditions including temperature and pH.[1%-21] Both meta 11 and
meta I11 states finally relax to the apoprotein opsin through release of all-trans-retinal.

Prolonged exposure to light can lead to an accumulation of all-trans-retinal in ROS, which
can be toxic to the eye due to formation of epoxides via oxidation. Harmful effects of excess
retinal include visual dysfunction and retinal damage as found in several diseases like age-
related macular degeneration (AMD).[22-24] previously published datal2526] suggest that
there are two rate limiting steps which maintain the level of all-trans-retinal in ROS: i) the
release of free all-trans-retinal that depends on the photodecay kinetics and ii) the
conversion of retinal to retinol by the enzyme retinal dehydrogenase (RDH) (Figure 1).
Since the rate of enzymatic turnover of RDH is slow compared to meta Il decay, retinal can
accumulate in ROS.[2527.28] When retinal accumulates, the eye initiates photocycle
deactivation processes to delay the release of retinal.[2°]

Visual arrestin, a protein that belongs to the arrestin subfamily, acts as the major facilitator
that down-regulates the rhodopsin signaling by tightly binding to rhodopsin and concomitant
displacement of G protein.[30:3] A recently published crystal structure of the rhodopsin-
arrestin complex has provided insights into the static nature of this interaction.[32] The
arrestin binding has been shown to slow down the retinal release due to meta Il state
stabilization.[33] However the effect of arrestin on meta 111 photodynamics has not been
studied in detail.

Besides full length arrestin, p44 (Arr1-370A), a splice variant of arrestin, [34] is also present
in rod cells. Although p44 is not ubiquitously present among all species (for example in
mice), it has been suggested to play a role in rhodopsin deactivation.[34-37] The binding
mechanism of p44 to rhodopsin is different from that of arrestin due to the absence of the C-
terminal tail.[34-37] p44 does not only bind more tightly to phosphorylated rhodopsin, but
also binds to the non-phosphorylated form.[36:37] Due to the later interaction, it has
previously been argued that phosphorylation is not needed for p44-mediated rhodopsin
deactivation.[34371 However, it is not known how p44 manipulates the rhodopsin decay
kinetics especially the meta 111 dynamics.
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In our study, we investigated the effect of p44 on the photodecay kinetics of rhodopsin. For
this we employed a truncated mutant (Arr1-378) of visual arrestin (Tr),[38] which is devoid
of C-terminal tail. Tr closely resembles p44, including phosphorylation independent
deactivation of rhodopsin.[38] We utilized Tr instead of p44 since it is less prone to
aggregation. To analyze the interaction, we employed a combined strategy utilizing two
biophysical techniques, NMR and flash photolysis.

Our NMR analysis of the dynamics of photo-activated rhodopsin was based on the kinetic
behavior of five tryptophan residues present in rhodopsin, used as reporter groups (Figure 2
a). All five tryptophan indole resonances were previously assigned in n-dodecyl-p-D-
maltoside (DDM) micelles by utilizing single-point tryptophan to phenylalanine mutants.[7]
Since previous studies have shown that arrestin is destabilized in presence of DDM,[3%] we
utilized DHPC for the interaction studies of rhodopsin and Tr.[34:37] Rhodopsin is expressed
from HEK?293 cells;[4041] such expression yields the non-phoshorylated form of the protein.

Initially, the difference in the ground state structure of DDM- and DHPC-solubilized
rhodopsin was characterized using 2D NMR spectra, followed by the investigation of the
effect of different detergents on the photodecay of rhodopsin. The chemical shift
perturbations (CSP) for the tryptophan indole resonances in DHPC micelles remain almost
identical to those in DDM (Figure 2 b). Hence, the assignments for each of these tryptophan
resonances could be easily transferred from the previous assignment in DDM. The similarity
of the CSPs also indicates that the overall fold of rhodopsin is not significantly altered upon
the change of the micelle condition from DDM to DHPC.

To investigate the influence of Tr on the dark state of rhodopsin, we performed 2D 1H, 15N
correlation experiments. The interaction with Tr induces both, CSPs and the disappearance
of a subset of NMR signals in the amide region of the spectra arising from residues in the
flexible C-terminal part of rhodopsin (Figure 2 c).[4246] The five indole sidechain
tryptophan NMR resonances (Figure 2 d) are, however, not altered, indicating that low-
affinity transient binding of Tr to rhodopsin in the dark does not lead to a major structural
rearrangement in the transmembrane helical part.[37:39]

Our previous results on the kinetic analysis of rhodopsin in DDM micelles showed complex
photodecay kinetics with two different rate constants detected for different tryptophan
reporter groups and a third substantialy slower decay constant due to protein aggregation.[17]
In DDM, W126, W161, and W265 formed a first group of residues with a common lifetime
of 8 min (t;). The second process had a lifetime of 34 min (t,) which could be observed for
W35 and W175. We proposed that these two rate constants represent decay kinetics via a
direct route involving meta Il and via a branched route populating an alternative pathway
meta 111, respectively.[7]

Time-resolved NMR experiments of the rhodopsin kinetics in a DHPC micelle (Figure 3 a)
revealed faster decay of the five tryptophan resonances in comparison to the DDM micelle.
A lower signal-to-noise ratio and the significantly faster decay in DHPC made the analysis
of the NMR-derived kinetic data more difficult. Thus, we focused on the kinetic analysis of
the two most intense indole signals, W126 and W35 (Figure 3 b). W126 showed a decay
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time of 5 min, while W35 showed a decay time of 7 min (Table 1). Similar to our previous
kinetic analysis in DDM, the presence of two lifetimes in our current data suggest that the
kinetic partitioning of the photodecay, seen in DDM[7] and even in native disk,[?] was
preserved in DHPC.

Upon addition of Tr, all five tryptophan indole resonances were broadened, indicating the
formation of a Tr-rhodopsin complex. After illumination, Tr binding does not change the
lifetime of the W126 resonance but it increased the lifetime of the W35 resonance by a
factor of 1.6 from 7 min to 9.6 min. This indicates that Tr induced a change in decay kinetics
of rhodopsin photointermediates.

In order to investigate this complex photo dynamics in more detail, we performed broadband
flash photolysis. We employed a multichannel detection system to achieve spectrally
resolved transient absorption data (see Supplementary Information (SI)). We used the
reported absorption maxima of the relevant intermediates of rhodopsin determined for
hypotonically extracted rod outer segment disk membranes from retinal4’l as reference for
the assignment of the spectral signatures in our transient absorption data. The transient
spectra of DHPC-solubilized rhodopsin in absence (Figure 4 a) or presence of Tr (Figure 4
b) are mainly determined by ground state bleaching (GSB) at ~ 500 nm and the formation of
free all-trans-retinal at ~ 380 nm. Double difference spectra (Figure 4 ¢, Figure 4 d) are
calculated by subtracting the absorption change recorded at the maximum delay time from
the transient absorption data. They depicted a positive signature at 400 nm reporting on meta
Il decay and a spectrally broad positive change in absorption at 460-560 nm representing
meta |11 and potentially meta I. With Tr, the meta Il signature was clearly more
pronounced.

To visualize and quantify differences in the kinetics of these intermediates with and without
Tr, a global lifetime analysis (GLA)[8491 was performed on the transient absorption data |
(4, 1) (see SI). The GLA provided the lifetimes of meta Il (1-2 min) and meta Il (67 min)
decay (Figure S3) and also suggested an increased meta |11 formation in presence of Tr. The
GLA lifetimes are comparable to the two lifetimes observed in the NMR Kinetic analysis
(Table 1).

To further corroborate the GLA results, we additionally performed a lifetime density
analysis (LDA).[491 With this method the pre-exponential amplitudes of the sum of a large
number (typically ~100) of exponential functions with fixed lifetimes (t) were determined,

I =[X®(\, 7)e Tdr

where t is time, 1(4, t) is the normalized decay function and ®(4, t) is the spectral density
function. The kinetic information contained in the time-resolved data is then presented in the
form of a 2D lifetime distribution map. In contrast to GLA, the LDA is model independent
and thereby also extracts non-exponential or stretched exponential kinetics.
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The lifetime density maps (LDM) (Figure 5) consisted of four prominent distributions as
indicated by the letters C — F describing the photodecay dynamics (Table 2, Table S1). The
spectral signature of A (free retinal absorption) and B (ground state bleach) depicted the
latest spectrum of the transient absorption data. These two signatures are long-lived
nondecaying components which do not describe any photodecay dynamics. Similar to the
GLA results, we observed a distribution for a fast lifetime describing meta Il decay (C) and
meta |11 formation (D). The distribution for the slower lifetime corresponds to meta Il
decay (E). We assigned signature F to the formation of free retinal. The temporal position of
F indicated that the retinal release proceeds via both meta Il and meta 111 decay in absence of
Tr. In presence of Tr, the free retinal formation (F) was significantly delayed which is shown
by the strong shift in the lifetime of signature F from 2.5 min to 5.3 min. Moreover the
amplitudes signifying the formation (D) and the decay (E) of meta 111 were more
pronounced. From these observations, we concluded that the Tr-rhodopsin interaction
slowed down the photodecay and thereby inhibited retinal release via meta Il. As a
consequence, the meta 1l — meta | equilibrium shifted towards meta | which led to the
accumulation of meta I1l. Subsequently, the retinal release is delayed by a factor of 2, since
meta Il has a longer decay lifetime than meta Il. A similar effect was observed in the NMR
kinetic data in which the decay lifetime of the W35 resonance has been prolonged upon
addition of Tr (Table 1). This effect can be attributed to a change in the protein dynamics
influenced by the retinal release process.

Our findings indicate that meta Il decay may have a physiological relevance on the
regulation of the free all-trans-retinal concentration in ROS. We suggest that besides the
previously discussed rate limiting factor for retinal regeneration within the photocycle of
rhodopsin, namely the release of retinal from meta 11, also the meta 111 decay can be
considered as an additional important factor for homeostasis of free all-trans-retinal
concentration in ROS essential for the functionality of the eye at varying light intensities.
The role of meta I1l envisioned as an energy storage state, as previously proposed by Bartl
and Vogell% who stated that under “bright light and thus high bleaching conditions, a
delayed release of all-trans retinal during meta 11 decay by formation of a meta Il storage
might be physiologically advantageous’, is fully consistent with our analysis. Here we thus
provide evidence for the function of meta Il as a physiologically relevant energy storage
state.

In conclusion, this study not only provides detailed insight into the rhodopsin deactivation
and the retinal regeneration process, but also pushes our time-resolved NMR and flash
photolysis techniques to the limits. The data analysis conducted in this study is based on
single-shot experiments, due to the non-cyclic photodynamics of bovine rhodopsin. It
required high NMR fields and advanced data analysis techniques (GLA and LDA). By two
different spectroscopic techniques, the role of arrestin in stabilizing the meta 111 storage in
the bifurcated photodecay of visual rhodopsin could be unraveled, at high temporal and
amino acid resolution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mammalian visual cycle. The concentration of all-trans-retinal (ATR) is dependent on two
processes: i) retinal release during the photocycle in the rod outer segment (ROS) and ii)
retinal removal by a regeneration pathway in the retinal pigment epithelium (RPE) as
schematically shown on the left. Continuous exposure to light leads to the accumulation of
ATR (right, top), which initiates rhodopsin deactivation by arrestin (arr). Arrestin binding
slows down the retinal release, which gives ample time to retinal dehydrogenase (RDH) to
remove excess ATR by converting it to all-trans-retinol (right, bottom).
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tryptophan residues (W35, W126, W161, W175, and W265) used as reporter groups in the
NMR experiments. b) Overlay of the indole region of 2D H, 1°N SOFAST-HMQC spectra
of a,e-15N-tryptophan-labeled rhodopsin in DDM (black) and DHPC (gray) micelle.
Overlay of 2D 1H, 15N SOFAST-HMQC spectra of a,e-1°N-tryptophan-labeled rhodopsin
without (blue) and with Tr (red) (rhodopsin : Tr — 1 : 2) showing c) backbone region, d)
indole region of the spectra. Overlay of 1D projection of the corresponding cross peaks of
the indole region of 2D spectra is shown in inset (b and d). All spectra were recorded at 800
MHz (T = 298 K) in the following buffer; DDM spectrum — 20 mM sodium phosphate
buffer pH 7.4; DHPC spectra — 25 mM Tris pH 7.5, 100 mM NaCl, 0.1 uM EDTA, 10%
D,0 and 1 mM 3-(trimethylsilyl)-2,2’,3,3’-tetradeuteropropionic acid (TSP-dy).
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Figure 3.
NMR Kkinetics. a) A series of 1D IH NMR spectra of a,e-19N-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 1H spectra were recorded with
a temporal resolution of one minute. Inset: overlay of spectrum of the jump-return-echo
(gray) and 1H x-filter (black) NMR experiment of rhodopsin samples. The dashed lines
connect the corresponding resonances of the five tryptophan residues. b) Extracted signal
intensities from the series of 1D 1H NMR spectra of a,e-15N-tryptophan-labeled rhodopsin
in presence and absence of Tr. A mono-exponential fit was applied for the signal intensities
of W35 (black curve) and W126 (gray curve).
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Figure 4.

Transient absorption spectra of rhodopsin a) without and b) with Tr. Red is positive and blue
is negative change in absorption. Double difference spectra of a) and b) calculated by
subtracting the absorption change recorded at the maximum delay time from the transient
absorption data are depicted in ¢) and d) respectively.
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Lifetime density analysis of transient absorption data. LDMs of rhodopsin samples with
increasing Tr concentration. The reading of the LDMs is as for DAS with positive (red)
amplitudes accounting for decay of absorption and negative (blue) amplitudes accounting
for rise of absorption. The lifetimes and the distribution maxima of the signatures C-F are
shown in table 1.
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Table 1

The rate constants and lifetimes of the tryptophan resonances of rhodopsin (150uM) in absence (=) and
presence (+) of Tr

lifetime/min

=Tr (OuM) +Tr (300 uM)

W35  6.92+0.38 9.58 £1.94
W126  5.03+0.40 523 +£2.05
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