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Abstract

Three active-site components in rhodopsin play a key role in the stability and function of the
protein: 1) the counter-ion residues which stabilize the protonated Schiff base, 2) water molecules,
and 3) the hydrogen-bonding network. The ionizable residue Glu-181, which is involved in an
extended hydrogen-bonding network with Ser-186, Tyr-268, Tyr-192, and key water molecules
within the active site of rhodopsin, has been shown to be involved in a complex counter-ion switch
mechanism with Glu-113 during the photobleaching sequence of the protein. Herein, we examine
the photobleaching sequence of the E181Q rhodopsin mutant by using cryogenic UV-visible
spectroscopy to further elucidate the role of Glu-181 during photoactivation of the protein. We
find that lower temperatures are required to trap the early photostationary states of the E181Q
mutant compared to native rhodopsin. Additionally, a Blue Shifted Intermediate (BSI, Amax = 498
nm, 100 K) is observed after the formation of E181Q Bathorhodopsin (Batho, Amax = 556 nm, 10
K) but prior to formation of E181Q Lumirhodopsin (Lumi, Amax = 506 nm, 220 K). A potential
energy diagram of the observed photointermediates suggests the E181Q Batho intermediate has an
enthalpy value 7.99 KJ/mol higher than E181Q BSI, whereas in rhodopsin, the BSI is 10.02
KJ/mol higher in enthalpy than Batho. Thus, the Batho to BSI transition is enthalpically driven in
E181Q and entropically driven in native rhodopsin. We conclude that the substitution of Glu-181
with GIn-181 results in a significant perturbation of the hydrogen-bonding network within the
active site of rhodopsin. In addition, the removal of a key electrostatic interaction between the
chromophore and the protein destabilizes the protein in both the dark state and Batho intermediate
conformations while having a stabilizing effect on the BSI conformation. The observed
destabilization upon this substitution further supports that Glu-181 is negatively charged in the
early intermediates of the photobleaching sequence of rhodopsin.
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Introduction

Rhodopsin, a member of the G Protein-Coupled Receptor (GPCR) visual opsins, is located
in the rod photoreceptor cells, which are responsible for scotopic (low-light) vision [1]. The
visual pigment consists of a seven transmembrane helical apoprotein and an organic
chromophore covalently bound to a conserved Lysine residue (Lys-296) in helix VII via a
Protonated Schiff Base (PSB) linkage. Upon absorption of light, the chromophore, 11-cis
retinal, isomerizes to an all-trans conformation, initiating a series of conformational changes
within the protein, which are associated with the formation of a series of spectrally discrete
photointermediates with known lifetimes [order of magnitude shown for 298 K]:
Bathorhodopsin (Batho) [ns], Blue-Shifted Intermediate (BSI) [ns], Lumihodopsin (Lumi)
[us], Metahodopsin | (Meta I) [ms], and Metahodopsin Il (Meta I1). The Meta Il
intermediate is stable on the timescale of minutes and activates the heterotrimeric G protein,
transducin [2-4].

The photointermediate Batho is the first intermediate stable at low temperatures and stores
the energy needed (~32 Kcal/mol photon energy) to propagate the structural and
conformational changes necessary to form the active state of the protein (Meta I1), which in
turn catalyzes the visual transduction process [5-7]. Although the exact mechanism of
energy storage is unknown, it has been proposed that the energy storage in Batho involves
conformational strain within the chromophore and electrostatic interactions between the
chromophore and the protein [8]. At low temperatures, Batho is converted directly to Lumi
by gradually warming rhodopsin in the dark. However, at room temperature, the formation
of a BSI is observed after formation of Batho and prior to the formation of Lumi [9]. The
first observation of a BSI during the Batho to Lumi transition occurred during nanosecond
photolysis experiments on various artificial visual pigments, including 13-desmethy!l
rhodopsin and 5,6-dihydrorhodopsin [10,11]. These rhodopsin analogs displayed a
destabilization in the Batho intermediate as well as the accumulation of the BSI to sufficient
concentrations as to be observed at low temperatures [8,10-13]. Time-resolved resonance
Raman analysis suggests the Batho — BSI transition involves the relaxation of the
chromophore in the C1¢-Cq1 = C12-Cq3 region [14], and it is important to note that Glu-181
is located directly above this region of the chromophore. The formation of the BSI in native
rhodopsin has only been observed at room temperature, which is due to the equilibrium
constant shifting towards the Batho intermediate resulting in too little formation of the BSI
to be experimentally observed at low temperatures [8,9]. While changes in the steric and/or
electrostatic interactions between the chromophore and the protein have been associated
with the formation of BSI, the decay rate appears to be largely dependent on conformational
changes within the protein, or protein relaxation [8].
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Models of rhodopsin developed from recent crystal structure data provide evidence of an
extended hydrogen-bonding network around the PSB involving residues Glu-113, Glu-181,
Ser-186, Tyr-192, Tyr-268, and select water molecules [15,16], which has been shown to
stabilize the dark state conformation of rhodopsin [17]. The spectral shifts observed during
the early photointermediates (dark state, Batho, BSI, and Lumi) are due to modulations of
the retinal PSB structure in and around this hydrogen-bonding network, in addition to the
eletrostatic influence of the charged residues (Glu-113 and Glu-181), 7~stacking, and van
der Waals interactions with surrounding residues within the protein-binding pocket [18].
Titration experiments on native rhodopsin and site-directed mutants reveal that the primary
counter-ion to the PSB in Meta | is Glu-181, implying there is a switch in the primary
counter-ion from Glu-113 in the dark state to Glu-181 in the Meta | state via a
rearrangement of the active site hydrogen-bonding network [19-21] and a rotation of helix
VI to accommodate this shift [22]. During the transition from Meta | to Meta Il, the PSB is
deprotonated and the ionic interaction between the PSB and Glu-113, which serves to lock
the protein in an inactive conformation, is broken [23]. This deprotonation of the PSB has
been shown to be largely influenced by an enhanced torsional flexibility of the retinal
polyene chain and a shift in the relative orientation of the B-ionone ring [24-27].

The ionizable residue Glu-181, which is located within the binding pocket along
extracellular loop 11 connecting transmembrane helices IV and V, is directly involved in a
hydrogen-bonding network with Tyr-268, Tyr-192, Ser-186, and Water molecule 14
(Wat-14) [28]. The protonation state of the carboxylic acid side chain of this residue during
the early intermediates has been debated through numerous experimental and theoretical
investigations [20,29-45]. Original models of the counter-ion switch predict that a proton is
transferred from Glu-181 to Glu-113 during the Lumi to Meta I transition (Figures 1A-1D),
however, our recent report on the excited state manifold of the rhodopsin mutant with a
glutamine substitution at position 181 (E181Q) strongly supports a negatively charged
Glu-181 during Batho [42]. Figures 1E-1H demonstrate that the counter-ion switch model is
still applicable with a negatively charged Glu-181 during the dark state and Batho. Previous
time-resolved studies on several Glu-181 mutants also suggest the residue plays a significant
role in the early stages of the photobleaching sequence of rhodopsin [39]. At room
temperature, the E181Q mutation results in the destabilization of the Batho intermediate and
subsequently an accelerated decay from Batho to BSI (< 30 ns), resulting in the formation of
a considerable amount of BSI [39].

Herein, the consequence of the mutational exchange of residue Glu-181 with GIn-181 on the
structural stability and photoactivation mechanism of rhodopsin is explored using low-
temperature trapping methods [46—48]. The mutant pigment E181Q was genetically
engineered and spectroscopically characterized at cryogenic temperatures following
purification. The formation and decay of each photointermediate was analyzed using UV-
visible spectroscopy and notable differences were observed between the photobleaching
sequences of E181Q and native rhodopsin. Plotting the potential energy surface of each
intermediate of the photobleaching sequences provides insight into the observation of BSI in
the rhodopsin mutant E181Q at low temperatures and possible mechanisms of BSI stability
are discussed. The combination of experimental and theoretical data shown below lead us to
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conclude that a negatively charged carboxylic acid side chain at position 181 is crucial for
the stability of the Batho and Lumi states in rhodopsin.

Materials and Methods

Visual pigment expression and purification

The pigment was constructed and isolated as previously reported [49]. The E181Q mutant
was expressed in mammalian COS1 cells and purified by immunoaffinity chromatography
techniques. The pigment was eluted in buffer Y1 [50 mM HEPES, 140 mM NacCl, 3 mM
MgCl,, pH 6.6] with 20% glycerol and 0.1% N-dodecyl-f-D-Maltoside (DM) and stored at
193 K until used.

Cryogenic experiments

The spectra of each photointermediate in the photobleaching sequence of rhodopsin and
E181Q were measured using standard methods [42,47,48,50,51]. The samples were prepared
in 67% glycerol, buffer Y1 [50 mM HEPES, 140 mM NaCl, 3 mM MgCl,, pH 6.8], and
0.05% DM. Low-temperature experiments were conducted from 10 K to 220 K in a closed-
cycle helium-refrigerated cryostat (APD Cryogenics) coupled to a Cary 50 UV-visible
spectrophotometer (Varian, Inc.). For the mutant E181Q, a temperature below 20 K was
required due to the instability of the E181Q Batho photoproduct. The 10 K temperature was
chosen to prevent formation of any intermediates other than Batho. To generate each
Photostationary State (PSS), samples were equilibrated to 10 K prior to illumination with a
Photomax system equipped with a 200 W arc lamp and a monochromator (Oriel
Instruments) tuned 20 nm to the blue of the absorption maximum (Amax) of the dark state.
Once photoconversion to the Batho photoproduct was complete, the temperature was then
raised to 220 K in increments of 10 K. To avoid artifacts arising from temperature-
dependent baseline shifts, the temperature of the sample was cooled down to the starting
temperature (10 K) before each spectrum was recorded. Semi-low temperature experiments
were carried out from 233 K to 293 K in a Cary 5000 UV-visible spectrophotometer
(Varian, Inc.) equipped with a temperature controlled sample holder (Quantum Northwest,
Inc.). Samples were illuminated with 495 nm light until no further spectral shift was
observed. The temperature of the sample was then raised to 293 K in increments of 5 K once
photoconversion was completed.

Two methods were used in combination to determine the composition of each PSS. The first
method involved warming the sample to ambient temperature to allow for the formation of
Meta I1, which has a Ayax for both rhodopsin and E181Q rhodopsin of approximately 380
nm. The spectrum of the resulting sample contains a mixture of the dark state and Meta II,
separated in wavelength to a sufficient extent to allow reliable spectral deconvolution. The
integral of the Amax band, when compared to that observed for the pure dark state at the
same temperature, permits accurate assignment of the amount of rhodopsin converted.
Additionally, retinal oximes were extracted and analyzed using High Performance Liquid
Chromatography (HPLC) following the methods and procedures reported previously [50]
and described below. The isomeric compositions of each PSS are then used to deconvolute
the measured spectra and determine the Apax Of the photointermediates of E181Q. The pure
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dark state is assumed to be comprised of 100% 11-cis retinal for spectral deconvolution, as
previously described [52-54]. All absorption spectra presented are the average of three
spectra normalized with respect to the protein aromatic residue band at 280 nm. Each
difference spectrum was calculated by subtracting the selected PSS from the corresponding
dark state or relevant PSS.

Chromophore extraction

The isomeric ratio of the chromophore was determined as follows. A mixture of 150 pL of
ice-cold 1.0 M hydroxylamine (pH 7) solution, 1 mL of methanol, and 1 mL of
dichloromethane was added to each glycerol/protein sample. The mixture was shaken
vigorously for 1 min and put on ice. Hexane (1 mL) was then added and the sample was
shaken and spun in a clinical centrifuge for 45 s. The hexane layer was removed, and
another 5 mL hexane extraction was performed. The combined hexane layers were then
dried (NaySQ,), filtered through a 0.2 um filter, and evaporated in a clean tube under
vacuum. The total volume of the hexane layer was brought to 100 pL.

A portion of the hexane layer (50 uL) was injected into an HPLC instrument (Waters
Corporation), which was equipped with two HPLC columns (Waters Prep Nova-Pak HR
silica columns, 3.9x300 mm, Waters catalog no. WAT038501) and a Waters 2487 dual
wavelength absorbance detector monitoring at 360 nm. The mobile phase used to separate
the retinal isomers was composed of 96% hexane, 3% tert-butyl methyl ether, 0.5% 1-
octanol, and 0.5% 1,4-dioxane. All solvents used were HPLC grade (Fisher Scientific). The
flow rate was fixed at 2.5 mL/min. Retinal oxime standards (all-trans, 11-cisand 9-cis
retinal oxime) were used to assign the retention times of the peaks observed following the
chromophore extractions. The syn oxime enantiomers were favored due to the low
temperature and concentrations used for the extraction, and these peaks were used
exclusively to determine the isomeric ratios of retinal within the chromatograms. The anti
oxime enantiomers were observed, however, these species were found at longer retention
times and were ignored for this analysis.

Computational methods

All molecular orbital calculations were carried out using Gaussian 09 [55]. The heavy atom
coordinates for dark state rhodopsin, Batho, Lumi, and Meta Il were taken from the 1U19
[16], 2G87 [56], 2HPY [57], and 2137 [58] crystal structures of rhodopsin, respectively.
Hydrogen atoms were added to all relevant atoms of residues within 5.6A of the
chromophore by using Anamol 5.6.4. The hydrogen atoms and these local residues, in
addition to the chromophore, were optimized by using the Parameterized Model 3 (PM3)
methods [59,60] in Gaussian 09, while holding all other heavy atoms at the crystal geometry
coordinates. During these optimizations, the oxygen atoms of the nearby water molecules
were locked while the hydrogen atoms were allowed to fully optimize. Subsequently, seven
iterations of B3LYP/6-31G(d) procedures [61,62] in Gaussian 09 were used to generate the
ground state structures of the photointermediates. The configuration of the glutamine residue
was optimized by minimizing the two possible rotational geometries and selecting the
geometry with the lowest energy. The electrostatic charge shifts of the protein-binding sites
were generated in MathScriptor 3.5.0 (www.mathscriptor.org).
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The rhodopsin photobleaching energy surface was taken from reference [63], and was
generated based on photocalorimetry as the primary experimental method. The E181Q
energy surface was generated by reference to the rhodopsin surface using the temperature
ramping experiments to assign the barriers, and the theoretical calculations to estimate the

E181Q
barrier’

energy minima. The energy barriers separating the various intermediates in E181Q, E

were assigned by reference to the temperature of appearance, Tiﬁﬁ, of the next
intermediate:

ER’HO « E181Q
E181Q barrier obsvd E tion 1
barrier ~ TR’HO quation
obsvd

where ERHO and 7RO are the corresponding barrier and temperatures in the rhodopsin
DATTILET onsva

photobleaching sequence. Because the above method and the theoretical models are
approximate, the E181Q surface should be viewed as qualitative.

The raw spectra of the low-temperature and semi-low temperature spectroscopy studies of
native rhodopsin and E181Q are described in detail below. At room temperature, E181Q
displayed a significant red-shift in absorption maximum (Amax = 508 nm) relative to native
rhodopsin (Amax = 499 nm) [42]. Lowering the temperature to 10 K resulted in a negligible
shift for E181Q and a bathochromic shift of 4 nm for native rhodopsin (Amax = 503 nm) at
70 K (Figure 2). Illumination of E181Q with 500 nm light initiated the formation of the first
PSS, a mixture of resting state and Batho, which was red-shifted to a Apax 0f 522 nm
(PSS522). Figures 2A-2D demonstrate that the photoconversion to Batho for native
rhodopsin and E181Q was complete in 1 hour at 70 K and 10 K, respectively, and involved
the formation of a single species with the disappearance of the dark state. As the temperature
of PSS522 was raised in 10 K increments, no spectral shift was observed from 10 K to 50 K
(Figure 3). At 60 K, the spectrum begins to shift to form a second PSS at 498 nm (PSS498).
The temperature was then gradually raised to 220 K, and the formation of a third
intermediate was observed at 506 nm (PSS506). No further spectral change was measured
after 200 K, indicating the formation of PSS506 was complete. HPLC analysis of PSS506
(Figure 4) revealed a retinal composition of 32% 11-cis, 61% all-trans, and 7% 9-cis retinal
isomers.

The formation and decay of the late photointermediates (Lumi, Meta I, and Meta Il) for
rhodopsin and E181Q were studied using semi-low temperature spectroscopy, from 233 K to
293 K. Irradiation of E181Q with 495 nm light at 233 K promoted the formation of Lumi
(Mmax = 495 nm) and no spectral shift was observed after 85 min of continuous illumination
(Figure 5A). During the formation of Lumi, the formation and decay of a red-shifted
difference spectrum species (Amax = 575 nm) is seen along with the formation of a blue-
shifted difference spectrum species (Amax = 385 nm) (Figure 5B). Further temperature
ramping experiments illustrated in Figure 6 indicate that the transition to the Meta |
intermediate (Amax = 480 nm) began at 238 K and was complete by 243 K. The Meta |
spectrum is very broad and may be a mixture of Meta | and Lumi intermediate that has not
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decayed completely at 233 K. With increasing temperature (in 5 K increments), the
spectrum continues to blue shift until the formation of Meta Il (A = 383 nm; PSS383) is
complete. HPLC analysis of the retinal composition of PSS383 (Figure 4) shows the
presence of 11-cis (35%) all -trans (58%), and 9-cis (7%) retinal isomers.

Discussion

Time-resolved UV-visible spectroscopy has been instrumental in determining the formation
and decay of discrete photointermediates of rhodopsin, as well as elucidating the
photobleaching pathway of the protein [9]. However, a key disadvantage of room-
temperature time-resolved UV-visible spectroscopy for the rhodopsin mutant E181Q is the
simultaneous formation and decay of multiple intermediates. Low-temperature trapping
experiments, which slow down the photobleaching process and ensure that each
photointermediate is observed individually, were performed to avoid this problem [46-48].
In the photobleaching sequence of native rhodopsin, Batho is stable at 70 K and decays
directly to Lumi upon gradual warming (Figure 3A). However, in the photobleaching
sequence of E181Q, Batho is only stable at temperatures lower than 50 K and thermally
equilibrates with BSI when the temperature is raised above 60 K. The final equilibrium
mixture (PSS498), which is comprised mainly of BSI, is not established until 90 K. Spectral
deconvolution was used to determine that pure BSI for E181Q has a Amax of 479 nm.
Raising the temperature to 220 K results in decay of the mixture to Lumi (PSS506), the
identity of which is confirmed through the chromophore extraction of the PSS and HPLC
analysis. The isomeric composition of PSS506 was found to be 32% 11-cisretinal, 61% all-
transretinal, and 7% 9-cisretinal. Pure Lumi is found to have a Apax 0f 510 nm (at 220 K)
by adding back 32% of the dark state spectrum of E181Q to the difference spectrum of
PSS506 minus the dark state spectrum. Contributions from the 9-cis chromophore were
ignored for this spectral deconvolution because so little is formed (7%). In comparison to the
native rhodopsin spectral data, these observations suggest that the retinylidene binding
pocket environment has been significantly perturbed during the early stages of the
photoactivation mechanism.

In the semi-low temperature experiments, a single Lumi intermediate is seen for native
rhodopsin (Amax = 490 nm) at 233 K. Previous studies have shown that at low temperatures,
the equilibrium constant between Lumi I and Lumi Il for native rhodopsin is significantly
shifted towards Lumi Il and thus only one Lumi intermediate is observed [64]. Similarly, we
observe the formation of a single E181Q Lumi intermediate (Amax = 495 nm). However,
during the formation of E181Q Lumi, the formation and decay of a red-shifted difference
spectrum species (Amax = 575 nm) is observed (Figure 5). This species is not seen during
Lumi formation in native rhodopsin and warrants further investigation. While the absorption
spectra of the later intermediates of E181Q and native rhodopsin are similar (Figure 6), the
Meta | and Meta Il photointermediates of E181Q form more readily at lower temperatures
compared to native rhodopsin. Recall that a negatively charged Glu-181 serves as the
primary counter-ion during the late photointermediates [19-21], and thus the substitution
with GIn-181 will serve to destabilize the retinal binding site during Meta | and Meta Il. The
isomeric composition of PSS383 (35% 11-cisretinal, 58% all-transretinal, and 7% 9-cis
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retinal) is used in a similar fashion as for PSS506 in order to determine the Amax Of pure
Meta Il (Amax = 384 nm at 273 K).

Lewis et al. [39], investigated the room temperature time-resolved spectra of Glu-181
mutants and observed a destabilization of the Batho intermediate, as well as a significant
shift in equilibrium towards BSI in E181Q. During the late stages of the photoactivation
mechanism, they also note the absence of a Lumi | to Lumi Il transition for the E181Q
mutant [39]. Because the formation of these photointermediates are temperature dependent,
only the formation of photointermediates that accumulate to appreciable amounts at room
temperature are expected to form at low temperatures in observable concentrations. The
notion that only a single Lumi intermediate was produced for this mutant at room
temperature allows us to predict that we are observing a transition from BSI to Lumi at low
temperatures (< 200 K) in E181Q and not a Lumi | to Lumi Il transition. The proposed
photobleaching sequence pathways of native rhodopsin and E181Q are summarized in
Figure 7.

Recall that a destabilized Batho may result from a change in ionization or a disruption in the
complex hydrogen-bonding network involving several binding pocket residues. Because
Batho and BSI are in equilibrium, changes that destabilize Batho would result in the
stabilization of BSI. While Lewis et al. [39] found that E181Q and other Glu-181 mutants
lead to an accelerated decay of Batho, replacing Glu-181 with aspartic acid (E181D)
resulted in a Batho lifetime similar to that of native rhodopsin. Aspartic acid is one carbon
atom shorter than glutamic acid, however, the carboxyl group is maintained. Therefore, it is
reasonable to predict that the stability of Batho relies on the presence of the carboxyl atoms.
Although there is no clear agreement on the protonation state of Glu-181 [20,29-45], if we
assume it is negatively charged in the dark state, then replacing Glu-181 with the neutral
residue GIn-181 may provide insight into why the mutant E181Q leads to a faster decay of
Batho and stabilizes the BSI. During the primary event, the distance between the C13-methyl
group and residue Glu-181 decreases from a distance of 5.7A to 3.0A [16,56]. The removal
of a charged residue near the highly strained Cg-C13 portion of retinal may provide an
increased flexibility in the polyene chain of the chromophore, which would allow the
chromophore to more readily adopt a planar conformation and shift the equilibrium towards
the BSI.

Moreover, substitution of Glu-181 with GIn-181 may also result in a destabilized Batho via
perturbation of the active site hydrogen-bonding network. The notion that this mutational
change would alter the hydrogen-bonding network is not surprising because the functional
groups on these two residues contain different hydrogen-bonding character. Further support
for a hydrogen-bonding rearrangement being responsible for the observed destabilized
Batho comes from the fact that Wat-14, which is in a direct path of the C13-methyl group of
the chromphore during the primary event, is believed to contribute to the stability of Batho
[65]. Thus, any perturbation of Wat-14 may also result in a destabilization of Batho. In
addition to E1810Q, a destabilized Batho intermediate has been observed in several artificial
pigments, as well as select rhodopsin mutants and cone-type visual pigments [10,11,66-68].
Previous studies have shown the decay of Batho is dependent on the rotation barrier of the
Cg-C7 bond, which in turn depends on the steric interaction between the Cs-methyl and the
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Cg-hydrogen. In E181Q, a rearrangement in the hydrogen-bonding network during the
photobleaching sequence causes a shift in the position of Tyr-268 towards GIn-181 and
Tyr-192 (Figure 8). The repositioning of Tyr-268 may lower the barrier to BSI by
decreasing the steric interaction between the Cs-methyl and Cg-H groups. While the E181Q
rhodopsin mutant is not the first to display a destabilized Batho [68], it is interesting to note
that replacing Ser-186 with an alanine residue results in a normal Batho intermediate,
despite the fact that Ser-186 is hydrogen-bonded to Glu-181 via Wat-14 in the dark state and
early photointermediates of rhodopsin (Figures 1 and 8) [28]. Thus, in the case of E181Q,
the observed destabilization of Batho may be caused in part by a rearrangement of the
hydrogen-bonding network involving Tyr-268 and Tyr-192 rather than perturbations in the
active site hydrogen-bonding network involving Wat-14 and Ser-186. Although the exact
mechanism of Batho destabilization remains unclear, these results demonstrate that the
carboxyl group at residue 181 is required for the stabilization of Batho in native rhodopsin.
Furthermore, the dramatic influence of the glutamine substituion on the photobleaching
kinetics suggests that this carboxyl group is likely negatively charged during the dark and
Batho states.

Plotting the potential energy surface of the photobleaching pathway for both rhodopsin and
E181Q provides further insight into the stabilization of BSI in E181Q (Figure 9). Our
calculations, which utilize the temperature of appearance of the photointermediates and the
calculated energies (Equation 1), are in agreement with the literature and predict the BSI in
rhodopsin lies higher in energy than Batho [8,63]. When we overlay the energies of the
E181Q photointermediates, shown in dashes, it is immediately apparent that the E181Q
mutant is less stable than native rhodopsin throughout the photobleaching sequence. All
measured photointermediates of E181Q first appeared at lower temperatures than for the
corresponding intermediates of native rhodopsin, which correlates with the predicted
destabilization. This destabilization is further supported in the model of the Lumi
photointermediate for both rhodopsin and E181Q provided in Figure 8, which indicates a
significant modulation in the hydrogen-bonding network around the chromophore for the
mutant. Most importantly, our model predicts the E181Q Batho intermediate has an enthalpy
value 7.99 KJ/mol higher than E181Q BSI, whereas in rhodopsin, the BSI has an enthalpy
that is 10.02 KJ/mol higher than Batho. From these results, we conclude the Batho to BSI
transition is enthalpically driven in E181Q and entropically driven in native rhodopsin.
Note, however, that these enthalpy differences and the potential energy surfaces depicted in
Figure 9 are very approximated because they are based on Equation 1. A more rigorous
theoretical study using a hybrid Quantum Mechanics/Molecular Mechanics (QM/MM)
approach is currently being undertaken for further analysis of these models.

Conclusions

The photobleaching sequence of the rhodopsin mutant E181Q has been investigated by
cryogenic studies in an attempt to further elucidate the role of Glu-181 during the
photoactivation process of rhodopsin. We conclude that the photobleaching sequence of
E181Q at low temperatures involves a two-step sequential decay from Batho to Lumi that
includes an equilibrium between Batho and a subsequent BSI. The present study supports
conclusions of other studies that have suggested Batho is destabilized in E181Q and that the
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Batho to BSI equilibrium lies toward the BSI [39]. The stabilization of the BSI in E181Q
can be explained by the thermodynamics of the photobleaching process, which shows the
Batho to the BSI transition is enthalpically driven in the rhodopsin mutant. Three key
differences are noted for the photobleaching sequence of E181Q compared to rhodopsin
collected at cryogenic temperatures: 1) lower temperatures are required to trap the primary
photointermediate Batho in E181Q compared to native rhodopsin, 2) the decay of Batho
occurs much more rapidly compared to native rhodopsin, and 3) the formation of the BSI is
observed during low temperature experiments. Additionally, the formation of the later
intermediates (Meta | and Meta Il) of E181Q all occur at lower temperatures compared to
the formation of the later intermediates of native rhodopsin. We conclude that these
differences in the photobleaching sequence of E181Q compared to native rhodopsin provide
strong evidence that the negatively charged carboxylic acid side chain of residue Glu-181
plays a critical role in the early intermediates of the photobleaching sequence of native
rhodopsin by maintaining the integrity of the active site hydrogen-bonding network which
serves to stabilize the protein in the dark state and the primary photointermediate, Batho.
Furthermore, by replacing the Glu-181 residue with GIn-181, a key electrostatic interaction
is altered concurrent with a rearrangement of the hydrogen-bonding network within the
binding pocket, thus allowing for the formation of the BSI to accumulate to concentrations
observable at low temperatures.
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Figure 1.
The hydrogen-bonding network of the protein-binding site of native rhodopsin at select

intermediates during the photobleaching sequence. Panels A-D depict the original model of
the counter-ion switch, in which Glu-181 is initially neutral. The primary photochemical
event involves the isomerization of 11-cisretinal in rhodopsin (A) to all-trans retinal in
Batho (B). During these early intermediates, Glu-113 serves as the primary counter-ion for
the PSB. The transition from Lumi (C) to Meta | (D) is characterized by the transfer of a
proton from Glu-181 to the hydrogen bonding network, which subsequently leads to the
protonation of Glu-113. Panels E-H demonstrates our model, [42] which predicts that
Glu-181 is also negatively charged during the early intermediates (E and F), and the
hydrogen-bonding network rearranges to allow Glu-181 to serve as the primary counter-ion
after the transition to Meta | (G). During the Meta Il state (H), the PSB is deprotonated
within the protein-binding site and the protein is activated in order to catalyze the visual
transduction cascade. The purple dashed lines represent hydrogen bonding, and the
positively and negatively charged species are indicated using red and blue labels,
respectively.
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Figure 2.
Time-resolved absorption spectra of rhodopsin at 70 K (A) and E181Q at 10 K (B)

following illumination by using a 495 nm and 500 nm light source, respectively. The
absorption spectra were collected at the given time points following illumination. The
difference spectra of the absorption profiles are provided for rhodopsin (C) and E181Q (D)
and were obtained by subtracting the respective spectra of the dark state from the
corresponding time point throughout the experiment.
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Figure 3.
Absorption spectra of rhodopsin (A) and E181Q (B and C) post-illumination as the

temperature is ramped to 220 K via 10 K increments. The initial formation of the Batho
photointermediate for native rhodopsin was achieved at 70 K (A), and as the temperature
was increased, the formation of a single Lumi photointermediate (492 nm) was observed.
The absorption spectra for E181Q was first collected at 10 K, in which the PSS522 consisted
of a mixture of the dark and Batho states of the mutant protein (B). As the temperature was
increased, a second PSS formed (PSS498) at 60 K. The E181Q sample was then allowed to
warm to 220 K (C), where a third PSS (PSS506) evolved. The PSS498 was found to be a
mixture of Batho and BSI, whereas the PSS506 was a Lumi photointermediate of the mutant
protein (see text).
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Figure4.
HPLC chromatograms of retinal oxime standards and retinal oxime extractions of PSS506

and PSS383. Panels A, B, and C show the chromatograms for the 11-cis, all-trans, and 9-cis

retinal oxime standards, respectively. Each standard peak represents the retention time for
the syn oxime enantiomer of the retinal isomers. The percent of retinal isomers formed for
PSS506 (D) and PSS383 (E) were determined by integrating under each peak.
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Time-resolved absorption spectra of E181Q at 233 K following illumination with 495 nm
light (A). The difference spectra presented in panel (B) was obtained by subtracting the dark

state spectrum from the spectra of each time point. While the blue-shifted species is

accounted for by the evolution of Lumi (495 nm) over 85 min, the origin of the red-shifted

species with a difference spectrum maximum at 575 nm is currently unknown.
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Figure®6.
Absorption spectra of rhodopsin (A) and E181Q (B) at semi-low temperatures (233 K to 293

K) following illumination of the dark state to initiate the photobleaching sequence. The
higher temperatures allowed for the formation and trapping of the late photointermediates
(Meta | and Meta 1), in addition to a single Lumi photointermediate.
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Figure7.

Photobleaching sequences of rhodopsin and E181Q rhodopsin. For each photointermediate,
the Amax IS shown at both room temperature and low temperatures. The room temperatures
are based on the values obtained by Lewis et al. [39] and the low-temperature data is based
on the deconvolution of the spectra presented in this study. At low temperatures, no BSI was
observed for rhodopsin, and no Lumi Il was observed for either rhodopsin or E181Q.
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Figure8.
The hydrogen bonding network of the negatively charged Glu-181 residue of native

rhodopsin (A) and of the GIn-181 residue of E181Q (B), both during the Lumi
photointermediate. The blue dashed lines and the labels 1-4 highlight the key hydrogen-
bonding network between residue 181, Ser-186, Tyr-192, Tyr-268, and Wat-14, which is
perturbed upon the glutamine substitution. The Lumi structure (A) is based off of the 2HPY
crystal structure [57] and a relaxed conformation of the Lumi photointermediate of E181Q
(B) was obtained by minimizing the crystal structure with GIn-181. Polyene atoms of retinal
(Ret-1296) are indicated in orange, and the numbering system shown here is used in the text.
The water molecules are labeled using the Protein Data Bank (PDB) numbers minus 2000.
All hydrogen atoms were included in the calculations and were optimized by using B3LYP/
6-31G(d) methods, although only polar hydrogens are shown in the figure. Red and blue
contours indicate regions of increased positive and negative charge, respectively. The
contours are drawn by using the following first-order electrostatic energies: 0 (black), £
0.282, £2.26, + 7.63, £ 18, + 35.3, + 61, + 96.9, + 144, + 206, + 282, + 376, + 488, + 621, +
755 kJ/mol.
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A potential energy surface of the photobleaching sequence of native rhodopsin (solid blue)
and E181Q (dashed red). The rhodopsin surface is adopted from reference [63]. The E181Q
surface is approximate and was generated using the methods described in the text.
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