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Rhodopsin is a vertebrate dim-light photoreceptor consisting of
a seven-helical transmembrane opsin protein and a chromophore,
11-cis retinal, linked to the protein via a protonated Schiff base
(PSB)." Following photon absorption, 11-cis retinal isomerizes to
the all-trans configuration to initiate the visual transduction cascade.
Since optimal transduction depends on the thermal stability of
rhodopsin, the thermal decay process has long been a subject of
interest, yet the chemistry behind it has remained unclear.> *

Baylor et al. demonstrated that the thermal isomerization of
rhodopsin, which enhances dark noise and reduces photosensitivity,
generates the same physiological response as photoisomerization.>°
Furthermore, rhodopsin was reported to undergo thermal decay
characterized by a decrease in visible absorption at 500 nm and an
increase in UV absorption at 380 nm upon incubation at 37—55
°C.”® The observed thermal decay was attributed to hydrolysis of
the PSB. Further analysis by HPLC showed that the concentration
of all-trans retinal extracted from rhodopsin increased after incuba-
tion in the dark at 55 °C. In this case, the thermally induced
isomerization from 11-cis to all-frans was proposed to be initiated
by a different process, thermal denaturation.’

We recently proposed that a hydrogen-bonding network at the
retinal binding site'® is involved in the counterion switch between
dark state rhodopsin and metarhodopsin I, an intermediate precursor
to transducin photoactivation.'"'*> This theory has prompted our
current investigation of the thermal properties of the putative
hydrogen-bonding network through solvent deuterium isotope
effects. In this report, we attempt to clarify and characterize the
chemical reactions responsible for the thermal decay process, with
particular emphasis on (1) thermal decay marked by a decrease in
optical density at 500 nm (ODsq), (2) thermal isomerization of
11-cis to all-trans retinal, and (3) hydrolysis of the PSB. Our results
suggest that although PSB hydrolysis and retinal isomerization affect
the thermal decay of rhodopsin, denaturation of the secondary
structure is not significant. Moreover, we discover that the rates of
thermal decay, isomerization, and PSB hydrolysis are 2- to 3-fold
slower in D,O than H,O. Based on these results, we conclude that
the rate-determining step of these thermal processes involves the
breaking of hydrogen bonds, which probably stabilize the tertiary
structure of rhodopsin, thereby contributing to the high thermal
stability.

To examine the kinetics of thermal decay, we measured
differences in the UV —vis absorption of rhodopsin at appropriate
time intervals at 59 °C to determine the rates of thermal decay in
H,0 and D,O (Figure 1A and B). Absorption at 280 nm corresponds
to the aromatic amino acids of opsin, while the signal at 500 nm
corresponds to rhodopsin with the 11-cis retinal chromophore
covalently bound to opsin by a PSB. At ¢ > 0, the intensity of the
500 nm peak decreases, while a peak appears at 380 nm with
increasing intensity. This 380 nm peak could be attributed to free
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Figure 1. UV—vis spectra of the thermal decay of WT rhodopsin (WT
rho) at different time points at 59 °C in (A) H,O and (B) D,O. HPLC traces
of retinal extractions at different time points: (C) H,O and (D) D,O. UV —vis
spectra of the acid-denatured WT rhodopsin: (E) H,O and (F) D,0.
11-cis retinal, free all-trans retinal, and/or all-frans retinal bound
to opsin. Because only dark state rhodopsin contributes to ODsy,
a decrease of ODs reflects the thermal decay of rhodopsin and is
fitted to a single-exponential function to obtain a half-life of 7 £
1 min in H,O and 21 £ 1 min in D,0O as indicated in Figure 2A.
Subsequently, to quantify the rates of thermal isomerization,
retinal was extracted from samples of rhodopsin incubated at 59
°C at different time intervals and analyzed by HPLC. The 11-cis
peak decreases whereas the all-frans peak increases, confirming
that 11-cis retinal isomerizes to all-frans retinal during thermal
decay (Figure 1C and D). The chromatographs also indicate the
appearance of a minor 13-cis retinaloxime that could be due to
spontaneous thermal isomerization from all-frans and/or 11-cis
retinal during incubation at 59 °C. We calculated the fraction of
11-cis retinal in each sample (see Supporting Information) and
determined that thermal isomerization of 11-cis retinal in rhodopsin
occurs with a half-life of 19 £ 5 min in D,O, which is ap-
proximately 2-fold longer than that in H,O (12 £ 1 min, Figure
2B). Incidentally, an experimental control which quantified the
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Figure 2. (A) Rates of thermal decay for WT rho D,O and H,O determined
by ODsp at 59 °C. (B) Rates of thermal isomerization for WT rho in D,O
and H,O at 59 °C determined by the fraction of 11-cis retinal. (C) The rate
of hydrolysis for WT rho determined by the decay of ODyy. (D) The CD
spectra of WT rho incubated at 59 °C for different time intervals.

isomerization of 11-cis retinal in the absence of protein yielded an
average half-life of 613 £ 170 min, 40 times longer than that of
retinal tethered to opsin. Thus, we conclude that the observed
thermal isomerization occurs within the retinal binding site and not
after dissociation from the opsin protein.

To study the kinetics of PSB hydrolysis, we applied an acid-
denaturation assay, in which the pH of each sample was lowered
to 1—2 to denature the opsin protein.'* At the earliest time point
(t = 0.2 min), the spectrum predominately peaks at 440 nm,
corresponding to retinal that remained covalently attached to opsin
via a PSB (Figure 1E). Upon thermal decay of rhodopsin, OD.4
decreases, while ODsg increases, indicating that the PSB was
hydrolyzed such that retinal was no longer linked to the protein to
give a 380-nm UV absorption. To quantify the extent of PSB
hydrolysis, we plotted each absorption spectrum as a function of
frequency and fit it as a sum of two Gaussian functions with peaks
at 380 and 440 nm to obtain half-lives of 7 £ 1 and 17 £ 1 min
for HO and D,O, respectively (Figure 2C). This result provides
evidence to support that hydrogen bonds play a role in the
hydrolysis process.

A recent study has proposed that thermal denaturation of
rhodopsin forces the retinal to isomerize to the all-frans configu-
ration and to leave the binding pocket.® To verify whether the
thermal isomerization is associated with denaturation of the protein,
we used circular dichroism (CD) spectroscopy to investigate the
extent of unfolding of the rhodopsin secondary structure during
thermal decay. The spectra (Figure 2D) reveal characteristic
contributions from both o-helices located primarily in the trans-
membrane region of rhodopsin and [3-sheets on the extracellular
side."* Beyond the half-life of the thermal decay process (>30 min),
the mean residue ellipticity at 210 nm changes less than 5%, roughly
equal to the signal fluctuation in the spectral region, suggesting
that changes in secondary structure neither contribute significantly
to the thermal decay process nor trigger the thermal isomerization

of 11-cis to all-trans retinal. However, it remains possible that the
denaturation of rhodopsin could occur at a level beyond the
secondary structure, such as helical translocations in the tertiary
structure, to result in compromised thermal stability and function,
a notion which aligns with the proposal offered by del Valle et al.®

In this study, we report that the thermal decay process of
rhodopsin is not attributed to a single thermal event, as previously
suggested, but instead involves the simultaneous hydrolysis of PSB
and thermal isomerization of 11-cis to all-frans retinal. In addition,
investigations of the unfolding of rhodopsin by CD and of the rate
of thermal isomerization of 11-cis retinal free in solution have
shown that the observed thermal isomerization occurs in the binding
site of rhodopsin with the secondary structure intact. Finally, we
have demonstrated that the rates of thermal decay, isomerization,
and hydrolysis were significantly slower in D,O, suggesting that
hydrogen bonds, which are stronger for deuterium,'® are involved
in the rate-determining step in the thermal decay process and thereby
influence the thermal stability of rhodopsin.

On the basis of structural analysis, Schertler and co-workers
proposed that a hydrogen-bonding network is important for stabiliz-
ing rhodopsin.'® We now extend the proposal by speculating that
this network influences the kinetics of thermal processes, including
thermal isomerization and hydrolysis in rhodopsin, and may be
implicated in certain visual ailments such as retinitis pigmentosa
and congenital night blindness. To explore the underlying mech-
anisms behind the progression of these diseases, it is important to
examine the role of the hydrogen-bonding network on the rhodopsin
tertiary structure and on the kinetics of thermal decay of rhodopsin.
Studies of rhodopsin with mutations in the hydrogen-bonding
network are currently underway to achieve this goal.
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