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(Bacl(ground: The S186W mutation in rhodopsin causes retinitis pigmentosa (RP).
Results: The mutation expedites thermal isomerization and hydrolysis of the Schiff base by orders of magnitude.
Conclusion: Lower thermal stability could link to higher levels of dark noise, associated with RP’s early symptom, night

Significance: Further quantitative kinetic studies could potentially establish a correlation between thermal stability and RP
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Over 100 point mutations in the rhodopsin gene have been
associated with retinitis pigmentosa (RP), a family of inherited
visual disorders. Among these, we focused on characterizing the
S186W mutation. We compared the thermal properties of the
S$186W mutant with another RP-causing mutant, D190N, and
with WT rhodopsin. To assess thermal stability, we measured the
rate of two thermal reactions contributing to the thermal decay of
rhodopsin as follows: thermal isomerization of 11-cis-retinal and
hydrolysis of the protonated Schiff base linkage between the 11-cis-
retinal chromophore and opsin protein. We used UV-visible spec-
troscopy and HPLC to examine the kinetics of these reactions at 37
and 55 °C for WT and mutant rhodopsin purified from HEK293
cells. Compared with WT rhodopsin and the D190N mutant, the
S$186W mutation dramatically increases the rates of both thermal
isomerization and dark state hydrolysis of the Schiff base by 1-2
orders of magnitude. The results suggest that the S186W mutant
thermally destabilizes rhodopsin by disrupting a hydrogen bond
network at the receptor’s active site. The decrease in the thermal
stability of dark state rhodopsin is likely to be associated with
higher levels of dark noise that undermine the sensitivity of rho-
dopsin, potentially accounting for night blindness in the early
stages of RP. Further studies of the thermal stability of additional
pathogenic rhodopsin mutations in conjunction with clinical stud-
ies are expected to provide insight into the molecular mechanism
of RP and test the correlation between rhodopsin’s thermal stabil-
ity and RP progression in patients.
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Retinitis pigmentosa (RP)” is a family of inherited visual dis-
orders characterized by progressive degeneration of the retina
and retinal pigment epithelium (1-6). About 25% of autosomal
dominant RP cases are connected to one of over 100 point
mutations in the rhodopsin gene (7). Understanding the molec-
ular mechanism of the individual genetic defects that cause RP
is key to developing new treatments. Mechanisms such as mis-
folding and mistrafficking of mutant rhodopsin have been pro-
posed to explain the cause of RP by different mutations, but the
mechanisms for about half of the mutations remain unknown
(8-10). Among these, the SI86W mutation was identified clin-
ically by Ruther et al. (11), but it has remained almost unex-
plored at the molecular level.

Rhodopsin is a widely studied seven-helical transmembrane
G protein-coupled receptor (12-21). Found in the peripheral
retina, rhodopsin enables dim-light vision and accounts for
over 90% of the protein in the disc membranes of the outer
segment of rod cells (15, 22). Rhodopsin consists of the opsin
apoprotein covalently bound to a chromophore, 11-cis-retinal,
via a protonated Schiff base (SB) linkage at the Lys-296 residue
(23). Upon absorption of a photon, 11-cis-retinal isomerizes to
all-trans-retinal, initiating a series of conformational changes
in the protein, resulting in the active form, metarhodopsin II
(Meta II), which consists of all-trans-retinal bound to opsin by
a deprotonated SB (21, 24-29). Meta II then activates the G
protein transducin to trigger the visual signaling pathway, lead-
ing to the perception of light (30, 31).

In the early stages of RP, patients lose night vision and, in up
to 35% of cases, see false flashes of light, a symptom known as
photopsia (6, 32), suggesting that RP may initially affect the
sensitivity of rhodopsin to light and may cause overactivation of
visual signaling. Electrophysiological studies have demon-
strated that rod cells are normally sensitive to single photons
(33, 34), but two sources of noise limit the amount of light that

’” The abbreviations used are: RP, retinitis pigmentosa; SB, Schiff base; Meta l,
metarhodopsin Il; DDM, n-dodecyl-B-b-maltoside; Rho, rhodopsin; ERG,
electroretinogram.
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FIGURE 1. Crystal structure of rhodopsin (Protein Data Bank code 1U19).
The figure shows Asp-190 and Ser-186 near the binding site of 11-cis-retinal.
Ser-186 forms hydrogen bonds with Glu-181 and Thr-289 via two water mol-
ecules, whereas Asp-190 forms an electrostatic interaction with Arg-177 and
hydrogen bonds with Arg-177, Tyr-192, Thr-193, and Asn-200. Water mole-
cules are colored cyan, and dashed yellow lines indicate possible hydrogen
bonds.

the brain can consciously detect. First, discrete dark noise refers
to thermally induced false signaling that resembles the single
photon response and is caused by thermal isomerization of
11-cis-retinal (35—37). Second, continuous dark noise refers to
the constitutive activation of transducin, which can be caused
by opsin not bound to retinal, a situation resulting from hydro-
lysis of the SB between retinal and opsin (38 —41). Therefore,
the two kinds of dark noise are linked to the two chemical reac-
tions, thermal isomerization and hydrolysis of SB. These two
reactions comprise the thermal decay of rhodopsin (42, 43), and
both reactions must be suppressed to attain the extreme pho-
tosensitivity needed for dim light vision. Thus, the thermal
properties of rhodopsin are crucial to understanding the
molecular etiology of RP.

We asked how the thermal stability of rhodopsin relates to
the pathogenic mechanism of RP. Previous research points
to the importance of a hydrogen bond network found through-
out the protein in stabilizing the dark state of rhodopsin and
preventing thermal isomerization of 11-cis-retinal (16, 42—46).
Many point mutations in rhodopsin that perturb the hydrogen
bond interactions are associated with RP (21). We hypothesized
that such mutations could disrupt thermal stability and raise
the level of dark noise, which could be associated with the night
blindness experienced by RP patients in the early stage of the
disease.

We chose to study S186W (11) because it has distinct char-
acteristics that make it a good candidate for studying the ther-
mal properties of rhodopsin. The residue is located on extracel-
lular loop 2, which plugs into the binding pocket of the protein
(12, 16, 17). Extracellular loop 2 is home to many important
molecular interactions related to photoactivation (21, 47—49)
and has been shown to play critical roles in rhodopsin stability
(42—-44, 46, 50 -52). Ser-186 appears to form hydrogen bonds
with two conserved water molecules (Fig. 1). One water mole-
cule may form a hydrogen bond to Thr-289 (17). The other
water molecule coordinates with Glu-181 (16, 17, 45, 53), which
is involved in the counterion switch mechanism that underlies
the activation of rhodopsin (47-49, 54—56). Ser-186 is also
thought to form an intermediate interaction with the proto-
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nated SB in the proton transfer mechanism for switching the
protonated SB counterion from Glu-113 to Glu-181 (48, 54).
Another clue to the significance of Ser-186 is its proximity to
Cys-187, which forms a disulfide bond with Cys-110 that is
necessary for stabilizing rhodopsin; mutations that eliminate
either cysteine result in moderate (C110F or C110Y) or severe
RP (C187Y) (57, 58). Experiments on the nonpathogenic SI86A
mutation revealed that it increases the rate of thermal decay by
3-fold compared with wild type (WT) (46) and increases the
rates of thermal isomerization and hydrolysis of SB by 2 orders
of magnitude at 55 °C (43, 44). However, the pathogenic S186 W
mutant has not been characterized at the molecular level,
although clinical studies suggest a severe phenotype (11, 59).

Moreover, a quantitative kinetic study of the thermal decay
process of S186W has allowed a comprehensive comparison
with the thermal process of the D190N mutation, which is
another mutation in the rhodopsin gene that causes RP.
Although the rate of thermal decay of D190N has been previ-
ously characterized (51), how this mutation affects the rate of
two thermal reactions, thermal isomerization and SB hydroly-
sis, has not been investigated. Tsui et al. (60) recently reported
the phenotypes of one family with the D190N mutation. Their
studies revealed that the D190N genotype correlates with a rel-
atively slow progression of RP (60), which is in contrast to the
severe phenotype of the S186W mutant (11). Thus, a quantita-
tive comparison of the kinetics of the thermal reactions of
S$186W and D190N will introduce a new approach to associate
thermal stability of pathogenic mutants at a molecular level
with vision deterioration in RP patients at a clinical level.

Similar to the S186W mutant, the D190N mutant is located
on extracellular loop 2 and forms hydrogen bonds at the retinal
active site. In particular, Asp-190 interacts electrostatically
with Arg-177 (Fig. 1) (12, 16, 17). Using NMR, Ahuja et al. (21)
found that Asp-190 forms hydrogen bonds with Arg-177, Ser-
176, and Asn-200. X-ray crystal structures indicate that Asp-
190 forms hydrogen bonds with Arg-177, Tyr-192, Thr-193,
and Asn-200 (12, 16, 17). An early biochemical study by Sung et
al. (9) reported that human D190N failed to generate light-
sensitive protein, misfolded, and was retained in the endoplas-
mic reticulum of transfected COS cells. However, Kaushal and
Khorana (61) as well as Janz et al. (52) found that bovine D190N
had normal absorbance spectra, likely suggesting proper fold-
ing and photochemistry. Janz et al. (51, 52) compared the sta-
bility of dark state and Meta II in the D190N mutant with WT
rhodopsin and found that the mutation increased the rate of
thermal decay. Here, we aim to compare the effect of D190N
with that of S186W on the thermal stability of rhodopsin to gain
insight into the correlation between the thermal stability of the
mutants and RP progression in patients.

To achieve this, we sought to quantitatively compare the
rates of thermal reactions of S186W with those of D190N. Pre-
viously, Janz et al. (52) measured the rate of thermal decay of
D190N and found it to be faster than that of WT rhodopsin.
Here, we measured not only the rate of thermal decay but also
the individual rates of thermal isomerization and the SB hydro-
lysis of both mutants (42— 44). Understanding the effects of the
S186W and D190N mutations on individual thermally driven
chemical reactions in both the dark state and active state is
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FIGURE 2. Kinetic model of the thermal processes of rhodopsin. The model consists of two pathways. First, dark state Rho undergoes thermal isomerization
atarate k%, to yield all-trans-retinal bound to opsin via an unprotonated SB (T°), a Meta Il-like state. The SB in T® breaks at a rate k[, , to yield all-trans-retinal free
in solution (/). Second, Rho undergoes hydrolysis of the protonated SB at a rate k,yq to form 11-cis-retinal free in solution (C"), along with opsin protein. Then

C"isomerizes in the presence of opsin protein at a rate ki, to yield T".

critical for determining the mechanism by which these muta-
tions give rise to visual defects. We recently proposed a kinetic
model (Fig. 2) to describe the thermal processes of rhodopsin,
which enables the dissection of thermal reactions into individ-
ual steps to yield their rate constants (44).

The kinetic model of the thermal decay of dark state rhodop-
sin (Rho) consists of two pathways. First, thermal isomerization
of 11-cis-retinal in the binding site of rhodopsin yields all-trans-
retinal bound to opsin (7?) at a rate k2, followed by hydrolysis
of the deprotonated SB to give free all-trans-retinal (%) at a rate
kgyd. Second, hydrolysis of the protonated SB of Rho yields
free 11-cis-retinal (C/) and opsin at a rate kiyas followed by
opsin-catalyzed thermal isomerization of G to T” at a rate
Kico- The thermal isomerization in the second pathway (k)
can be catalyzed by the presence of opsin, as we showed
previously (44). Of the four rate constants, we can determine
kfyd experimentally using an acid denaturation assay to
measure the hydrolysis of SB in activated rhodopsin. To find
the remaining rate constants, we used three additional
experiments as follows: UV-visible spectroscopy to measure
thermal decay, HPLC analysis to measure retinal isomeriza-
tion, and acid denaturation to measure hydrolysis of SB in
dark state rhodopsin.

We use these three experiments because they each probe a
portion of the kinetic model; combined, they elucidate each
individual rate constant. The thermal decay experiment uses
the absorbance at 500 nm (A45,) to measure the amount of dark
state rhodopsin in a sample over time; thus, this experiment
reflects the rate of thermal decay through both the thermal
isomerization and hydrolysis pathways. Hence, the experiment
measures the sum of the rates k-, and kiya- The HPLC experi-

ment measures the amount of 11-cis-retinal present in a sample
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over time (regardless of whether the retinal is bound to protein
or not); thus, it is related to the rates k2 and k. Finally, the
acid denaturation experiment measures the amount of intact
Schiff base present in a sample over time (regardless of the
isomeric form of retinal); thus, it is related to the rates kj, 4 and

nya- The three experiments produce three sets of data. These
three sets of data combined with the independent measure-
ment of the rate of Meta II hydrolysis (kgyd) can be fit into the
kinetic model (Fig. 2) to yield the individual rate constants, i, 4,
k2., and k. Thereby, we can quantitatively compare the
effects of the S186W and D190N mutations on the rate of ther-
mal isomerization and hydrolysis of SB, which are correspond-
ingly associated with rhodopsin’s discrete and continuous dark
noise.

In this study, we apply the kinetic model to analyze the path-
ogenic rhodopsin mutations, aiming to understand the molec-
ular etiology of RP. We studied the kinetics of thermal reactions
of S186W at 37 and 55 °C and compared it with that of WT
rhodopsin and D190N. The results show that the S186W muta-
tion drastically destabilizes rhodopsin. Compared with D190N,
S186W increases the rates of both thermal isomerization and
hydrolysis of SB by at least an order of magnitude at 37 °C and
close to 1 order of magnitude at 55 °C, which aligns with a faster
pace of vision deterioration in patients carrying the S186W
mutation. Hence, our results imply a potential association
between the mutants’ impact on thermal stability and RP pro-
gression in patients. Further quantitative studies of additional
RP-causing mutants at the molecular level in conjunction with
clinical studies could potentially establish a new pathogenic
mechanism for RP and possibly allow for a better prognosis for
this disease.
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EXPERIMENTAL PROCEDURES
Materials

All chemicals were from Sigma, unless noted otherwise. Tis-
sue culture reagents, Lipofectamine™, goat anti-mouse IgG
secondary antibody conjugated to Alexa Fluor® 488 (54), and
wheat germ agglutinin coupled to Alexa Fluor® 633 were pur-
chased from Invitrogen. The surfactant DDM was from Ana-
trace, Inc. Synthetic oligonucleotides were from Genelink,
Inc. Mouse monoclonal 1D4 antibody (62), specific to the C
terminus of rhodopsin, was purchased from the University of
British Columbia, and the 1D5 peptide (TETSQVAPA, cor-
responding to the C-terminal epitope) was synthesized by
the W. M. Keck Foundation Biotechnology Resource Labo-
ratory at Yale University.

Mutagenesis

Site-directed mutagenesis of the synthetic bovine opsin gene
(63) was carried out in the expression vector pMT4. The
D190N and S186W mutant opsin genes were subcloned into
the pACMV-tetO vector (64, 65) with the Kpnl/NotI restric-
tion sites as described previously and confirmed by DNA
sequencing.

Stable Cell Lines

WT opsin and the D190N and S186W mutants were
expressed as described previously (42, 43, 54). The DNA con-
structs were transfected into HEK293 cells using Lipo-
fectamine™. Transfected cells were selected using the antibi-
otic Geneticin (300 ug/ml) for 2 weeks to generate a stable cell
line.

Immunocytochemistry

For subcellular localization studies, HEK293 cells stably
transfected with W'T or mutant opsin were grown on glass cov-
erslips. Protein expression was induced by adding tetracycline
(2 pg/ml) and sodium butyrate (5 mm) to the growth medium
for 48 h. Cells were then rinsed with cold Dulbecco’s phos-
phate-buffered saline (DPBS), and the plasma membrane was
stained with wheat germ agglutinin-Alexa Fluor® 633 conju-
gate (10 ug/ml) at 37 °C for 15 min. After washing the cells with
cold DPBS, cells were fixed in 4% paraformaldehyde for 10 min,
permeabilized with 0.02% Triton X-100 for 5 min, and blocked
with 3% bovine serum albumin (BSA) in DPBS for 1 h. Cells
were then incubated with mAb 1D4 (5 ug/ml) for 1 h, blocked
with 3% BSA in DPBS again, followed by a 1-h incubation with
Alexa Fluor® 488-conjugated goat anti-mouse IgG (4 pg/ml).
Nucleus was then stained with Hoechst 33342 (1 ug/ml) for 10
min. After three washes with DPBS, the coverslips were
mounted on glass slides with Antifade applied. The cells were
visualized with a Zeiss LSM 510 NLO META laser scanning
microscope, and the images were analyzed using Image].
Untransfected HEK293 cells, along with WT opsin not treated
with primary antibody, were used as controls.

Expression and Purification of Rhodopsin

Cells were harvested 48 h post-induction, and rhodopsin was
regenerated with 5 um 11-cis-retinal overnight at 4 °C in the
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FIGURE 3. Measurement of the extinction coefficient of the protonated
Schiff base. The extinction coefficient of the protonated SB between all-
trans-retinal and acid-denatured opsin is higher than that of the protonated
SB between 11-cis-retinal and acid-denatured opsin. At room temperature,
dark state D190N rhodopsin was acid-denatured with 4 ul of 1 m HCl and
measured by UV-visible spectroscopy (black line), giving an extinction coeffi-
cient of 32,600 M~ ' cm ™ for the 11-cis-retinal SB. A second sample of D190N
was light-bleached for 1 min to convert all 11-cis-retinal to all-trans-retinal.
The Meta Il sample was denatured and measured by UV-visible spectroscopy
(green line), giving an extinction coefficient of 41,600 M~ ' cm™ ' for the all-
trans-retinal SB.

250 650

dark. All manipulations of the regenerated rhodopsin were con-
ducted under dim red light.

Membranes were detergent-solubilized in 50 mm Tris, 100
mM NaCl, 1 mm CaCl,, 1% w/v DDM, 0.1 mm PMSEF, pH 6.8, for
4 h at 4 °C. Rhodopsin was purified using the C-terminal 1D4
antibody coupled to Sepharose beads as described previously
(42,43, 66, 67). The beads were washed three times with 50 mm
Tris, 100 mm NaCl, 0.1% DDM, pH 6.8, and three times with 50
mM sodium phosphate, 0.1% DDM, pH 6.5 (Buffer A). The rho-
dopsin samples were eluted in Buffer A containing 1D5 peptide
for competitive binding to the antibody. The purified samples
were then concentrated to ~25 um.

UV-visible Spectroscopy

All UV-visible spectra were recorded on a Shimadzu
UV-2450 spectrophotometer. The molar extinction coeffi-
cients of the D190N and S186W mutants were found at room
temperature using acid denaturation of 100-ul samples with 4
wl of 1 M HCI (final pH 1-2) (68). The extinction coefficients of
the mutants were calculated using €,, = 40,600 M ' cm ™ * for
WT rhodopsin (Fig. 3) (69).

Thermal Decay

Thermal decay of dark state rhodopsin was monitored by
UV-visible spectroscopy as described previously (42, 43). Buffer
A was equilibrated in a water-jacketed cuvette at 37 or 55 °C.
The temperature was confirmed using a thermal couple. At ¢ =
0, ice-cold, concentrated rhodopsin solution was added to the
heated buffer to give a final concentration of 1-3 um. UV-visi-
ble spectra were recorded over time. Samples of 200 ul were
removed from the cuvette at appropriate time points to ice-cold
glass vials and stored on ice to quench thermal processes. The
samples were used for two kinetic measurements, thermal
isomerization and hydrolysis of the SB.
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FIGURE 4. HPLCs of the retinaloxime extracts containing the syn and anti
peaks. Over time, the concentration of 11-cis-retinal decreases, and the con-
centration of all-trans (and 13-cis-)-retinal increases.

HPLC Analysis

Retinal was extracted from the samples removed during the
thermal decay experiment using the procedure described pre-
viously. Briefly, the samples were incubated on ice for 10 min
with hydroxylamine, pH 7, to break the SB linkage between
retinal and the opsin protein. Methanol, dichloromethane, and
hexane were added to denature opsin and extract the reti-
naloximes. The mixture of retinaloximes was analyzed by
HPLC (Beckman Coulter SYSTEM GOLD® 125 Solvent Mod-
ule) on assilica column (Beckman Coulter Ultrasphere 4.6 X 250
mm) and a mobile phase of hexane supplemented with 8%
diethyl ether and 0.33% ethanol. Absorbance at 360 nm was
used for detection (Beckman Coulter SYSTEM GOLD® 168
Detector) (Fig. 4).

Acid Denaturation Assay

Samples of 100 wl from the thermal decay experiment were
denatured with HCl at pH 1-2. UV-visible spectra were imme-
diately taken for each denatured sample at room temperature.

Hydrolysis of Schiff Base in Meta Il

The experiments were performed as described previously
(44). Purified rhodopsin samples were photobleached with a
Fiber-Lite Illuminator Model 190, equipped with a long pass
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filter (500 nm), for 1 min at 20 °C to convert dark state rho-
dopsin to the Meta II active form. Bleaching was confirmed by
the absence of a 500-nm peak on the UV-visible absorbance
spectrum. At time ¢ = 0, the bleached sample was added to
Buffer A incubated at 37 or 55°C. Aliquots of 100 ul were
removed at appropriate time points, denatured using HCl at a
final pH of 1-2, and analyzed by UV-visible spectroscopy.

Global Fitting

We analyzed the experimental data by global fitting (Igor
Pro, version 6.2) using functions derived from our kinetic
model for the thermal processes of rhodopsin (44). In our
kinetic model (Fig. 2), the thermal decay of dark state rhodopsin
(Rho) consists of two pathways. First, thermal isomerization of
11-cis-retinal in the binding site of rhodopsin yields all-trans-
retinal bound to opsin (7?) at a rate k2, followed by hydrolysis
of the deprotonated SB to give free all-trans-retinal (7) at a rate
kgyd. Second, hydrolysis of the protonated SB of Rho yields free
11-cis-retinal (C) and opsin at a rate kiya followed by opsin-
catalyzed thermal isomerization of C'to " at a rate k.

Based on our kinetic model, we wrote rate equations for each
thermal process of rhodopsin and solved them to obtain the
fitting functions for our experimental data. The detailed deri-
vation of the equations was presented in our previous study.
The fitting functions are as follows.

Hydrolysis of SB in Meta II—The ratio [T]/[T?], is directly
proportional to the normalized A,,,. Therefore, Equation 1 is
used to fit the experimental data of SB hydrolysis in the Meta
II-like activated product.

(7] r

= @ Knya't

[Tb]o (Ea. 1)

The normalized A, is plotted as a function of time, which is
fitted to Equation 1 using ki , as fitting parameter.

Thermal Decay—The ratio [Rho]/[Rho], is directly propor-
tional to the normalized Ay, Therefore, Equation 2 is used to
fit the experimental data of thermal decay, the normalized A,
plotted as a function of time.

[Rho]
[Rho],

C b
7(khyd + kiso) t

=e (Eq.2)

The fitting parameters in Equation 2 are kj, 4 and K.
HPLC Analysis—Equation 3 is used to fit the experimental
data obtained from thermal isomerization, the fraction of

11-cis-retinal plotted as a function of time.

[11-cis] ko — kio
[Rho]o a kiso - (kﬁyd + kiio

o (K ko)t

iso

C
hyd

kiso - (kﬁyd + klbso)

p—kiso t
e

+

(Eq.3)

where [11-cis] is the sum of the concentration of dark state
rhodopsin ([Rho]) and free 11-cis-retinal ([C]). The fitting
parameters in Equation 3 are ki, q, K2, and k.
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FIGURE 5. Immunolocalization of opsin in HEK293 cells. a, WT; b, D190N; ¢, S186W opsin; d, WT opsin not treated with primary ant|body, and e, untransfected
cells used as controls. The fluorescence images are side by side with the corresponding differential interference contrast (DIC) images; merged images are
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Acid Denaturation Assay—Equation 4 is used to fit the exper-
imental data of SB hydrolysis, the normalized A,,, plotted as a
function of time.

[link] 7
[Rhol,

kC
. hyd . e’(kﬁyd+kibso)'t
(khyd + kISO)

T
khyd

T
khyd -
b

_kISO

hyd (khyd + klbso)

where [link] is the sum of the concentration of dark state rho-
dopsin, [Rho], and all-trans-retinal bound to opsin, [77]. The
ratio [link]/[Rho], is directly proportional to the normalized
Ay, Because ky, is determined independently (using Equa-
tion 1), the fitting parameters in Equation 4 are 4 and K.

In summary, Equations 2—4 share three rate constants, kf\yd,
kb

o and k., which can be obtained by global fitting.
RESULTS

Immunocytochemistry—Before investigating the thermal
processes of the S186W mutant and comparing them with

+ e hwa't (Eq.4)

iso?
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those of WT rhodopsin and the D190N mutant, we examined
the subcellular localization of the proteins to exclude misfolding
and mistrafficking as the mechanism of RP for these mutations.
We immunostained HEK293 cells stably transfected with the WT
bovine opsin gene and the D190N and S186W mutants. Our
results (Fig. 5) clearly show that the D190N and S186W opsins,
similar to the WT opsin, did not form aggregate intracellularly,
suggesting that the pathogenic mechanism for the mutants is not
likely to be misfolding. A control of untransfected HEK293 cells
(Fig. 5e) shows no fluorescence in the green channel.
Characterization of the SI86 W Mutant—The detergent-pu-
rified mutants were first characterized by UV-visible spectros-
copy. All three dark state visual pigments have an absorbance
maximum (A, ,.) of 500 nm (4;,,) and an additional peak at 280
nm corresponding to the absorbance of aromatic amino acids
of opsin (A,g,) (Fig. 6). The absorbance ratios (A,g,/A54,) for
WT, DI9ON, and S186W are 1.7, 2.2, and 2.9, respectively. We
obtained the extinction coefficient using the acid denaturation
method (68). Acid denaturation with HCI at a final pH of 1-2
yields a peak at 440 nm, indicating the presence of protonated
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SB (70), for which we calculate the extinction coefficient to be
32,600 M~ ' cm ™', From this value, the extinction coefficients of
D190N and S186W rhodopsin were determined to be 38,000
and 36,300 M~ ' cm %, respectively (maximum errors of 10%),
compared with 40,600 M~ * cm ™ for WT rhodopsin (69).
Thermal Decay— After spectral characterization of WT and
mutant rhodopsin samples, we measured their rate of thermal
decay, defined as the decrease of the 500-nm absorbance, at 37
and 55 °C. To initiate thermal decay, at time ¢ = 0, purified
rhodopsin was incubated at 37 or 55 °C. A series of UV-visible
absorption spectra were obtained at various time points (Fig. 7,
a—c). Over time, the Ag,, indicating dark state rhodopsin
decreases, whereas the A4, increases due to the formation of
free 11-cis-retinal (ki ), all-trans-retinal bound to opsin k),
and/or free all-trans-retinal (kfyd). The spectra were normal-
ized to the A4, to account for solvent evaporation and to the
Asoo at £ = 0. The normalized A, was plotted as a function of
time (Fig. 7d). Although the kinetics of thermal decay for WT
and D190N at 37 °C are too slow to monitor for completion
under our experimental conditions, the half-lives were ob-
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tained by analyzing the initial slope and found to be 15 * 1 and
7.0 = 0.5 days for WT and D190N, respectively. In contrast, the
S$186W mutant undergoes complete decay in ~8 h. Fitting the
decay curve yields a half-life of 37 = 1 min. However, at 55 °C,
both the D190N and S186W mutations speed up the thermal
decay process significantly compared with the WT (Fig. 7). The
half-lives for S186W, D190N, and WT rhodopsin are 0.39 =+
0.01, 2.42 *= 0.05, and 70 * 2 min, respectively. The thermal
decay rate of S186W is 179 times faster than that of WT rho-
dopsin and 6.2 times faster than that of D190N at 55 °C.
HPLC Analysis—W'e then turned to the two components of
thermal decay (Fig. 2), thermal isomerization and hydrolysis
of SB. We used HPLC analysis to monitor the isomerization of
both bound and free retinal in the samples of rhodopsin incu-
bated at 37 and 55 °C. Fig. 8, a—c, shows the chromatographs of
the HPLC analyses of the thermal decay products. Six isomers
of retinaloxime were detected in order of appearance on the
chromatograph as follows: they are 11-cis-15-syn, all-trans-15-
syn, 13-cis-15-syn, 13-cis-15-anti, 11-cis-15-anti, and all-trans-
15-anti, as presented in the Fig. 4. Only the syn peaks are shown
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in Fig. 8 for clarity because they are the predominant peaks. The
peaks were fit into a Gaussian function to determine peak areas,
which were then calibrated to the corresponding molar extinc-
tion coefficients at 360 nm (71). Over time, the 11-cis-retinal
peak decreases, and the all-trans peak increases due to thermal
isomerization of bound 11-cis-retinal (k%) and/or isomeriza-
tion of free 11-cis-retinal in the presence of opsin (k,,), as
described in the kinetic model (Fig. 2). The fraction of 11-cis-
retinal in each sample was plotted over time (Fig. 84). At 37 °C,
the trend of thermal isomerization agrees with that of thermal
decay: WT rhodopsin barely isomerizes and D190N isomerizes
slightly faster than WT, whereas S186W isomerizes consider-
ably faster than WT rhodopsin and D190N (quantitative anal-
ysis for the rate constants will be presented below). At 55 °C,
although both the D190N and S186W mutations increase the
rate of thermal isomerization, S186W has a larger effect than
D190N (Fig. 84, inset).

Acid Denaturation Assay—To study the second pathway of
thermal decay, hydrolysis of the SB (Fig. 2), we used an acid
denaturation assay to measure the amount of intact SB in ther-
mal decay samples over time. UV-visible spectra were taken for
each denatured sample at room temperature (Fig. 9, a—c). The
spectra were fit into two Gaussian functions to obtain the A ,,,,
characteristic of an intact protonated SB, and the A, charac-
teristic of free retinal after hydrolysis of the SB. The A,,,
decreases and the Asg, increases due to hydrolysis of 11-cis-
retinal from dark state rhodopsin (kj,,4) and/or hydrolysis of
all-trans-retinal from activated rhodopsin (kfyd). The A 40, nor-
malized to the A,,, at £ = 0, was plotted over time (Fig. 9d).
Interestingly, just like the rate of thermal isomerization
increases more for S186W than for D190N, the rate of SB
hydrolysis also increases in the same pattern, suggesting that
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the isomerization and hydrolysis pathways are both affected by
the mutations, and S186W has a larger effect. Similarly, at
37 °C, the drop of the 440-nm peak for S186W is orders of
magnitude faster than that for WT rhodopsin and the D190N
mutant. The 440-nm peak for the D190N samples does not
change within experimental error after incubation for 20-25 h.
Quantitative analysis of the rates by fitting the data into the
kinetic model (Fig. 2) will be presented below.

Hydrolysis of Schiff Base in Meta II—As reported previously
(44), to use the kinetic model (Fig. 2) to analyze the kinetic data
obtained from the above three experiments, thermal decay,
thermal isomerization, and hydrolysis of SB, we need to inde-
pendently measure the rate of hydrolysis of SB in the activated
intermediate, kfyd (Fig. 2). To do so, a purified sample was pho-
tobleached for 1 min so that the 500-nm peak for the dark state
completely transitioned to the 380-nm peak for Meta II. The
bleached sample was then incubated at 37 or 55 °C. Aliquots
were taken over time and denatured by HCL. UV-visible spectra
were taken for each denatured sample (Fig. 10, a—c). The spec-
tra were fit into two Gaussian functions to obtain the A,,,,
which represents all-trans-retinal bound to opsin, and Asg,,
which corresponds to free all-trans-retinal after hydrolysis.
Over time, the 440-nm peak decreases and the 380-nm peak
increases, indicating the hydrolysis of the SB. The A, normal-
ized to the A,,, at £ = 0, was plotted over time (Fig. 10d). In
contrast to the large increase in dark state reaction rates, our
results show that the D190N and S186W mutants have little
impact on SB hydrolysis in the active state. At 37 °C, the D190N
mutation accelerates kgyd by just 1.7 times the WT rate. S186W
has an approximately equal but opposite effect; it slows kgyd by
1.6 times. At 55 °C, klfyd is the same for WT and S186W, and
D190N is 1.2-fold slower.
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Rate Constants of Individual Thermal Processes—To obtain
the individual rate constants ki, k2, and k., we used the
solution of the kinetic model (44) to analyze the kinetic data.
We measured the rates of hydrolysis of SB in Meta II by fitting
data shown in Fig. 104 with a single exponential function to
obtain kfyd. Then, we performed global fitting of the kinetic
data obtained in the experiments of thermal decay (Fig. 7d),
thermal isomerization (Fig. 84), and hydrolysis of SB (Fig. 94)
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for WT, D190N, and S186W at 55 °C and for S186W at 37 °C.
Because we repeated each kinetic measurement at least three
times, we did global fitting to replicates of the same condition
together and reported the fitting parameters in Table 1. In
deriving the equation for analyzing the kinetic data of SB
hydrolysis (acid denaturation) for dark state rhodopsin, we
made an assumption that the error of quantifying the intact SB
in rhodopsin due to the difference in the extinction coefficients
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TABLE 1

Rate constants and half-lives (= S.D.) of thermal processes of WT rhodopsin, D190N, and S186W mutants

All experiments were performed 3-5 times.

Contribution of

Rate constants, min~" (half-lives, min) each pathway
Sample iso kf.yd Kiso k:yd k?so kf\yd
% %
WT, 55°C 0.005 * 0.001 (126 * 26) 0.004 = 0.001 (182 = 61) 0.003 = 0.002 (236 * 188) 0.888 * 0.034 (0.781 = 0.029) 59 * 16 41 * 16
D190N, 55°C  0.233 * 0.022 (2.972 + 0.283) 0.115 * 0.021 (6 = 1) 0.138 = 0.051 (5 = 2) 0.751 = 0.023 (0.923 = 0.029) 67 + 9 33+7
S186W, 55°C  1.549 *+ 0.043 (0.447 = 0.013) 0.251 *+ 0.037 (2.762 = 0.403) 0.047 *+ 0.023 (15 *= 7) 0.929 * 0.035 (0.746 * 0.028) 86 * 4 142
S186W, 37 °C  0.003 = 0.001 (245 * 44) 0.017 = 0.001 (41 = 2) 0.005 = 0.001 (142 * 8) 0.153 = 0.003 (4.532 = 0.075) 14 *= 3 86+ 5

of the 11-cis (e,;,) and all-trans-retinal chromophore (€,,,,,,) is
negligible. Detailed verification of this assumption can be found
under the “Discussion.” We did not use the kinetic model to
analyze the data for WT and D190N at 37 °C because the decay
rates are too slow to be measured. The half-lives of thermal
decay were found to be 15 and 7 days. Because of solvent evap-
oration, the full decay cannot be measured in our experiments.
Therefore, we focused on analyzing the kinetic data for WT,
D190N, and S186W at 55 °C and S186W at 37 °C. The results of
one representative global fitting are shown in Fig. 11, and the
rate constants obtained from global fittings are presented in
Table 1. Thus, we can quantitatively explore the thermal prop-
erties of S186W and compare the effects of S186W with those
of D190N on the kinetics of thermal reactions.

trans

DISCUSSION

This work focuses on the pathogenic S186W mutation in the
rhodopsin gene. Although the S186W mutation is associated
with RP, it has not been previously characterized at the molec-
ular level. Our study provides a quantitative description of the
effects of the S186W mutation on the thermal properties of
rhodopsin. This work also supplements the previous study on
the thermal decay of the DI90ON mutant by investigating the
effects of D190N on the rates of individual thermal reactions
involved in thermal decay, thermal isomerization and SB
hydrolysis. Our study introduces a new approach for molecular
level studies of pathogenic rhodopsin mutations to show the
effect of mutations on individual thermal reactions of rhodop-
sin. These individual reactions set the limit of sensitivity of dim-
light vision. Hence, a quantitative comparison of their rates for
S186W and D190N allows for a fundamental understanding of
the mutations’ effects on the thermal stability of rhodopsin and
correlation of these effects with the pace of disease progression
in RP patients.

Mutant Rhodopsins Localize to Membrane—We observed
that WT and mutant opsins traffic to the plasma membrane in
HEK293 cells, suggesting that the proteins are properly folded
to an extent that cells are able to tolerate the mutations and
transport the opsin to the plasma membrane. Studies of D190N
folding, localization, and photoactivity have been performed in
bovine, murine, and human rhodopsin with sometimes differ-
ing results, so the question of folding should be interpreted with
caution until it can be definitively answered in a human model.
Although previous in vitro studies showed human D190N to be
misfolded and retained in the endoplasmic reticulum, the
recent development of a knock-in mouse model heterozygous
for the murine D190N mutation faithfully recapitulates the fea-
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tures of human disease and showed that the mutant rhodopsin
indeed localizes to the membrane (72). Moreover, we could
purify the bovine D190N and S186W mutants and show its
activation in response to photobleaching, which attests that the
D190N and S186W mutants retain WT-like function. Although
the mutants had a higher A,4,/A;, ratio than WT rhodopsin,
this was likely due to the change in the binding site, such that
mutant opsin may not be regenerated to form visual pigment as
efficiently as WT opsin under our experimental conditions; it is
also possible that a small amount of thermal bleaching occurred
during sample preparation. Thus, our experimental results
together with the previous animal model study (72) indicate
that, although the mutations necessarily change the protein
structure at the molecular level, the structural changes are tol-
erated at the cellular level, so misfolding or mistrafficking is not
likely to be the predominant molecular mechanism of RP for
these mutations. Instead, we hypothesized that the RP geno-
types are associated with thermal destabilization of rhodopsin.

Rate of SB Hydrolysis, Difference in Extinction Coefficients—
In analyzing the rate of hydrolysis of SB in dark state rhodopsin, we
made an assumption that the error of quantifying the intact SB in
rhodopsin due to the difference in the extinction coefficients of the
11-cis(e,,,) and all-trans-retinal chromophore(e,,,,,,.) is negligible.
Here, we verify this assumption. In the kinetic model, two thermal
processes involve SB hydrolysis as follows: 1) hydrolysis of the pro-
tonated SB of Rho at a rate kj,, 4 to form , and 2) hydrolysis of the
deprotonated SB of T” at a rate khTyd to form 7. The concentration
of species containing an intact SB (link) is determined by UV-
visible absorption spectroscopy in the acid denaturation experi-
ment (Equation 5).

A440 nm = €cis[Rho]l + etrans[Tb]l

A nm Erans
llink] = = " = [Rho] + %[7*] (Eq. 5)
Hence, we get Equation 6.
d[llnk] €trans
— g = kilRhol + Kl ; [7°] = KSu[RhO]
T etrans . C T etrans
+ | Knya—_— |([link] = [Rho]) = { kyyg = Knyd o [Rho]
T Errans .
+ Khyd . [link] (Eq.6)

Substituting [Rho] from Equation 2, we obtain Equations
7-9.
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d| [I in k] rans rans
- dt (khyd khyd & )[Rho] kh AR + khyd € [||nk]
(Eq.7)
(khyd :ans - khyd)[Rho]o
[llnk] = < e*(kfyd + kio) -t
€trans b
khyd (khyd + klso
—kp,[Rhol, s,
+ € e fvies T (Eq.8)
trans
khyd (khyd + klbso)
T
llink] = (khy" hyd)[RhT“ SCIRTAN
hyd (khyd + klso)
_kibso[Rho]O T
e fma't (£q.9)

(khyd + klbso)

hyd

Equation 8 is the fitting function for analyzing the rate of SB
hydrolysis when the difference in ¢,,,,, and €., is taken into
consideration. However, Equation 9 is the fitting function when
the difference is neglected, as presented in our previous study

cis
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(44). Comparing Equations 8 and 9, we can see that there is an
additional constant of €,,,,,,./€_; in the new equation.

By using the new fitting function (Equation 8), all rate con-
stants are obtained and listed in parentheses in Table 2, along-
side the rates reported in Table 1, which were calculated with-
out consideration of the difference in extinction coefficients.
The kh 4 late constant is obtained by independent experiment,
so one value is used in both cases. Within experimental error,
the rate constants obtained using both Equations 8 and 9 are the
same. Hence, although we assume that there is negligible error
in quantifying the intact SB in dark state rhodopsin due to the
difference in the extinction coefficients of 11-cis-retinal (e
and all-trans-retinal (€,,,,,,,), this assumption is valid.

Comparison of Thermal Kinetics of SI86W at 37 and 55 ‘C—
To investigate the effects of S186W on the thermal properties
of rhodopsin, we obtained the individual rate constants of ther-
mal isomerization (k%) and hydrolysis of SB in dark state (Kya)
by applying our kinetic model at 37 and 55 °C. Hence, we can
quantitatively compare the individual rates of thermal isomer-
ization and SB hydrolysis of S186W at the two different tem-
peratures, 37 and 55 °C (Table 1), which reveals two character-
istic impacts of S186W on the kinetics of thermal reactions.
First, when temperature increases from 37 to 55 °C, the rate

cis)
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TABLE 2

Rate constants and half-lives (+ S.D.) of thermal processes of WT rhodopsin, D190N, and S186W mutants after accounting for the difference

between €,,,,, and €

Rate constants, min~' (new model)

Contribution of each pathway

Sample khfwd kﬁyd Kiso k{yd Hi’so kf\yd
% %
WT,55°C 0.005 = 0.001 (0.005 * 0.001) 0.004 * 0.001 (0.004 = 0.001) 0.003 = 0.002 (0.003 = 0.002) 0.888 * 0.034 (0.888 = 0.034) 59 =16 (59 = 16) 41 * 16 (41 * 16)
DI90N, 55°C  0.233 + 0.022 (0.241 * 0.021) 0.115 % 0.021 (0.100 * 0.020) 0.138 * 0.051 (0.115 * 0.050) 0.751 * 0.023 (0.751 = 0.023) 67 =9 (71 £ 9) 33+7(29+6)
S186W, 55°C  1.549 *+ 0.043 (1.566 * 0.045) 0.251 * 0.037 (0.213 = 0.038)  0.047 = 0.023 (0.042 * 0.025) 0.929 =* 0.035 (0.929 = 0.035) 86 *+ 4 (88 *+ 4) 14*+2(12*2)
S186W, 37°C  0.003 = 0.001 (0.003 * 0.001) 0.017 = 0.001 (0.017 = 0.001) 0.005 * 0.001 (0.005 = 0.001) 0.153 * 0.003 (0.153 = 0.003) 14 * 3 (15 = 3) 86 +5(85+5)

constants of thermal isomerization (k%) and SB hydrolysis
(Kiya) increase by 517 and 15 times, respectively. From this
temperature dependence, the activation energies of thermal
isomerization and SB hydrolysis can be roughly estimated to be
70 and 30 kcal/mol, respectively. Although these are large acti-
vation energies, they are not as high as those for WT thermal
isomerization (125 kcal/mol) and SB hydrolysis (122 kcal/mol),
which were obtained at temperatures around 55 °C (44). Second,
at 37 °C, thermal isomerization accounts for 14 + 3% of the ther-
mal decay of the S186W, whereas SB hydrolysis accounts for 86 =
5% (Table 1). These contributions change at 55 °C to 86 *+ 4% for
thermal isomerization and 14 = 2% for SB hydrolysis. The shift in
contributions reflects the difference in the activation energies of
the two reactions. Because the process of thermal isomerization
has higher activation energy, the contribution of thermal isomer-
ization to the overall thermal decay process becomes more signif-
icant at a higher temperature (55 °C).

Rates of Thermal Isomerization and SB Hydrolysis of SI86W,
DI190N, and WT—W'e studied the kinetics of thermal decay of
S$186W and compared it with that of WT and D190N. At 37 °C,
we observed that S186W thermally decays 2 orders of magni-
tude faster than D190N and 3 orders of magnitude faster than
WT under our experimental conditions.

The thermal decay half-lives for the DI9ON mutant and WT
rhodopsin at 55 °C were previously measured by Janz and Far-
rens (52). They found that the half-lives of WT rhodopsin and
D190N are 38.5 = 3 and 2.4 = 0.4 min, in qualitative agreement
with our results. The observed differences in rate could be due
to a slight difference in temperature control because the high
activation energy of WT thermal decay suggests that a devia-
tion of 1 °C in maintaining the temperature at 55 °C could lead
to an ~2-fold difference in the rates.

We further compared the rate constants of thermal isomer-
ization (k%) and hydrolysis of SB in dark state (Kiyya) of S186W/,
D190N, and WT rhodopsin at 55 °C. Although running the
experiment at 55 °C is not physiologically relevant, this higher
temperature allowed us to analyze quantitatively the rates of ther-
mal reactions in D190N for a direct comparison with SI86W. Such
analysis clearly shows that the impact of S186W on both thermal
isomerization and SB hydrolysis in dark state rhodopsin is larger
than that of D190N under our experimental conditions.

Mutant Effects on Dark State Versus Active State—Moreover,
our results demonstrate that the mutations, which specifically
perturb the hydrogen bond network of rhodopsin, increase the
rate of thermal isomerization and hydrolysis of SB (the dark
state thermal reactions that contribute to thermal decay) with-
out greatly affecting the stability of the photoactivated state or
the ability of opsin to catalyze isomerization of free 11-cis-ret-
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inal. Unlike the kinetics of thermal processes in the dark state,
the rate of SB hydrolysis in the Meta II-like photo-product
(klfyd) is within 2-fold of WT rhodopsin at both 37 and 55 °C.
Hence, the hydrogen bond network likely exerts its stabilizing
influence on dark state rhodopsin and is much less important
after activation.

Association of Thermal Stability and Early Symptoms of RP—
Our characterization of the thermal properties of the S186W
and D190N mutations reveals an association between the ther-
mal stability of rhodopsin and the early symptoms of RP. Nor-
mally, the hydrogen bond network of WT rhodopsin minimizes
discrete dark noise by preventing thermal isomerization and
suppresses constitutive activation by preventing hydrolysis of
SB (16, 42, 43, 51, 53, 73). When mutations eliminate interac-
tions in the hydrogen bond network, these restraints are weak-
ened. Even a slight increase in the rates of thermal isomeriza-
tion or SB hydrolysis would be greatly magnified by the
abundance of rhodopsin in the eye, i.e. ~10'® molecules per
human eye. Thus, the increased rates of thermal isomerization
and hydrolysis of SB in the S186W and D190N mutants likely
correlate with a higher threshold of light intensity needed for
vision and the early symptom of night blindness in RP. In addi-
tion, up to 35% of RP patients experience photopsia, the false
flashes of light seen in the early stages of the disease (6, 32). The
elevated continuous and discrete dark noise related to thermal
destabilization could be associated with photopsia as well as
night blindness.

Clinical Studies, Comparison of SI86W and D190ON—Most
clinical studies reporting the phenotypes of patients affected by
S186W and D190N describe features such as visual acuity, vis-
ual field, fundoscopy, and ERG responses. However, it is diffi-
cult to compare the phenotypes of S186W and D190N patients
in terms of visual acuity, visual field, and fundoscopy, because
various reports provide varying degrees of detail. Hence, we
focused on the quantitative comparison of ERG responses.
Ruther et al. (11) and Matias-Florentino et al. (59) have
reported cases of 30- and 36-year-old S186W -affected patients,
respectively, who had either barely recordable or completely
abolished ERGs. However, Fishman et al. (74) reported that
D190N-affected patients at ages of 36 and 80 years had ERGs
with delayed but still detectable responses. Additionally, Tsui et
al. (60) reported a D190N-affected patient who at 47 years of
age had a reduced ERG response, which continued to decrease
at a rate of about 3% per year but remained recordable. This
comparison indicates that S186W patients seem to experience
more severe symptoms of RP at younger ages than D190N
patients, pointing to a faster rate of disease progression in
S186W patients. Moreover, Ruther et al. (11) reported an
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S186W-affected patient who presented with greatly reduced
rod ERGs at the age of 6 years. Meanwhile, Tsui et al. (60)
reported two patients aged 7 and 11 who carried the D190N
mutation but were clinically asymptomatic. This further dem-
onstrates that S186W causes earlier presentation as well as
faster progression of RP compared with D190N.

Thermal Stability and RP Progression of SI86W and D190ON—
Our molecular studies allow for a comprehensive comparison
of the impacts of the S186W and D190N mutations on the
kinetics of thermal reactions of dark state rhodopsin. Although
our experimental conditions are far from resembling the com-
plex cellular environments of rod photoreceptor cells, our
kinetic studies clearly reveal the differences in the intrinsic
thermal properties of S186W and D190N at the molecular level.
The S186W mutant has a much stronger impact on the thermal
stability of rhodopsin, which is qualitatively consistent with the
faster progression of RP in patients bearing the S186W muta-
tion. A quantitative correlation, if one exists, remains to be
found when these studies can be expanded to a larger number
of RP-causing mutants.

Significance of Molecular Level Characterizations—To fully
elucidate the etiology of retinal degenerative diseases will
require more research on all points of the biological spectrum
of understanding, from clinical reports to animal models, cel-
lular systems, and molecular details. Our molecular studies
enable the expansion of this spectrum to a level of detail not
before possible, kinetic measurements of the individual chem-
ical pathways underlying the thermal activation of rhodopsin.
Extending our experimental approach to a systematic study of
other pathogenic mutations, in conjunction with clinical
research, holds promise to uncover knowledge that would help
improve the prognosis of RP patients.
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