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Hydrogen/Deuterium Exchange Mass Spectrometry of Human
Green Opsin Reveals a Conserved Pro-Pro Motif in Extracellular
Loop 2 of Monostable Visual G Protein-Coupled Receptors

Lukas Hofrnann, Nathan S. Alexander, Wenyu Sun, Jianye Zhang, Tivadar Orban”, and
Krzysztof Palczewski”

Department of Pharmacology and Cleveland Center for Membrane and Structural Biology, School
of Medicine, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, Ohio 44106,
United States

Abstract

Opsins comprise the protein component of light sensitive G protein-coupled receptors (GPCRs) in
the retina of the eye that are responsible for the transduction of light into a biochemical signal.
Here, we used hydrogen/deuterium (H/D) exchange coupled with mass spectrometry to map
conformational changes in green cone opsin upon light activation. We then compared these
findings with those reported for rhodopsin. The extent of H/D exchange in green cone opsin was
greater than in rhodopsin in the dark and bleached states, suggesting a higher structural
heterogeneity for green cone opsin. Further analysis revealed that green cone opsin exists as a
dimer in both dark (inactive) and bleached (active) states, and that the predicted glycosylation sites
at N32 and N34 are indeed glycosylated. Comparison of deuterium uptake between inactive and
active states of green cone opsin also disclosed a reduced solvent accessibility of the extracellular
N-terminal region and an increased accessibility of the chromophore binding site. Increased H/D
exchange at the extracellular side of transmembrane helix four (TM4) combined with an analysis
of sequence alignments revealed a conserved Pro-Pro motif in extracellular loop 2 (EL2) of
monostable visual GPCRs. These data present new insights into the locus of chromophore release
at the extracellular side of TM4 and TM5 and provide a foundation for future functional
evaluation.
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216-368-1300. kxp65@case.edu.
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acs.bio-chem.7b00165. Sequence alignment of green opsin and the green opsin construct used in this study; detailed regeneration,
protein purification, and immunoblotting protocols for the green cone opsin; analysis of the oligomeric state by gel filtration and
native PAGE of the green cone opsin; a detailed description of the peptide detection and H/D exchange analysis, including the H/D
exchange analysis and normalization (Table S1); sequence alignment of the green opsin construct, L/LWS opsin, bovine rhodopsin,
and SWS1 opsin; sequence alignment excerpt of conserved Pro residues in pigments from different species; quantitative RMSD
analysis of green opsin, P205I1, and P186 mutants; sequence alignment of green opsin, 5-HT1B, and 5-HT2p receptors; and
nonoverlapping local alignment of 5-HT1pB receptor and green opsin sequences (PDF)
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Opsins are an essential part of the visual sensory system that function as photon detectors in
the retina.12 The four opsins in the human retina [rhodopsin, short wavelength sensitive 1
(SWSI) opsin, medium wavelength sensitive 1 (M/LWS) opsin, and long wavelength
sensitive 1 (L/LWS) opsin] differ in their spectral absorbance, sensitivity, regeneration
kinetics, and regulation of downstream signaling.3# All four pigments are activated by the
isomerization of the chromophore 11-cis-retinal to all-frans-retinal, which is then released
and regenerated back to 11-c/s-retinal through the retinoid cycle.> Chromophore
photoisomerization induces conformational changes in these light sensitive GPCRs and
initiates the binding of the G proteins, transducins.-8 The two different conformational
states, active and inactive, are known to be very stable and discrete in rhodopsin.8 However,
most GPCRs display different and more heterogeneous states that permit biased signaling
and different active states induced by different ligands.®-11 Ongoing difficulties associated
with GPCR crystallization have prevented the experimental determination of the atomic
structures for SWSI, M/LWS, and L/LWS opsins. Therefore, understanding the structural
underpinnings of their functional differences remains a challenge.

GPCRs in general can exist as functional monomers, homo/heterodimers, or even higher
oligomeric species.12-14 Different oligomeric organizations may affect signaling and other
physiological properties of these receptors and can, therefore, serve as distinct targets for
drug screens.®16 Opsins are known to form homodimers and higher oligomeric structures,
as shown by cryo-electron microscopy, atomic force microscopy, and fluorescence
assays.1214.17 Disruption of the oligomeric organization of bovine rhodopsin with synthetic
peptides confirmed that the dimer interface is located between TM4 and TM5.18 Recent
analyses of the human M/LWS, L/LWS, and SWSI cone opsins by fluorescence correlation
spectroscopy also revealed a dimer interface between TM4 and TM5 in human cone
pigments.
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Visual pigments can be divided into two types: monostable forms, which release the
chromophore upon photoactivation, and bistable forms, which retain the chromophore
within the binding pocket.19-21 A subset of bistable opsins can re-isomerize the
chromophore.1920 For re-isomerization, the chromophore must remain within the binding
pocket. Mutagenesis studies of chicken rhodopsin and chicken green cone opsin revealed
that Prol89 in EL2 has a crucial impact on the meta-11 and meta-111 decay rates. Prol89 is
conserved in cone opsins but not rhodopsins, which suggests that residues within EL2 likely
influence chromophore release in monostable opsins.22:23 Additionally, evaluation of the
backbone configuration based on 500 high-resolution protein crystal structures has shown a
restricted conformational freedom of Pro and residues preceding Pro.24:25 This geometrical
restriction originates from the pyrrolidine ring of Pro. Moreover, Pro residues found in
transmembrane domains are known to induce helix kinks that are indispensable for the
integrity of the transmembrane helices.28 Additionally, molecular dynamics simulations of
a-helical transmembrane proteins (e.g., GPCRs) showed that Pro-induced hinges play a
crucial role in signal transduction.2”:28 Thus, the conformational restriction and impact on
a-helical structure reinforce the selection of Pro residues as switches for binary signaling
triggered by the cis-trans isomerization of retinal in rhodopsin and cone opsins.2°

H/D exchange measurements are used to probe protein dynamics and protein-ligand
interactions, providing information complementary to other structural techniques such as
nuclear magnetic resonance spectroscopy (NMR), X-ray crystallography, cryo-electron
microscopy, and computational modeling.3%-33 H/D exchange reflects the exposure of
residues to the surrounding environment and depends on several parameters such as
temperature, pH, ionic strength, exposure time, and hydrogen bonding. With careful
experimental control of these first four parameters, detection of changes in secondary and
tertiary structure and protein dynamics is possible.31:33 Because of solvent exchange, this
method is especially suited for GPCR analysis, considering the conserved hydrogen bond
network involving water molecules that exists throughout this group.343> Here, we looked
specifically at H/D exchange in the dark and bleached states of M/LWS (green) cone opsin.

Materials and Methods

Cloning, Expression, and Protein Purification

The human green opsin gene (Uniprot entry P04001) was modified with a 1D4 tag in the C-
terminal region.3® This construct was cloned into a modified pFastBac (Invitrogen, Carlsbad,
CA) baculovirus expression vector containing the hemeagglutinin (HA) signal sequence.

The modified green opsin construct was transformed into DH10Bac to produce a
recombinant baculovirus with the Bac-to-Bac system (Invitrogen). This recombinant
baculovirus then was used to infect an Sf9 insect cell culture at a cell density of 3 x 106
cells/mL. Infected cells were grown for 60 h at 27 °C before being harvested, and cell pellets
were stored at -80 °C for future use. A detailed protocol for regeneration and solubilization
of the green cone pigment in /~dodecyl B-p-maltopyranoside (DDM) is presented in the
Supporting Information.
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The purity of the green cone opsin after size exclusion chromatography (SEC) in 20 mM
HEPES (pH 7.0), 50 mM NacCl, and 0.02% DDM was assessed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and spectrophotometry (Figure 1A-D). The
reported extinction coefficient for the green photopigment (£530) equals 40000 M1 cm?,
and the calculated egg equals 99975 M- cm™1.37 Thus, a theoretical ratio (Asgg/Assg) of
2.49 would indicate a pure sample. Here we obtained an A»go/As3g of 2.86, which together
with the data obtained by SDS-PAGE indicates a purity close to 100%

Rhodopsin purity is assessed by comparing the ratios of the absorption maxima at 280 nm
(aromatic amino acid residues) and 500 nm (bound chromophore) in the dark. This Apgg/
Abs ratio for purified rhodopsin varies between 1.58 and 1.65, reflecting a purity of
~999.38

Differential Scanning Fluorimetry

Protein stability was assessed by differential scanning fluorimetry as previously reported.3°
Briefly, bovine rhodopsin (Uniprot entry P02699) and the green pigment were diluted in 20
mM HEPES (pH 7.0), 50 mM NacCl, and 0.02% DDM to a concentration of 6 /M and
assayed in the presence of 2 xM reporter dye, BODIPY FL L-cystine (ThermoFisher,
Waltham, MA). Melting temperatures were determined in triplicate using a Boltzmann fit
performed with SigmaPlot version 11.0.

Amide H/D Exchange of Green Opsin

Amide H/D exchange was performed and analyzed as described previously.#0-42 Briefly, 10
Hg of purified green pigment in 20 mM HEPES (pH 7.0), 50 mM NaCl, and 0.02% DDM
was diluted in 25 uL of D50, resulting in a final D,O dilution of 80%. The solution was kept
on ice and incubated for 10 min. This DO exposure time (i.e., 10 min) was chosen to
achieve steady state exchange conditions so deuterium uptake in each peptide could be
compared between states (dark vs bleached) without the need to evaluate back exchange and
have only one parameter that changes between states, i.e., light. To initiate chromophore
release, the sample was placed on ice and illuminated with a 150 W bulb for 30 min before
incubation in D,0.34 The incubation time in D,O was tested and optimized using data from
hundreds of peptides following protocols from similar experiments in which the dilution was
kept at 809.30:43-46 After exposure to D,0, the exchange was quenched with ice-cold buffer
composed of D0 and formic acid (Sigma-Aldrich, St. Louis, MO) at pH 2.5. The
quenching buffer used in the nondeuterated samples was prepared with H,O. Pepsin
(Worthington, Lakewood, NJ), 2.5 mg/mL, was freshly prepared in H,O for both deuterated
and nondeuterated samples. Five microliters were added to the protein solution immediately
after addition of the quenching buffer. The sample then was digested for 5 min on ice. Next,
the sample (30 zL) was loaded onto a C8 trap (2.1 mm Thermo Scientific) and a C4 (2.1 mm
x 50 mm, Thermo Scientific) column using a temperature-controlled Accela 600
autosampler and pump (Thermo Scientific) with the temperature set to 4 °C. Peptides were
eluted by the following gradient program: from 98% H,0 with 0.1% (v/v) formic acid (A)
and 2% acetonitrile with 0.1% (v/v) formic acid (B) from 0 to 40 min to 2% A and 98% B.
Separation was achieved at a flow rate of 0.1 mL/min. The eluent was injected into a LTQ
Velos linear trap quadropole mass spectrometer (Thermo Scientific) equipped with an
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electrospray ionization source operated in positive ion mode. Parameter settings of the mass
spectrometer for peptide detection are provided in the Supporting Information.

Deglycosylation of Green Opsin by PNGase F Digestion

Purified green opsin was incubated with PNGase F at 22 °C for 2 h prior to SDS-PAGE. The
effect of PNGase F digestion was monitored by SDS-PAGE and immunoblotting analysis
(see Figure 1C,D and the Supporting Information).

Analysis of H/D Exchange

Peptides resulting from pepsin digestion were identified by tandem mass spectrometry
(MS/MS) with an offline local version of MassMatrix.#’ Search settings used to examine the
peptic digest against the primary sequence of human green opsin construct (see the
Supporting Information) were as follows: precursor ion tolerance, 0.8 Da; maximal number
of variable modifications allowed for each peptide sequence, 2; minimal peptide length, 5
amino acids; minimal pp score, 5; pptag score, 1.3; maximal number of combinations of
different modification sites for a peptide match with modifications, 1; and maximal number
of candidate peptide matches for each spectrum output in the result, 1.48 Raw data in the
form of the relative signal intensity (percent) as a function of /7/zwere extracted with
Xcalibur version 2.1.0. Qual Browser was used for a recently described semiautomated peak
detection, and a deconvolution procedure was performed with HX-Express2.49 The extent of
H/D exchange was color-coded on the basis of the total percent of the theoretical maximal
deuterium uptake at 10 min as follows: dark blue for 0-4%, light blue for 5-9%, cyan for
10-14%, cadet blue for 15-19%, green for 20-24%, light green for 25-29%, yellow for 30—
34%, orange for 35-39%, and red for 40-44%. Undefined regions are colored gray. In the
case of overlapping peptides, the percentage of H/D exchange applied is shown with a solid
line (Figure 2A). For gaps in the coverage, the missing percentage was derived from
peptides with a dashed line (Figure 2A). The difference map of Figure 3 contains only
identical peptides, found in both states (dark and bleached). Further details of the H/D
exchange analysis are given in the Supporting Information.

Green Opsin Modeling

A model of the human green cone opsin was created with the 2.2 A resolution crystal
structure of rhodopsin [Protein Data Bank (PDB) entry 1U19]. The EMBOSS Needle
Pairwise Sequence Alignment tool was used to align the two sequences.>® The MEDELLER
server generated an initial structure for the green cone opsin based on the sequence
alignment.®! The resulting MEDELLER structure then was used as input into the ROSETTA
protein structure prediction suite, where the conformation of the 20 N-terminal amino acids
was sampled 60 times with the loop building protocol and the best model by energy was
selected.>2

Single-Point Mutations of Green Opsin (P186M and P205I)

Two single-point mutations in green opsin were created with ROSETTA. The mutations
P186M and P205I1 were introduced into the green opsin model with the fixed backbone
design module of ROSETTA.53 Next, all models underwent 1000 independent full-structure
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optimization trajectories in ROSETTA employing the membrane fast relax protocol.>* The
10 most energetically favorable structures for each of the three models (green pigment,
P186M, and P205I) were then selected for further analysis. Ten energetically favored models
of WT and the two mutants were aligned with PyMOL.5% Root-mean-square deviation
(RMSD) analysis between these aligned structures was performed with the VMD RMSD
Visualizer Tool heatmapper extension.>®

Statistical Analyses

Results

Graphical and statistical analyses were performed using the Excel software part of the
Microsoft Office Professional 2010 suite if not indicated otherwise. Significance was
assessed using a Student's #test, and results that showed p values of <0.01 were considered
significant. The data were derived from at least three independent experiments.

Green Opsin Dynamics from H/D Exchange

The MS/MS spectra of the green opsin digest were analyzed with MassMatrix software
based on the primary sequence of the L/MWS construct (see the Supporting Information).>’
A sequence coverage of 94.7% was achieved for the deuterated green pigment protein
(Figure 2A) by rigorous screening and selection of only significant peptide matches (see
Materials and Methods and the Supporting Information for details). The deuteration of the
green opsin ranged from 1 to 50%, which agrees with H/D exchange values of other
GPCRS.30’41’58

Overall, there was an increase in the uptake of deuterium in the bleached state compared
with the dark state of the green photopigment. The difference map of H/D exchange between
dark and bleached states revealed several major changes upon light activation (Figure 3).
First, the chromophore binding pocket became more solvent accessible during activation
(Figure 3A), indicating a potential exit site for all-frans-retinal (Figure 3A,B,E). The
increased deuterium uptake started at TM1 and extended over TM2 and TM3 (Figure 3A,D).
The largest increase in deuterium uptake within the region of the binding pocket was
observed on the extracellular side of TM4 (Figure 3). In contrast, the proposed dimer
interface consisting of TM4 and TM5 was characterized by an overall reduced level of
deuterium exchange compared to the rest of the pigment molecule (Figures 3B and 4).17 The
dimeric state of the green pigment was further assessed by size exclusion chromatography
(SEC) and native PAGE (Figure S1). SEC experiments revealed a molecular weight (MW)
of 99284 Da for the green opsin. This molecular weight corresponds to a dimer (81 kDa)
with an additional detergent belt of approximately 18 kDa (Figure S1). Similar findings
regarding the dimeric state of the cone pigments have been reported.}” The N-terminal
region and intracellular loop 2 (IL2) also showed less deuterium exchange in the bleached
state of the photopigment (Figure 3A,B,F); the largest reduction in deuterium uptake was
observed for the N-terminal region (Figure 3A,C,E). Extracellular loops (ELs) 1-3 exhibited
little difference in deuterium uptake.
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Only TM1 to TM4 of the green opsin underwent a significant increase in deuterium uptake
upon activation (Figure 3A). Again, we saw an increased level of H/D exchange along the
chromophore binding pocket. In contrast, the H/D exchange levels of TM5 remained
constant upon activation. Moreover, the cytosolic parts of TM6 and TM7 demonstrated a
decrease in H/D exchange in the active conformation (Figure 3E). Overall, the highest but
constant level of deuterium uptake was observed in the extracellular parts of TM6 and TM7,
including EL3 (Figures 3E and 4A). These large exchanges were observed in both dark and
bleached states (Figures 3E and 4A).

As reported previously, the dimer interface of green opsin was localized between TM4 and
TM5, with residues T230, S233, and V236 of TM5 being crucial for dimerization.1” The
dimer interface between two species of green opsin revealed two major changes upon
activation (Figure 4). First, there was an increase in H/D exchange at the tip of the
chromophore binding pocket located at TM4 on the extracellular side (Figure 4A,E).
Second, a decrease in H/D exchange was observed in IL2 (Figure 4B,D). In addition, both
IL2s were in proximity of each other between the dimer interface (Figure 4D). The reduced
H/D exchange of IL2 and the location at the dimer interface of the green pigment indicates a
potential role of IL2 in green opsin signaling influenced by dimerization.

Glycosylation of the Green Photopigment

Previous analysis of the green photopigment expressed in Sf9 insect cells showed evidence
of N-linked glycosylation, although the prediction was not confirmed experimentally.3’
Here, glycosylation was validated by SDS-PAGE and immunoblotting analysis. PNGase F-
treated pigment displayed a migration shift (Figure 1C,D), resulting from the
deglycosylation of the green opsin. Additionally, the sites of glycosylation were verified by
MS. Glycosylation is lost during ionization, and therefore, glycosylated asparagine residues
are converted to aspartate. Consequently, asparagine-linked glycosylation can be identified
by assuming N to D transformations during the MS/MS analysis (Figure 2A,B). Potential
glycosylation sites of the green cone pigment were predicted with the NetNGlyc 1.0 Server
prior to MS analysis.>® The top three asparagine residues with a glycosylation prediction
score of >0.71 out of 1 (i.e., N32, N34, and N94) were verified by MS/MS. The predicted
glycosylation sites, N32 and N34, were confirmed by the MS/MS analysis of

peptide 2°TYTDSDSTRGPGENGPNY*46 (Figure 2B). A third glycosylation site (N94) with
a prediction score of 0.78 was indicated by the server but was not confirmed by mass
spectrometry.

Computational Modeling

The H/D exchange data indicate a rearrangement of EL2 between the dark and bleached
states of green opsin, suggesting a possible role in chromophore exchange. EL2 contains a
Pro-Pro motif conserved across all monostable but not bistable visual pigment proteins (see
the Supporting Information). To further characterize the structural effect of this motif, a
model of green opsin containing a single substitution, P186M, was compared to the green
pigment model. Analyzing the 10 most energetically favorable structures resulting from
independent optimization trajectories for both the green pigment and P186M models
demonstrated that the P186M model had increased flexibility at the end of TM4 as
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compared to the green pigment model (compare Figure 5A,B,D and Figure S2). The
increased flexibility in TM4 induced by the P186M mutation agrees with the reduction of
the number of geometric constraints induced by the exchange of a Pro residue. The region of
increased flexibility corresponds to the site of increased deuterium uptake after photon-
activation of green cone opsin (Figures 3A,D and 4). To verify that our modeling can
identify structural changes with functional consequences from a singleamino acid
substitution, we also prepared a model with a P2051 point mutation in green opsin. P205I
was previously shown to affect the meta-11 and meta-111 decay rates in chicken green cone
opsin.22:23.60 Comparison of the structural ensembles between the P2051 and green pigment
models demonstrated an increased flexibility at the C-terminal region of EL2 in the P205I
model, consistent with changes in the decay rates of meta conformers (compare Figure
5A,C,D and Figure S2). These data demonstrate that results from the computational
modeling and RMSD analysis presented here agree with those of mutagenesis studies that
describe chromophore release in visual opsins.22:23.60

Discussion

We previously reported an H/D exchange analysis of bovine rhodopsin.39 Herein, we
provide an H/D exchange analysis of the inactive and active states of green cone pigment
and compare these findings with those for rhodopsin.3C Overall, the differences between the
inactive and active states observed in the green visual pigment and rhodopsin ranged from
-25 to 15% and from —50 to 40%, respectively. These differences indicate that the two states
are more distinct in rhodopsin than in green cone opsin. It should be noted, however, that the
analysis of the N-terminal region, IL1, IL2, and TMS5 is lacking in the rhodopsin model
because of low coverage. A reduced level of deuterium uptake upon bleaching in TM1 is
common to both rhodopsin and the green pigment. In addition, the increased level of
deuterium exchange along the chromophore binding pocket is found in both pigments. Also
in rhodopsin, the H/D exchange rate in the chromophore binding pocket peaks at the
extracellular side of TM4. In green cone opsin, we measured a reduced level of H/D
exchange in IL2 upon activation, and the same is true for rhodopsin. Rhodopsin shows an
increased level of H/D exchange in TM3 and a decreased level of exchange in IL3. These
differences were not detected in green opsin. In green opsin, we detected an overall decrease
in the H/D exchange rate for TM6 and TM7 upon activation. Bovine rhodopsin displays a
reduced exchange rate in TM6 but not in TM7.30

Extensive research on the role of the extracellular loops (ELs) in GPCRs has demonstrated
that ELs are involved in ligand recognition and binding and can function as gatekeepers in
GPCR signaling.51-63 GPCR structural studies demonstrated a high variability in the
sequence and length of the ELs.61:62.64 The ELs of light sensitive GPCRs play a unique role.
Unlike other GPCRs, which are activated by molecules, opsins are activated by light.65.66
Thus, attention has focused on the potential role of the ELs in rhodopsin, because of the
absence of a direct ligand interaction and their role in chromophore release.6” NMR studies
combined with crystallographic data about rhodopsin offered valuable insights into the
motion of EL2 following activation.67:68 EL2 forms a lid on the retinal binding site and
interacts directly with the chromophore.8%:70 Photoactivation displaces EL2 in rhodopsin and
rearranges the hydrogen bond network.”! Displacement of EL2 along with TM4-TM6
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involves a conserved hydrogen bond network stretching throughout rhodopsin.367 Thus,
interactions among these components are critical for opsin activation and chromophore
release. Comparable studies of cone opsins have not been reported to date.

The extracellular N-terminal region of green opsin is 18 amino acid residues longer than the
corresponding region of rhodopsin (see the Supporting Information). Mutagenesis
experiments and molecular dynamics studies of the Xenogpus violet cone pigment revealed a
hydrogen bonding network among the N-terminal region, EL2, and EL3. In rhodopsin, EL3
builds a hydrogen network with the N-terminal region but not with EL2. These differences
in the hydrogen network at the extracellular site between cone opsins and rhodopsin provide
a possible explanation for the decreased H/D exchange upon receptor activation.’273

Thermal unfolding of bovine rhodopsin and green opsin was monitored by differential
scanning fluorimetry (Figure 1E).3% The melting temperatures were found to be 48 and

72 °C for green opsin and rhodopsin, respectively. The melting temperature difference of
24 °C indicates a reduced stability of green opsin, which is in agreement with other class A
GPCRs such as the human CB1 cannabinoid receptor.”# Unlike rhodopsin, most GPCRs are
inherently unstable and express multiple ligandspecific active states.®10.75 Successful
crystallization of rhodopsin in its active and inactive states without stabilizing agents,
signaling partners, or antibodies suggests that both states are discrete and do not suffer from
inherent instability and multiple heterogeneous states.”77 The reduced stability of green
cone pigment indicates higher mobility of the protein domains and thus an increased overall
solvent exposure. Increased solvent exposure reduces the differences in H/D exchange
between different states, such as the dark and bleached states of green cone opsin. This
difference in stability of green opsin versus rhodopsin complicates a direct comparison by
state between these two light sensitive pigments.

We provide experimental data suggesting a potential exit site for the photoisomerized
chromophore, all-#rans-retinal, between TM4 and TM5 at the extracellular surface of green
opsin (Figure 6). The increased H/D exchange upon bleaching at the chromophore binding
pocket domain is most prominent at the extracellular side of TM4. Moreover, the exit site
between TM4 and TM5 is favored in dark state rhodopsin, based on molecular dynamics
simulations.”® However, similar calculations on the bleached state of bovine rhodopsin and
mutagenesis studies provide evidence that the exit site resides between TM5 and TM6, a
finding we were unable to recapitulate for green opsin in our H/D exchange
experiments.’9-81

Alignment analysis of monostable visual opsin protein sequences from different species
revealed a conserved Pro186-Prol187 sequence at TM4 (see the Supporting Information).
This conserved Pro-Pro motif coincides with the site of largest difference in H/D exchange
upon photoactivation of the green cone pigment. Additionally, it was previously proposed
that the Pro170 and Pro171 residues in bovine rhodopsin are involved in accommodating the
perturbation of the helix upon receptor activation.82:83 Also, single mutations P170H and
P171S in rhodopsin can cause retinitis pigmentosa in humans.84.85 Interestingly, bistable
pigments that do not release the chromophore (e.g., human Opn5 and visual bistable opsins
of Drosophila melanogaster and Todarodes pacificus) contain only a single conserved Pro
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residue at TM4 (see the Supporting Information).86 Taken together, these data show that the
presence of the Pro-Pro motif is crucial for a fully functional monostable visual opsin.

5-Hydroxytryptamine receptor 1B (5-HTyg) is the only crystallized GPCR (PDB entries
41AQ and 41AR) besides rhodopsin that contains a Pro-Pro motif at TM4. The 5-HTg
receptor has a sequence similarity of 65% with the green pigment at the Pro-Pro site of TM4
(Figure S3). Comparison of the green cone pigment model with the 5-HT g structure
revealed an alternative and extended TM4 and EL2 of 5-HT.87:88 Furthermore, recent data
regarding the 5-hydroxytryptamine receptor 2B receptor combined with molecular dynamics
simulations highlight the crucial role of the EL2 site in ligand binding.53 These data support
the possibility that the conserved Pro-Pro motif in TM4, including the EL2 in vertebrate
visual opsins, is involved in chromophore release.

RMSD analysis of the energetically favored structures revealed that the P2051 mutation
increases the structural flexibility in the TM4—-EL2-TM5 region compared to the WT.
Previous in vitro mutagenesis experiments showed that this mutation prolongs the meta-11l
decay rate. Taken together, these results suggest that the increased structural variability is
related to the delayed chromophore release. A similar pattern of increased flexibility is
observed in the TM4-EL2-TMb5 region of the P186M mutant. In addition, all monostable
pigments contain a Pro-Pro motif in the TM4—-EL2-TMS5 region, compared to a single Pro
for bistable pigments, which further suggests P186 and the TM4-EL2-TMD5 region can
affect chromophore release. Characterizing the role of the TM4-EL2-TMD5 region in
chromophore release is one interesting direction for future studies.

It remains unclear whether all-frans-retinal is released through TM4 and TM5 or if
relaxation or helix unwinding of TM4 serves as a water counterbalance valve, as found in
other hydrophobic ligand transport proteins.8%:20 Changes in the solvent accessibility at TM4
could also alter the solvent network within GPCRs, which impacts the continuous H-bond
network contributing to G protein activation and thus regulates GPCR activity.3%:91-94

Herein, we provide further evidence that supports the proposed dimer interface of green
opsin (Figure 4).17 This dimer interface between TM4 and TM5 exhibits a reduced level of
H/D exchange, compared to those of other TM domains (Figure 4). We also observed a
reduction of H/D exchange in IL2 upon receptor activation, whereas the remaining ILs did
not exhibit significant changes (Figure 3F). Residing at the dimer interface between TM4
and TM5 (Figure 4), IL2 directly interacts with Ga and B-arrestin and thus is crucial for G
protein signaling and desensitization.8:%5 Thus, stabilization of L2 through dimerization
could potentially affect interactions with these signaling proteins and cause an altered
activation state of the receptor.8:96 The question of whether stabilization of IL2 leads to
prolonged activation through increased G protein interaction and reduced affinity for arrestin
or faster desensitization through weakened G protein interaction and increased affinity for
arrestin remains to be answered.%8

In summary, we employed H/D exchange coupled with MS, differential scanning
fluorometry, bioinformatics, and computational modeling to investigate dynamic structural
changes in green opsin that occur upon photoactivation and chromophore release. Post-
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translational modifications of GPCRs play critical roles in protein folding, transport, and
signaling.%7:98 In bovine rhodopsin, N-terminal glycosylation has been studied extensively,
and its importance in trafficking and signaling has been demonstrated.%:190 |t was
previously proposed that green cone opsin, expressed in Sf9 insect cells, is glycosylated at
its N-terminal region like rhodopsin, but confirmation of this has been lacking.3” The
MS/MS analysis of green opsin reported here verified the proposed N-terminal glycosylation
at asparagine residues 32 and 34. Future studies with alternative deglycosylation enzymes
such as PNGase A can be applied to further explore the role and pattern of glycosylation in
receptor dynamics. H/D exchange analysis also revealed a Pro-Pro motif with an increased
level of exchange upon photoactivation and chromophore release. Sequence alignment of
monostable and bistable opsins revealed that the Pro-Pro motif is conserved in all
monostable opsins but does not occur in bistable opsins, suggesting a role of TM4 in
chromophore release. In addition, computational analysis indicated that the P186M
substitution, as seen in bistable proteins, permits greater conformational flexibility, further
implicating TM4 and EL2 in the process of chromophore release in monostable visual
opsins.
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Abbreviations

CB1 cannabinoid receptor 1
DDM n-dodecyl -p-maltopyr-anoside
EL extracellular loop

GPCR G protein-coupled receptor

H/D hydrogen-deuterium

IL intracellular loop

L/LWS long wavelength sensitive opsin 1
MS mass spectrometry

M/LWS medium wavelength sensitive opsin 1 or green opsin

NMR nuclear magnetic resonance spectroscopy
RMSD root-mean-square deviation
™ transmembrane helix

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SEC size exclusion chromatography

Biochemistry. Author manuscript; available in PMC 2017 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hofrnann et al.

SWS1 short wavelength sensitive opsin 1
5-HT1g 5-hydroxytryptamine receptor 1B

5-HT g 5-hydroxytrypta mine receptor 2B
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Figure 1.

Purification of green opsin by size exclusion chromatography and analysis of glycosylation
by SDS-PAGE and immunoblotting. Panel A is a size exclusion chromatogram as obtained
from numerous purifications. It reveals that aggregates and oligomers eluted in fraction 11
whereas dimeric opsin eluted in fractions 12—18 (see also Figure S1). The 1D4 peptide used
for affinity chromatography eluted in fraction 25. Panel B shows the absorbance
measurements of fraction 15. The peak at 530 nm originates from the chromophore bound to
green opsin; the absorbance at 363 nm is due to free retinal in the buffer, and the 280 nm
absorbance results from aromatic amino acid residues Trp, Tyr, and Phe. These absorbance
spectra are routinely applied to verify the purity and yield of the expressed pigment. Panel C
shows Coomassie staining of glycosylated (lane 2) and deglycosylated (lane 3) opsin.
Following PNGase F treatment, the deglycosylated receptor undergoes a mobility shift
toward a molecular weight lower than that of the glycosylated receptor. Additionally, lane 3
reveals a thin band attributed to PNGase F at ~32 kDa. Panel D displays immunablotting
analysis of the glycosylated (lane 2) and deglycosylated (lane 3) opsin. The monomer (30
kDa), dimer (60 kDa), tetramer (120 kDa), and higher oligomeric species can be detected by
both SDS-PAGE and immunoblotting analyses. Lanes 1 and 4 in both panels contain protein
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markers. Panel E displays triplicate differential scanning fluorescence measurements of
green opsin and bovine rhodopsin. The normalized fluorescence of green opsin (green line)
was fitted to the Boltzmann equation (/= 0.9998, and Ry = 0.9997) that resulted in a
melting temperature of 48 + 0.06 °C. The corresponding temperature obtained for bovine
rhodopsin (red line) (£ =0.9988, and Ry, = 0.9976) revealed a melting temperature of 72
+ 0.28 °C. The difference between the two melting temperatures is 24 + 0.29 °C.
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Sequence, glycosylation, and peptide coverage of the green opsin construct by MS. Only
peptides with a significant score with a p value of <0.05 were selected and further analyzed

in triplic

receptor is colored green; the cytosolic domain is colored red, and the transmembrane
domains are colored blue. Black lines indicate the peptide coverage in H,O and DO, in both
dark and bleached states. In the case of overlapping peptides, the percentage of H/D
exchange applied is shown with a solid line. For gaps in the coverage, the missing

ate. (A) Glycosylation sites are colored orange. The extracellular side of the

percentage was derived from peptides with a dashed line. The green line indicates coverage

D,0 bleached state. (B) MS/MS spectrum of the N-terminal peptide, residues 29-45.
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Residues N32 and N34 were detected as D32 and D34, respectively. The sequence is
displayed above the spectrum, and the two glycosylated residues are colored orange. The b
and y ions are colored red and blue, respectively. The M notation refers to the molecular ion.
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C- terminal
region

intracellular site

H/D exchange difference map of green opsin in the dark and bleached states. The percent
deuteration of the dark state was subtracted from the percent deuteration of the bleached
state and displayed on the surface of the receptor. Positive differences in percent deuteration
between states [A%geyteration (dark—bleached)] are color-coded as follows: blue for 0-4%,
violet for 5-9%, and pink for 10-14%. Negative differences of percent deuteration are color
coded as follows: cyan for 0—4%, green for 5-9%, yellow for 10-14%, orange for 15-19%,
and red for 20-24%. Undefined regions are colored gray. Panels A-D represent side views
of the green pigment, and panels E and F show top and bottom views, respectively.
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Figure 4.
Dimer interface analysis of dark and bleached states of green opsin. Panels A—C show side

views of the green dimer in the dark and bleached states. Panels D and E show bottom and
top views of the green dimer in the dark and bleached states, respectively. In all panels, the
dimer in the dark state is shown on the left while the dimer in the bleached state is shown on
the right. One monomer is displayed in a cartoon representation and the second monomer as
a surface. Both the cartoon and surface representations show the dimer interface color-coded
according to H/D exchange as follows: dark blue for 0-4%, light blue for 5-9%, cyan for
10-14%, cadet blue for 15-19%, green for 20-24%, light green for 25-29%, yellow for 30—
34%, orange for 35-39%, and red for 40-44%. Undefined regions are colored gray.
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Structural models and RMSD analysis of EL2 in WT green opsin and its P186M and P205lI
substitutions. The 10 energetically favored structures were aligned and are displayed as
cartoons from residue 180 to 224. (A) The Pro-Pro motif in the WT green opsin is
highlighted with a red oval. The black oval indicates the region of variation in the structure
caused by the P2051 mutation. (B) Structures resulting from the P186M mutation. The red
oval indicates a major variation in structure induced by the mutation (compare with the red
oval region in panel A). (C) Major variations in structure are caused by the P205] mutation
(black oval; compare to the black oval region in panel A). (D) Heat map of RMSD analysis
of the 10 energetically favored structures shown in panels A-C. The red and black rectangles

correspond to the ovals displayed in A-C.
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Figure®6.

All-trans-retinal exit pathway near the extracellular side of green opsin. The retinylidene
Schiff base and K312 are represented by spheres. H/D exchange of the dark state was
subtracted from that of the bleached state, and the difference is displayed on TMs shown as a
cartoon. H/D exchange itself is color-coded as follows: dark blue for 0-4%, light blue for 5—
9%, cyan for 10-14%, cadet blue for 15-19%, green for 20-24%, light green for 25-29%,
yellow for 30-34%, orange for 35-39%, and red for 40-44%. Undefined regions are colored
gray. A possible exchange route for water or all-trans-retinal is indicated with a yellow
arrow.
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