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ABSTRACT: Rhodopsin is the visual pigment responsible for initiating scotopic (dim-
light) vision in vetebrates. Once activated by light, release of all-trans-retinal from
rhodopsin involves hydrolysis of the Schift base linkage, followed by dissociation of
retinal from the protein moiety. This kinetic process has been well studied in model
systems such as bovine rhodopsin, but not in rhodopsins from cold-blooded animals, base
where physiological temperatures can vary considerably. Here, we characterize the rate of
retinal release from light-activated rhodopsin in an ectotherm, zebrafish (Danio rerio),
demonstrating in a fluorescence assay that this process occurs more than twice as fast as
bovine rhodopsin at similar temperatures in 0.1% dodecyl maltoside. Using site-directed
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mutagenesis, we found that differences in retinal release rates can be attributed to a series

of variable residues lining the retinal channel in three key structural motifs: an opening in metarhodopsin II between
transmembrane helix S (TMS) and TM6, in TM3 near E122, and in the “retinal plug” formed by extracellular loop 2 (EL2). The
majority of these sites are more proximal to the f-ionone ring of retinal than the Schiff base, indicating their influence on retinal
release is more likely due to steric effects during retinal dissociation, rather than alterations to Schiff base stability. An Arrhenius
plot of zebrafish rhodopsin was consistent with this model, inferring that the activation energy for Schiff base hydrolysis is similar
to that of bovine rhodopsin. Functional variation at key sites identified in this study is consistent with the idea that retinal release
might be an adaptive property of rhodopsin in vertebrates. Our study is one of the few investigating a nonmammalian rhodopsin,
which will help establish a better understanding of the molecular mechanisms contributing to vision in cold-blooded vertebrates.

hodopsin, a member of the G protein-coupled receptor

(GPCR) superfamily, is the visual pigment responsible for
mediating the critical first step of dim-light vision in
vertebrates." The 11-cis-retinal chromophore is bound through
a protonated Schiff base linkage at K296> and serves as a strong
inverse agonist, maintaining stability and greatly reducing
thermal activation of dark state rhodopsin.®> Upon activation,
11-cis-retinal is converted to its stereoisomer, all-trans-retinal,
resulting in a series of conformational changes in rhodopsin,
including the metarhodopsin II (meta II) state, which activates
the G protein transducin.* Within milliseconds of formation,
meta II is subjected to a two-step deactivation process,
comprising C-terminal phosphorylation followed by arrestin
binding, quenching the catalytic activity of the activated state.’
For rhodopsin to regenerate in vivo following activation, all-
trans-retinal must be released, involving hydrolysis of the
existing Schiff base link and dissociation of free retinal from
opsin. This allows new 11-cis-retinal to enter the chromophore
binding pocket to form a Schiff base link with opsin, restoring
photosensitivity.®”

In recent years, bovine rhodopsin crystal structures of the
dark state,® open pocket,” and activated state'® have revealed a
number of unexpected features relevant to chromophore
regeneration and release. The dark state crystal structure was
found to contain a p-sheet consisting of strands from
extracellular loop 2 (EL2), effectively plugging the extracellular
opening in rhodopsin,®'" and blocking what was believed to be
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one of the possible access sites of retinal. Further investigation
suggested the possibility of a channel within the trans-
membrane domains that would facilitate the travel of retinal
to and from the chromophore binding pocket, along with
terminal binding sites for retinal on the surface of
rhodopsin.'>"® Crystal structures for the chromophore-free,’
G protein-interacting,"* and meta II'* states of rhodopsin
confirmed the existence of two transmembrane openings on
opposite sides of rhodopsin that open into the hydrophobic
membrane layer: one between transmembrane helix 1 (TM1)
and TM7, and one between TMS and TM6."® The latter
opening is a good candidate for the site of retinal release,
considering the outward rotation of TM6 following activa-
tion."®"” Molecular dynamics simulations have shown the
possibility of retinal exiting through this opening, led by its f-
ionone ring.'® Recent mutagenesis studies have primarily
attributed changes in the rate of retinal release to either Schiff
base stability'” or retinal dissociation,”® suggesting that
conflicting ideas currently exist regarding the dominant
mechanism mediating this kinetic rate. These studies utilized
fluorescence spectroscopy to monitor retinal release,'”*® and
an Arrhenius plot based on this data was used to infer the
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activation energy of Schiff base hydrolysis to evaluate changes
in Schiff base stability.”* While these studies examined the
contributions of conserved sites in rhodopsin, as well as
differences between rod and cone opsins, the mechanisms that
underlie natural variation in retinal release rates among
vertebrate rhodopsins have yet to be investigated.

Despite being one of the most extensively studied members
of the GPCR superfamily, the vast majority of kinetic studies of
rhodopsin function have utilized bovine and other model
mammalian rhodopsins (e.g,, ref 21), or chicken rhodopsin
(e.g, ref 22). One of the few studies to examine retinal release
in a nonmodel organism, the echidna, suggests that variation in
kinetic rates exists among mammalian rhodopsins,23 even if the
differences are more subtle than those between rhodopsin and
cone opsins.”® This is not surprising considering that other
functional differences among rhodopsins have also been
reported, including hydroxylamine stability,** and kinetics of
metarhodopsin intermediates.”>*® An ectotherm, like zebrafish,
is an ideal candidate to highlight natural differences in
rhodopsin function relative to endothermic mammals, since
kinetic processes have likely adapted to function at variable
physiological temperatures in cold blooded animals. Addition-
ally, zebrafish is a well-studied model for the vertebrate visual
system, where increased understanding of rhodopsin structure
and function may reveal insight into visual development, as well
as behavior and physiology.”” > Since it has been suggested
that the rate of retinal release may influence dark adaptation at
low bleaching levels,*® investigating the molecular mechanisms
of retinal release in rhodopsin could also help to better
understand variability in dim-light vision among vertebrates.

Here, we investigate the natural variation in the rate of retinal
release between zebrafish and bovine rhodopsin using an assay
that monitors how the intrinsic fluorescence of opsin becomes
unquenched upon release of retinal from the chromophore
binding pocket. Amino acid differences between these
rhodopsins were identified, and a series of zebrafish rhodopsin
mutants substituting bovine rhodopsin identities at variable
sites were made. We found that zebrafish rhodopsin released
retinal more than twice as fast as bovine rhodopsin, with this
discrepancy being mainly attributable to the rate of dissociation
of retinal from opsin as opposed to differences in Schiff base
stability, since variation at functional motifs proximal to the -
ionone ring of retinal were found to be responsible for most of
this difference. Additionally, an Arrhenius plot of zebrafish
rhodopsin suggested that a similar energy of activation is
required to hydrolyze the Schiff base as compared to bovine
rhodopsin. This study also reinforces the importance of sites
122 and 189 on the stability of metarhodopsin intermediates, as
substitutions that influenced the positioning of these sites in the
chromophore binding pocket also affected retinal release. This
is the first time that all-trans-retinal release has been
investigated in a fish rhodopsin.

B EXPERIMENTAL PROCEDURES

Visual Pigment Expression and Purification. RNA was
extracted from adult zebrafish eyes using TRIzol (Invitrogen),
and c¢DNA libraries were made using the SMART cDNA
Library Construction Kit (BD Biosciences). Zebrafish rhodop-
sin has a coding sequence of 1,065 bp, translating to 354 amino
acids. This includes 59 differences from bovine rhodopsin,
along with 6 additional residues in the C-terminal domain
(Figure S1). The complete coding sequence of zebrafish
rhodopsin (GenBank: AB087811) was amplified using

PfuTurbo (Stratagene) and inserted into the pJET1.2 cloning
vector (Fermentas). Site-directed mutagenesis primers were
designed to induce single amino acid substitutions, with double
and triple mutants being generated through successive rounds
of mutagenesis via PCR. All sequences were verified using a
3730 DNA Analyzer (Applied Biosystems). The full length
coding sequence of bovine rhodopsin®" was cloned into the
pIRES-hrGFP II expression vector (Stratagene), while zebrafish
rhodopsin and mutants were cloned into the p1D4-hrGFP II
expression vector.>> These constructs were used to transiently
transfect cultured HEK293T cells using Lipofectamine 2000
(Invitrogen). Cells were harvested 48 h post-transfection and
opsins were regenerated using 11-cis-retinal, generously
provided by Dr. Rosalie Crouch (Medical University of South
Carolina). Visual pigments were solubilized in 1% N-dodecyl-p-
maltoside (DM) and immunoaffinity purified using the 1D4
monoclonal antibody,™ as previously described.>*>* Purified
visual pigment samples were eluted in sodium phosphate buffer
(50 mM NaPhos, 0.1% DM, pH 7).

Spectroscopy. The ultraviolet—visible absorption spectra
of purified zebrafish, bovine, and mutant rhodopsins were
recorded at 25 °C using a Cary 4000 double-beam
spectrophotometer (Agilent). All Ay« values were calculated
after fitting absorbance spectra to a standard template for Al
visual pigments.>> Activation of zebrafish rhodopsin in response
to light was measured by a shift in Ayux to ~380 nm,
representing the active meta II state. Reactivity to hydroxyl-
amine in the dark was monitored by absorbance spectroscopy
upon incubation in S0 mM NH,OH (Sigma-Aldrich) at 25 °C.
Acid denaturation was similarly monitored upon incubation in
100 mM HCl (Sigma-Aldrich). Retinal release following
rhodopsin light activation was monitored using a Cary Eclipse
fluorescence spectrophotometer equipped with a Xenon flash
lamp (Agilent), according to a protocol modified from a
previous study.*® Briefly, 0.1—0.2 uM visual pigment samples
were bleached for 30 s with a fiber optic lamp (Dolan-Jenner),
using a filter to restrict wavelengths of light below 475 nm to
minimize heat. Fluorescence measurements were obtained at 30
s intervals with a 2 s integration time. The excitation
wavelength was 295 nm (1.5 nm slit width), and the emission
wavelength was 330 nm (10 nm slit width); no noticeable
activation by the excitation beam was detected prior to pigment
bleaching. Retinal release resulted in decreased quenching of
intrinsic twpt%phan fluorescence at W265 by the retinal
chromophore.’® Data was fit to a three variable, first order
exponential equation (y =y, + a(1 — ™)), with half-life values
calculated based on the rate constant b (t;,, = In2/b). All curve
fitting resulted in 7* values of greater than 0.95. While zebrafish
rhodopsin has an additional tryptophan compared to bovine
rhodopsin (W273), it should not have a significant influence on
fluorescence quenching considering its distance from the
chromophore. Differences in retinal release half-life values
were assessed using a two-tailed f test with unequal variance. All
data for mutant rhodopsins were recorded at 20 °C, while
additional data for wild type rhodopsins used to construct
Arrhenius plots was also collected at 5 °C, 18 °C, and 24 °C.
Bovine rhodopsin was also assayed at 37 °C, representing its
physiological temperature. Activation energies (E,) were
determined based on the Arrhenius equation (k = A e /(K1)
and calculated from the slope of a linear regression line fit to a
plot of the natural logarithm of retinal release rate constants
against the reciprocals of these temperatures.””*’
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Figure 1. Spectroscopic comparison of zebrafish and bovine rhodopsin. (A,B) Ultraviolet-visual absorbance spectra of zebrafish and bovine
rhodopsin, respectively, following in vitro expression and purification. The wavelength of maximum absorbance (4y5x) is indicated for each pigment.
(C,D) Difference spectra of zebrafish and bovine rhodopsin, respectively, calculated by subtracting the light-bleached absorption spectrum from the
dark spectrum, showing a shift from Ay,x to ~380 nm following photoactivation. (E,F) Absorption spectra of zebrafish and bovine rhodopsin,
respectively, both before (black) and after (red) incubation in 100 mM HCL. A shift from Ayux to ~440 nm demonstrates a covalent Schiff base
linkage between opsin and chromophore. (G-H) Absorption spectra of zebrafish and bovine rhodopsin, respectively, both before (black) and after
(red) incubation in SO0 mM NH,OH for 2 h. No difference following incubation suggests a chromophore binding pocket that is inaccessible to small
molecules, such as NH,OH. (L]) Increase in fluorescence intensity, representing release of all-trans-retinal from the chormophore binding pocket, in
zebrafish and bovine rhodopsin, respectively, following photoactivation at t = 0 (dotted line). Half-life values of the first-order kinetic reactions are
indicated. Samples were assayed at 20 °C, pH 7.0, in 0.1% dodecyl maltoside.
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Homology Modeling. The 3D structure of zebrafish
rhodogsin was inferred via homology modeling by Mod-
eller,*** using the bovine meta II crystal structure (PDB code:
3PQR’®) as template, including chromophore and water
molecules. Minimizing the Modeller objective function
generated 25 separate models, and the run with the lowest
DOPE score was assessed and visualized.** ProCheck was used
to ensure bond angles and lengths were generally in high
probability stereochemical conformations as indicated by
positive overall G-factor.*' Model quality was further examined
by ProSA-web by comparing the model’s total energy to that
expected by random chance.” Our model and template
structures had comparable z-scores, standardized for the
number of residues. Images of 3D structures were generated
using MacPyMol.*?

B RESULTS

Zebrafish Rhodopsin Has an Increased Rate of Retinal
Release Compared to Bovine Rhodopsin at Similar
Temperatures. Both zebrafish and bovine rhodopsin were
expressed, regenerated with 1l-cis-retinal, and purified,
producing dark spectra with Ay,x of 501 and 499 nm,
respectively (Figure 1A,B). These values are similar to
previously published results,**** and are consistent with Ay;x
values from the majority of vertebrates, which are generally
around 500 nm.***” When photoactivated, the Ay, of
zebrafish rhodopsin shifts to ~380 nm, characteristic of the
biologically active meta II intermediate and similar to bovine
rhodopsin (Figure 1C,D). Confirmation of a covalent Schiff
base linkage between zebrafish rhodopsin and its 11-cis-retinal
chromophore was shown by a shift in Ay4x to 440 nm following
denaturation with acid, the typical absorbance maximum of 11-
cis-retinal bound to denatured opsin (Figure 1E,F). Zebrafish
rhodopsin was not initially susceptible to hydroxylamine
(Figure 1G), suggesting it has chromophore binding pocket
accessibility similar to that of bovine rhodopsin (Figure 1H),
which also shows no significant reaction over an extended
period of time.”* In a fluorescence assay monitoring for release
of all-trans-retinal, light-activated bovine rhodopsin had a half-
life (t,/,) of 13.9 + 1.6 min, similar to previously recorded
values of 12.5—15.5 min.>**®* However, under similar
conditions, zebrafish rhodopsin was found to have a
significantly shorter half-life of 6.6 + 0.6 min (Figure 1LJ;
Table 1). To further investigate this functional difference, we
conducted mutagenesis of sites lining the retinal channel of
rhodopsin, as well as those surrounding terminal openings of
this channel. We replaced variable sites in zebrafish rhodopsin
with corresponding bovine identities in order to determine
which sites were responsible for the observed differences in
retinal release rates (Table 1).

Amino Acid Substitutions at Variable Sites near the
Chromophore Alter Retinal Release. The substitution with
the largest effect on the rate of retinal release in this study was
M123I (t,, = 11.5 + 0.7 min), resulting in a half-life almost 5
min longer than that of wild type zebrafish rhodopsin (Table 1,
Figure 2A). This is a residue in TM3 within 8 A of the f-ionone
ring end of the retinal chromophore in the binding pocket.®"!
Mutagenesis at a neighboring residue, G124A, also resulted in a
longer halflife (t;, = 84 + 0.5 min), although not as
pronounced as that of MI123I (Figure 2B). However, the
double mutant M1231/G124A had an intermediate phenotype
relative to the two individual substitutions (t;,, = 10.6 = 1.6
min), which suggests that these substitutions are affecting the

Table 1. Retinal Release Half-Life, and Ay ,x Values for Wild
Type and Mutant Rhodopsins, Measured at 20 °C

difference from WT
retinal release t,, zebrafish rhodopsin Aniax
opsin (min)® (min) (nm)

bovine rhodopsin 13.9 + 1.6 (19) 499

zebrafish rhodopsin 6.6 + 0.6 (54) 501
A33E 6.5+ 0.1 (3) 500
A36Q 7.0 £ 0.6 (3) 501
E64Q 7.0 + 04 (3) 501
M9SL 69 + 0.7 (3) 501
R107P 59+ 11(3) 501
M1231 11.5 + 0.7 (5) +4.9%% 501
G124A 84 + 0.5 (3) +1.8% 501
WI136Y 7.1 £ 03 (4) 500
C165L 5.7 £04 (3) —0.9% 501
V1891 9.1 +£09 (4) +2.5%% 500
1209V 53+07 (3) —1.3% 500
F2131 8.1+ 0.6 (9) +1.5%% 500
R225Q 58 +£0.7 (3) 502
E241A 6.0 + 0.5 (3) 500
R248K 7.1 + 0.8 (4) 500
V266L 83 + 0.3 (5) +1.7%% 499
W273F 8.8 + 0.8 (7) 2.8 499
V2861 57 £03(3) —0.9%* 501
12901 53 +05 (3) —1.3% 500
C304V 6.6 + 04 (3) 501
C308M 69 + 0.5 (3) 500
H31SN 6.9 + 0.6 (3) 501
M1231, GI24A 10.6 + 1.6 (6) +4.0%* 502
F2131, V266L 11.1 + 04 (3) +4.5%% 500
F2131, W273F 10.1 + 0.9 (5) +3.5%% 499
V266L, W273F 10.0 + 1.0 (8) +3.4%% 498
F2131, V266L, 13.3 + 0.6 (4) +6.75% 498
W273F
1209 V, F213], 13.1 + 1.0 (3) +6.5%F 497

V266L, W273F

“For retinal release half-life values, the number of replicates are
indicated in brackets. bSigniﬁcant differences from wild type zebrafish
rhodopsin are indicated, based on a two-tailed t test with unequal
variance, where p < 0.05 (*) or <0.01 (**).

chromophore indirectly, possibly by repositioning a nearby
residue with a more direct influence (Figure 2C). A likely
candidate is the neighboring E122, a determinant of opsin
function previously shown to mediate decay rates of
metarhodopsin intermediates.*”* Homology models of zebra-
fish rhodopsin confirm the proximity of E122 to the f-ionone
ring of the chromophore, similar to bovine rhodopsin. Since
E122 is a charged residue, it is possible that its repositioning
could modify the hydrostatic environment of the binding
pocket and its hydrogen bonding network.’"** Other
substitutions less proximal to E122 had no significant effects
on retinal release rates, including R107P and W136Y. The latter
result was somewhat surprising, as Y136 is highly conserved in
most rhodopsin-like Family A GPCRs as the third residue of
the D(E)RY motif, which has greviously been shown to be
relevant to rhodopsin activation.”***

Separating the retinal channel of rhodopsin from the
extracellular environment is a fB-sheet structure formed by fS-
strands from EL2, where strand f4, consisting of sites 186—190,
lines the chromophore binding pocket.*** Site 189 is a known
determinant of rod and cone opsin function®” that also varies
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Figure 2. Increase in fluorescence intensity following photoactivation of zebrafish rhodopsin mutants, with substitutions to bovine rhodopsin
identities at residues lining the chromophore binding pocket. Mutants include (A) M123], (B) G124A, (C) M1231/G124A, and (D) V1891 Half life
values of the first-order kinetic reactions are indicated. Photoactivation occurred at t = 0 (dotted line). Samples were assayed at 20 °C, pH 7.0, in

0.1% dodecyl maltoside.

between valine and isoleucine among rhodopsins. The V189I
substitution in zebrafish rhodopsin significantly decreased the
rate of retinal release (t,, = 9.1 = 0.9 min; Figure 2D). In
bovine rhodopsin, 1189 is only a few angstroms away from the
chromophore, and homology modeling suggests this is also the
case for V189 in zebrafish rhodopsin.

Variable Residues near an Opening between TM5 and
TM6 in Meta Il Contribute to Retinal Release Rate
Differences between Zebrafish and Bovine Rhodopsin.
The opening located between TMS and TM6 in meta II has
been hypothesized as the site of all-trans-retinal release
following photoactivation.'”'> In bovine rhodopsin, key
residues at this motif, including a triad of phenylalanines at
208, 273, and 276, form a “hydrophobic cage” that could
sterically hinder the release of all-trans-retinal.'®'® We
investigated substitutions near this opening in zebrafish
rhodopsin and measured their impact on retinal release rates.
The largest difference was caused by W273F, also the
substitution most proximal to the opening, which decreased
the rate of retinal release (t,, = 8.8 + 0.8 min). Three
additional substitutions nearby also had minor effects on retinal
release rates: 1209V, F213], and V266L (Figure 3A—D). Other
substitutions less proximal to the opening (R225Q, E2414, and
R248K) had no discernible effects (Table 1). A quadruple
mutant (1209V, F2131, V266L, W273F) was also generated to
determine whether the influence of these residues was additive;
this mutant caused a much larger decrease in the rate of retinal
release relative to the individual substitutions (¢, = 13.1 + 1.0
min; Figure 3E). With the exception of W273, side chains of
these residues might have little direct contact with the
chromophore during release, but they could be involved

indirectly by altering the orientation of surrounding residues.
These substitutions likely influence steric effects during all-
trans-retinal dissociation as opposed to Schiff base stability, due
to their proximity to the f-ionone ring and the hypothesized
retinal exit site. A triple reverse mutant (I213F, L266V,
F273W) was also generated in bovine rhodopsin, confirming
that the effect of these substitutions is consistent in both
backgrounds (Supporting Information Table S2).

We also investigated substitutions near another channel
opening, located between TM1 and TM7, that is closer to the
Schiff base link than the previous opening, and is formed durin
activation when the backbone of F293 in TM7 rotates 120°."
Overall, the effects of substitutions at this opening were much
less compared to those at the TMS/TM6 opening. V2861 and
L2901 caused minor changes to retinal release rates, likely due
to their proximity to either the Schiff base or to F293 (Figure
3F,G), while A36Q and C304V had no significant effect (Table
1).

Zebrafish and Bovine Rhodopsin Have Similar
Activation Energies of Schiff Base Hydrolysis. Additional
temperatures were assayed for wild type zebrafish and bovine
rhodopsin in order to construct an Arrhenius plot to estimate
activation energies of Schiff base hydrolysis (Table 2).
Interestingly, the activation energies for zebrafish rhodopsin
(182 + 1.7 keal/mol) and bovine rhodopsin (19.2 + 1.3 kcal/
mol) were found to be quite similar (Figure 4). These values
are similar not only to previously measured activation energies
of bovine rhodopsin, but also of the Xenopus SWS1 visual
pigment.*® This suggests that Schiff base stability may only
make a minor contribution to differences in retinal release
among these visual pigments. This result is consistent with our
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Figure 3. Increase in fluorescence intensity following photoactivation of zebrafish rhodopsin mutants, with substitutions to bovine rhodopsin
identities at residues near two openings in metarhodopsin II. Mutants include (A) 1209V, (B) F213L, (C) V266L, (D) W273F, (E) 1209V/F2131/
V266L/W273F, (F) V286, and (G) L2901 Half-life values of the first-order kinetic reactions are indicated. Photoactivation occurred at ¢ = 0 (dotted
line). Samples were assayed at 20 °C, pH 7.0, in 0.1% dodecyl maltoside.

mutagenesis data, in which the majority of amino acid
substitutions with significant effects on retinal release were
located closer to the f-ionone ring, rather than the Schift base
of the chromophore. These sites would therefore be more likely
to sterically hinder the dissociation of retinal from rhodopsin,
following Schiff base hydrolysis.

The rate of retinal release of zebrafish rhodopsin is
significantly increased compared to that of bovine rhodopsin
at similar temperatures, resulting in a half-life that is more than
two times shorter. However, zebrafish is an ectotherm whose
body temperature is dependent on its environment. This is in

contrast to homeothermic mammals, whose body temperatures
are usually around 37 °C. The natural habitat of the zebrafish is
found mainly in the Ganges and Brahmaputra river basins in
India, Bangladesh, and Nepal.*® Temperatures in these rivers
usually vary between 17 and 27 °C depending on the time of
year;>” therefore, assaying zebrafish rhodopsin within this range
would be a better approximation of physiological temperatures.
When measured at more physiologically relevant temperatures,
the retinal release rate of zebrafish rhodopsin (¢,,, = 4.1 + 0.6
min at 24 °C; Figure 4E) was found to be more similar that of
bovine rhodopsin (¢, = 2.0 + 0.2 min at 37 °C; Figure S2).
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Table 2. Retinal Release Half-Life Values of Wild Type
Bovine and Zebrafish Rhodopsin Compared at Different
Temperatures

visual pigment T (°C) t1/, (min)*

bovine rhodopsin S 70.7 + 4.3 (3)
18 197 + 12 (4)
20 139 + 1.6 (19)
24 8.6 + 1.0 (4)
37 2.0+ 02 (7)

zebrafish rhodopsin S 357 + 2.6 (2)
18 105 + 1.6 (4)
20 6.6 + 0.6 (54)
24 41+ 06 (4)

“For retinal release half-life values, the number of replicates are
indicated in brackets.

This implies that even though bovine rhodopsin has a
decreased rate of retinal release compared to zebrafish
rhodopsin when measured at similar temperatures in the lab,
it may in fact release retinal at a more comparable rate to
zebrafish rhodopsin in vivo, and that these differences are driven
by amino acid substitutions at nonconserved sites.

Amino Acid Substitutions at Variable Sites That Alter
Retinal Release Do Not Change Ayax. Spectral tuning
(changes to Ayax) has been the focus of most comparative
studies of visual pigment function,*®* ™' while relatively few
studies highlight other aspects of visual pigment function in a
comparative context.”**** In contrast, our study targeted sites
differing between zebrafish and bovine rhodopsin that line the
retinal channel and its terminal openings, and found very little
effect on Ayx despite the proximity of some of the sites to the
chromophore (Table 1).

B DISCUSSION

This study investigated the effects of natural variation in
zebrafish and bovine rhodopsin on the rate of light-activated
retinal release using site-directed mutagenesis and fluorescence
spectroscopy. We found that the retinal release rate of zebrafish
rhodopsin is significantly increased compared to that of bovine
rhodopsin at similar temperatures, and have highlighted several
known structural motifs lining a previously identified retinal
channel”"® where natural sequence variation is capable of
tuning retinal release rates (Figure S). However, we also found
that the energy of activation required to hydrolyze the Schiff
base in zebrafish rhodopsin, inferred through an Arrhenius plot
of retinal release data, seems comparable to that of bovine
rhodopsin.”® Under the assumption that the activation energy
of Schiff base hydrolysis is related to Schiff base stability, and
when combined with a priori crystal structure information
concerning the positions of variable sites near the chromophore
in metarhodopsin IL" our results suggest that all-trans-retinal
dissociation, and not Schift base stability, is more likely to be
the molecular mechanism that primarily mediates retinal release
differences among rhodopsins. Additionally, bovine rhodopsin
was found to release retinal more comparably to zebrafish
thodopsin at their respective physiological temperatures,
implying that there is a possibility that sequence evolution
affecting retinal release rates may be tuning this kinetic process
as an adjustment to temperature. Here, we discuss the
importance of our findings for the understanding of molecular
mechanisms mediating retinal release and their implications for
the vertebrate visual system.

Recently, two key studies have also investigated the
molecular mechanisms responsible for mediating retinal release.
One performed site-directed mutagenesis at highly conserved
sites around both retinal channel openings in bovine
rhodopsin.'” Significant differences were shown for both retinal
uptake and release in many of these mutants, leading to the
conclusion that these substitutions were altering the stability of
the Schiff base linkage. The authors argued that local steric
effects of amino acid side chains alone could not explain why a
single substitution would change rates of both retinal uptake
and release. Another study used bovine rhodopsin and a short
wavelength-sensitive cone opsin from Xenopus (VCOP) to
explore the differences between retinal release in rod and cone
opsins.”® While release from VCOP occurred 250 times faster
than in bovine rhodopsin, Arrhenius plots suggested that
activation energies in both visual pigments were remarkably
similar. With comparable energetics for Schiff base hydrolysis,
the authors concluded that steric interactions of all-trans-retinal
with side chains during release was the likely mechanism to
explain differences in retinal release rates between rod and cone
opsins. Our mutagenesis results support the idea of steric
effects being of primary importance for mediating differences in
retinal release rates between bovine and zebrafish rhodopsins,
since our study showed that the majority of sites that altered
release rates were found closer to the f-ionone ring of retinal
than to the Schiff base. This is also consistent with our data
from Arrhenius plots of zebrafish and bovine rhodopsin, which
suggest a comparable energy of activation. However, it is also
clear that Schiff base stability can have important effects on
retinal release rates, as was shown when highly conserved
residues responsible for establishing core structural stability in
rhodopsin were mutated.' It also appears that substitutions in
our study that have a larger effect on retinal release rates, such
as 123 and 273, occur at more invariant sites, while those
showing more naturally occurring variation, such as 213 and
290, cause smaller changes (Figure S3).

Additionally, it was interesting to see that retinal release in
zebrafish rhodopsin was comparable to that found in bovine
rhodopsin when both were assayed closer to their physiological
temperatures. This may hint at evolutionary adaptations in
thodopsins of homeothermic vertebrates that slow down
kinetic reactions in order to compensate for higher ambient
temperatures. A previous study described how the decay of
meta II to meta IIT in human rhodopsin is faster than in bovine
rhodopsin.”® While retinal release comprises more than just
meta II decaying to meta III, measuring retinal release at
physiological temperatures in other mammals, such as humans,
would be required to better understand this relationship. This
association with temperature could also apply to other kinetic
processes of visual pigments, including the lumirhodopsin®
and metarhodopsin equilibria.m64 This may be important as
changes to the metarhodopsin equilibrium due to temperature
can subsequently vary rates of G protein activation.’®
Intriguingly, there is even evidence in Drosophila that
rhodopsin is involved in thermotactic discrimination to help
locate settings of ideal temperature,66 further supporting a
fundamental connection between G protein visual function and
temperature. Much of this association is likely rooted in the
steep dependence observed between temperature and dark
state Schiff base hydrolysis,”” as the hydrogen bond network
surrounding the Schiff base is known to be important in
mediating critical interactions that can change the activation
energy of hydrolysis.*®
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Figure 4. Comparison of retinal release of zebrafish and bovine rhodopsin at varying temperatures. (A—F) Retinal release half-life values were
calculated between S and 37 °C at pH 7.0 by measuring the increase in fluorescence intensity following photoactivation at ¢ = 0 (dotted line). (G)
Arrhenius plot of the natural logarithm of the rates of fluorescence increase in photoactivated bovine (black) and zebrafish (gray) rhodopsin.
Activation energies (E,) were estimated from the negative reciprocal of the slope of a linear regression line that best fit the data (* > 0.97). Data
points indicate means and error bars represent standard deviation.
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Figure S. Crystal structure homology model of zebrafish metarhodop-
sin II, based on bovine metarhodopsin II (9). (A) Complete structure
of the surface of zebrafish metarhodopsin II. Highlighted residues were
mutated in this study near openings at TMs S and 6 (red) or TMs 1
and 7 (purple). Close up of openings in metarhodopsin II at (B) TMs
Sand 6 and (C) TMs 1 and 7 show the proximal residues mutated in
this study and their positions relative to the chromophore, all-trans-
retinal. (D) All mutations investigated in this study that significantly
altered retinal release are shown in relation to all-trans-retinal, bound
to K296 through a covalent Schiff base linkage.

This study also emphasizes the importance of studying
rhodopsin natural variation. Our group recently investigated
light-activated retinal release rates in echidna rhodopsin,
showing that it was significantly different from bovine
rhodopsin,™ suggesting additional variation may exist even
within mammals. In fact, although not well investigated, other
studies also hint at variability in aspects of rhodopsin function
other than spectral tuning. For example, hydroxylamine
reactivity is known to differ markedly between rod and cone
opsins, with cone opsins undergoing Schiff base hydrolysis
much more rapidly upon exposure to hydroxylamine in
comparison with bovine rhodopsin, which does not
react.®”7! However, in some cases, it has been found that
there are also rhodopsins that do show reactivity to
hydroxylamine, including the echidna®® and the anole.**
Variation has also been found in the kinetics of rhodopsin
intermediates following photoactivation. Meta II rhodopsin
decay rates in human®® and bovine rhodopsin’® are notably
different from those in nonmammalian rhodopsins, such as
chicken,* salamander,”® and cichlid fish,%* while meta III decay
rates appear to be different even among mammalian
rhodopsins.”® These examples demonstrate how functional
differences that mediate the disparity in rod and cone opsin
properties may also show variation in different vertebrate
rhodopsins. While these differences might not be of the same
magnitude as those between rhodopsins and cone opsins, they
reveal intriguing insights into the evolution of dim-light visual
systems in vertebrates.

Although our study indicates that there are interesting
differences in light-activated retinal release rates between
zebrafish and bovine rhodopsin, the adaptive significance of
this natural variation remains unclear. Since dark adaptation
requires both release of all-trans-retinal from opsin following
photoactivation, and regeneration of opsin with a new 11-cis-
retinal chromophore, the rate of retinal release following light
activation may affect the speed at which dark adaptation can
occur. Under larger light bleaching conditions, the rate-limiting
step of visual pigment regeneration is known to be related to
the availability of new 1l-cis-retinal in rod outer segments
(ROS), and has been linked to either retinal isomerase activity
in the retinal pigment epithelium (RPE),”* or transport of
newly metabolized 11-cis-retinal from the RPE to the ROS.”>7°
For small light bleaches, which may be more relevant under
natural conditions, an existing pool of 11-cis-retinal in the ROS
can regenerate 3—10% of visual pigments in the retina,””’®
bypassing the rate-limiting activities involving the RPE and
possibly leavin% retinal release from rhodopsin as the rate-
limiting factor.”® It is also important when drawing associations
to in vivo processes to consider that our experiments were
performed in detergent, as membrane composition can
influence rhodopsin kinetics.”*%° Regardless, this remains an
interesting avenue of research for both in vivo and in vitro
comparative studies of vision.
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Two-dimensional snake plot of zebrafish rhodopsin (Figure
S1), retinal release data for bovine rhodopsin at 37 °C (Figure
$2), and a sequence logo describing sequence variation among
vertebrates at sites highlighted in this study that affect rates of
retinal release (Figure S3). GenBank sequences used to
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