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tions lead to dysfunction in retinal diseases.
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(Background: A G90D point mutation in rhodopsin causes congenital stationary night blindness.
Results: The G90D mutation alters the chromophore-binding pocket, mechanical rigidity, and energetic stability of dark state

Conclusion: Significant perturbations are promoted by the G90D mutation.
Significance: Characterizing the effect of point mutations in rhodopsin allows for a better understanding of how these muta-
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Several point mutations in rhodopsin cause retinal diseases
including congenital stationary night blindness and retinitis
pigmentosa. The mechanism by which a single amino acid
residue substitution leads to dysfunction is poorly under-
stood at the molecular level. A G90D point mutation in rho-
dopsin causes constitutive activity and leads to congenital
stationary night blindness. It is unclear which perturbations
the mutation introduces and how they can cause the receptor
to be constitutively active. To reveal insight into these mech-
anisms, we characterized the perturbations introduced into
dark state G90D rhodopsin from a transgenic mouse model
expressing exclusively the mutant rhodopsin in rod photore-
ceptor cells. UV-visible absorbance spectroscopy revealed
hydroxylamine accessibility to the chromophore-binding
pocket of dark state G90D rhodopsin, which is not detected in
dark state wild-type rhodopsin but is detected in light-acti-
vated wild-type rhodopsin. Single-molecule force spectros-
copy suggested that the structural changes introduced by the
mutation are small. Dynamic single-molecule force spectros-
copy revealed that, compared with dark state wild-type rho-
dopsin, the G90D mutation decreased energetic stability and
increased mechanical rigidity of most structural regions in
the dark state mutant receptor. The observed structural,
energetic, and mechanical changes in dark state G90D rho-
dopsin provide insights into the nature of perturbations
caused by a pathological point mutation. Moreover, these
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changed properties observed for dark state G90D rhodopsin
are consistent with properties expected for an active state.

Rhodopsin is the light receptor that initiates phototransduc-
tion in rod photoreceptor cells of the retina. Over 120 point
mutations have been discovered in the rhodopsin gene, causing
retinitis pigmentosa or congenital stationary night blindness
(1). Not all amino acid substitutions are equivalent in their
effects; they can range from having little to no discernible con-
sequences on receptor structure and function to causing recep-
tor instability, misfolding, or malfunction. The link between the
structural perturbations promoted by mutation and the result-
ing defects causing disease is still unclear.

Atomic force microscopy (AFM)-based® single-molecule
force spectroscopy (SMFS) and dynamic SMFS (DEFS) directly
probe and localize the complex network of molecular interac-
tions stabilizing the structure and guiding the function of mem-
brane proteins under nearly native conditions (2). In SMEFS,
membrane proteins are mechanically unfolded at a constant
pulling velocity to quantify the force required to overcome
interactions that stabilize structural segments of the protein.
These interactions can be quantified at piconewton sensitivity
and structurally located at (sub)nanometer resolution. In DFS,
SMES is conducted at many different pulling velocities to quan-
tify the kinetic, energetic, and mechanical properties of struc-
tural segments stabilizing a membrane protein (3). Because
SMES and DFS not only quantify but also structurally localize
these properties, both methods are well suited to characterize
the perturbations a point mutation introduces in rhodopsin
and to delineate the mechanisms by which malfunction occurs.

Initial SMES studies of vertebrate rhodopsin in native mem-
branes revealed the stabilization of the receptor into distinct
structural segments by inter- and intramolecular interactions
(4, 5). Additionally, SMFS has revealed stabilizing effects on

3 The abbreviations used are: AFM, atomic force microscopy; DFS, dynamic
SMFS; F-D curves, force-distance curves; ROS, rod outer segment(s); SMFS,
single-molecule force spectroscopy.
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receptor structure promoted by zinc ions and post-transla-
tional modifications (6, 7). More recently, SMFES and DFS have
been used to determine the impact of amino acid sequence
differences among rhodopsins from different vertebrate species
(8). These studies revealed that despite a difference of 23 amino
acid residues in the sequences of bovine and mouse rhodopsin,
the network of molecular interactions in the homologous
receptors are largely conserved and that both receptors main-
tain similar functional properties (8). Thus, rhodopsin can
accommodate certain amino acid substitutions with minimal
structural and functional perturbations. In contrast, single
amino acid substitutions in critical positions can significantly
influence the stability or functional properties of the receptor
(9). Accordingly, molecular dynamics simulations mimicking
SMES experiments on rhodopsin suggested that mutations
causing retinitis pigmentosa can lead to receptor instability and
misfolding by perturbing critical networks of molecular inter-
actions (10).

In the current study, the effects of a glycine to aspartic acid
mutation at position 90 (G90D) in rhodopsin, which causes
congenital stationary night blindness (11), was investigated by
UV-visible absorbance spectroscopy, SMES, and DFS. Patients
harboring this mutation have extensive night blindness at an
early age (11). In contrast to the majority of rhodopsin mutants
causing retinitis pigmentosa, night blindness in patients har-
boring the G90D point mutation in rhodopsin is not a result of
retinal degeneration, but rather, the result of constitutive activ-
ity displayed by the mutant receptor (11, 12). The origin of the
constitutive activity from G90D rhodopsin causing disease is
unclear. In dark state wild-type rhodopsin, the receptor is
locked into an inactive state by the covalently linked inverse
agonist 11-cis-retinal. In one hypothesis, the origin of constitu-
tive activity caused by the mutation is proposed to arise from
dark state chromophore-bound rhodopsin, and in the other, it
is proposed to arise from chromophore-free opsin (13, 14).
Electrophysiological studies on photoreceptor cells in the ret-
ina of a mouse model of congenital stationary night blindness
suggest that dark state G90D rhodopsin can be active in the
absence of light (14). Here, we characterized the structural,
energetic, and mechanical properties of dark state G90D rho-
dopsin from this mouse model to determine the perturbations
caused by the mutation and to gain insights into the origin of
constitutive activity.

EXPERIMENTAL PROCEDURES

Mouse Rod Outer Segment (ROS) Disc Membrane Preparation—
ROS disc membranes were prepared from the eyes of mice as
described (8). Wild-type rhodopsin was obtained from
C57BL/6] mice from Jackson Laboratories (Bar Harbor, ME).
G90D rhodopsin was from G90D mice, which are homozygous
for both the G90D rhodopsin transgene and wild-type rhodop-
sin knock-out (15). The mice were exposed to a 12-h light/dark
cycle environment and were dark-adapted overnight prior to
sample preparation. The mice were between 4 and 6 weeks old,
and 20 to 24 mice were used for each preparation of ROS disc
membranes. ROS disc membranes were stored at —80 °C in 67
mM potassium phosphate, 1 mm magnesium acetate, 0.1 mm
EDTA, 18% (w/v) sucrose, pH 7.0. The membranes were
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thawed and then washed twice in Ringer’s buffer (130 mm NaCl,
3.6 mm KCl, 2.4 mm MgCl,, 1.2 mum CaCl,, 10 mm HEPES, 0.02
mM EDTA, pH 7.4) prior to use. Unless otherwise stated, all of
the experimental procedures were carried out under dim red
light to prevent photobleaching. The centrifugation steps were
performed at 4 °C.

SMFS and DFS—SMES was performed on ROS disc mem-
branes prepared from wild-type and G90D mice similar to pro-
cedures reported previously (8), except for the following mod-
ifications. 10 wl of washed ROS disc membranes was diluted in
200 wl of Ringer’s buffer. 30 ul of the diluted ROS disc mem-
branes was adsorbed on freshly cleaved mica for 20 min. Ring-
er’s buffer was exchanged several times to remove loose debris
prior to experiments. SMFS was performed on ROS disc mem-
branes in Ringer’s buffer at room temperature (~28 °C). Exper-
iments were conducted in the dark using an AFM equipped
with an 850-nm laser detection system (NanoWizardll,
JPK Instruments, Berlin, Germany) and NPS Si;N, cantilevers
(Bruker, Karlsruhe, Germany) having nominal spring con-
stants of 0.06—0.08 N/m. Cantilevers were calibrated in Ring-
er’s buffer using the thermal fluctuation method (16, 17). DES
was conducted at constant pulling velocities of 300, 700, 1500,
3000, 4500, and 6000 nm/s. For pulling velocities >1500 nm/s,
a 16-bit data acquisition card (NI PCI-6221; National Instru-
ments, Munich, Germany) was used to obtain higher sampling
frequencies. F tests were conducted as described (8). Previous
SMES studies showed that ROS disc membranes adsorb onto
mica, predominantly exposing the extracellular surface of rho-
dopsin to the AFM tip (4). Accordingly, force-distance (F-D)
curves collected from ROS disc membranes represented
mechanical unfolding of rhodopsin from the N-terminal end
and exhibited characteristic unfolding patterns such as those
observed in the current study (see Figs. 2 and 3).

Estimating Parameters Describing Energy Barriers from DFS
Data—Parameters describing the unfolding energy barrier of
structural segments stabilizing rhodopsin (see Fig. 5) were esti-
mated from DFS plots as described (3, 8). Briefly, the loading
rate () dependence of the most probable unfolding force (F') in
DFS plots (see Fig. 6A) was analyzed using Equation 1 (18, 19),

F* = (ksT/x,) In(x,r/ksTk,) (Eq.1)

where kg is the Boltzmann constant, and T is the absolute tem-
perature. x,, and k, were estimated by fitting DFS data (see Fig.
6A) to Equation 1 by nonlinear regression. The height of the
free energy barrier was estimated with the Arrhenius equation,

AG = —kgT In(maky) (Eq.2)

where 1/7, is the Arrhenius frequency factor describing the
diffuse relaxation time of a structural segment (20). 7, was set
1077 s (21, 22). The mechanical spring constant of a structural
segment (k) was estimated using Equation 3 (5, 23).

Kk = 2AG/x,? (Eq.3)

UV-visible Absorbance Spectroscopy—Rhodopsin from dark-
adapted mice was purified from eyes as described (8). Eyes from
four or five mice were used for each purified preparation, which
yielded on average 38 and 15 ug of purified wild-type and G90D
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rhodopsin, respectively. The absorbance spectrum of purified
rhodopsin was obtained using a Lambda 35 UV-visible spectro-
photometer (PerkinElmer Life Sciences). The absorbance max-
imum of purified wild-type and G90D rhodopsin was estimated
by fitting the data in the visible region of the spectrum with a
Gaussian function using GraphPad Prism version 5.0 for Mac
OS X (San Diego, CA).

Hydroxylamine accessibility to the chromophore-binding
pocket of rhodopsin was determined by UV-visible absorbance
spectroscopy by monitoring the decrease in absorbance at 499
nm for wild-type and 485 nm for G90D rhodopsin. Hydroxyla-
mine hydrochloride (Fisher Scientific) was dissolved in water at
a stock concentration of 1 m with pH adjusted to 7.0. The assays
were performed in 10 mM Bis-Tris propane, 500 mm NaCl, 2
mM n-dodecyl-B-p-maltoside at pH 7.5 using 0.8 —2.4 uM puri-
fied rhodopsin. The temperature of the sample was maintained
at 20 °C during experiments by a circulating water bath. The
absorbance spectra were recorded in the absence of hydroxyl-
amine (O min) and at 0.5, 1, 3, 5, 10, 20, and 30 min following the
addition of hydroxylamine to a final concentration of 20 mm. At
the time points indicated, the range of wavelengths recorded
for wild-type rhodopsin was between 494 and 502 nm, and that
for G90D rhodopsin was between 481 and 489 nm. Absorbance
spectra (200 —800 nm) of both samples were recorded at 0 and
30 min and after a 1-min bleach at the end of the assay using a
Fiber-Lite MI-150 Illuminator (Dolen-Jenner Industries, Box-
borough, MA) equipped with a 480 -520-nm band pass filter.
The time-dependent decrease in maximum absorbance, moni-
tored at 499 nm for wild-type rhodopsin and at 485 nm for
G90D rhodopsin, was plotted as a function of time. Each exper-
iment was repeated four times, and the average values were
plotted with the standard deviations. Using GraphPad Prism,
the data were approximated by an equation that describes a
one-phase decay using nonlinear regression.

RESULTS

Transgenic mice expressing rhodopsin with a G90D point
mutation were previously generated to serve as a model to study
congenital stationary night blindness (15). In the current study,
G90D rhodopsin homozygous mice on a null wild-type rhodop-
sin background were studied, which are referred to as G90D
mice. Mutant G90D rhodopsin in the absence of wild-type rho-
dopsin can facilitate the proper formation of ROS (15). Thus,
G90D mice provide a source of ROS disc membranes homoge-
neously expressing the mutant rhodopsin. We characterized
dark state wild-type rhodopsin from wild-type mice and G90D
rhodopsin from G90D mice by UV-visible absorbance spec-
troscopy, SMES, and DFS to quantify and localize the perturba-
tions occurring in the dark state receptor as a result of the G90D
point mutation.

Characterization of Purified Wild-type and G90D Mutant
Rhodopsin—Structural perturbations of dark state G90D rho-
dopsin were first investigated on purified receptors. Wild-type
and G90D rhodopsin were extracted and purified from ROS
disc membranes in the retina of wild-type or G90D mice,
respectively. We then characterized the absorbance maxima of
purified rhodopsin. Rhodopsin covalently binds the chro-
mophore 11-cis-retinal via a Schiff base linkage. The chro-
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mophore serves as an inverse agonist that in the dark locks the
receptor in the inactive state and exhibits spectral properties
sensitive to the Schiff base linkage and protein environment
(24, 25). Purified G90D rhodopsin exhibited an absorbance
maximum at a wavelength of 485 nm, which was blue-shifted
compared with the 499-nm absorbance maximum of purified
wild-type rhodopsin (Fig. 14). The absorbance maximum of
G90D rhodopsin from transgenic mice was similar to that
determined from G90D rhodopsin obtained from heterologous
expression systems (12, 26, 27). This blue shift in the absorb-
ance spectrum indicates that interactions between 11-cis-reti-
nal and amino acid side chains of transmembrane «-helices are
altered (12).

Next, we investigated the solvent accessibility of the Schiff
base formed between 11-cis-retinal and Lys-296 in rhodopsin
using a hydroxylamine reactivity assay (27). If accessible,
hydroxylamine can hydrolyze the Schiff base to form 11-cis-
retinal oxime, thereby reducing the absorbance maxima at 499
or 485 nm in purified wild-type and G90D rhodopsin, respec-
tively. In wild-type rhodopsin, hydroxylamine has access to the
Schiff base only after light activation (28). In the dark, no
change is observed in absorbance at 499 nm of wild-type rho-
dopsin even upon extending the hydroxylamine exposure to 30
min (Fig. 1, B and C). In contrast, hydroxylamine reduced the
absorbance at 485 nm of G90D rhodopsin in the dark (Fig. 1, B
and D). This reactivity of hydroxylamine with dark state G90D
rhodopsin indicates structural rearrangements of the trans-
membrane a-helices surrounding the chromophore-binding
pocket similar to that found in light-activated wild-type
rhodopsin.

Wild-type and G90D Mutant Rhodopsin Stabilize Similar
Structural Segments—Results from UV-visible spectroscopy
and the hydroxylamine reactivity assay suggest that dark state
G90D rhodopsin exhibits structural alterations compared with
dark state wild-type rhodopsin. These structural changes must
be a result of altered intramolecular interactions promoted by
the G90D point mutation. To quantify and localize the interac-
tions in the mutant receptor, SMFS and DFS were applied.
These approaches are particularly useful for rhodopsin because
the receptor can be examined in the native membrane (i.e., ROS
disc membranes) and in physiological buffer. Previous SMFS
and DFS studies of vertebrate rhodopsin were conducted in a
buffer optimized for AFM imaging (29). In the current study,
SMES was conducted in a Ringer’s buffer, the ion composition
and pH of which are similar to buffers used in suction electrode
recording of mouse rod photoreceptor cells (30). Thus, rhodop-
sin was examined under physiologically relevant conditions.

Applying SMFS to dark state wild-type or G90D mutant rho-
dopsin in ROS disc membranes, the AFM tip was nonspecifi-
cally attached to the N-terminal end of rhodopsin (Fig. 24).
When withdrawing the AFM tip from the disc membrane, the
N-terminal end was mechanically stretched to initiate the
unfolding of a single rhodopsin molecule. During retraction of
the AFM tip, we recorded the force required to stretch and
unfold single rhodopsins over the pulling distance in F-D curves
(Fig. 2B). Fully unfolded and stretched rhodopsin molecules
exhibiting an intact disulfide bond between Cys-110 and Cys-
187 exhibited F-D curves with an overall tip sample distance of
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FIGURE 1. Effect of hydroxylamine on the absorbance spectra of wild-type (WT) and G90D mutant rhodopsin. A, UV-visible spectroscopy of purified
wild-type (black) and G90D mutant (blue) rhodopsin. Wild-type rhodopsin exhibits an absorbance maximum at 498.8 = 0.1 nm (n = 3), and G90D rhodopsin
exhibits an absorbance maximum at 485.0 = 0.3 nm (n = 3). n gives the number of experiments. The absorbance maximum was estimated by fitting the data
with a Gaussian function. B, the effect of hydroxylamine on the absorbance maximum of wild-type (499 nm) and G90D mutant (485 nm) rhodopsin monitored
as a function of time at 20 °C. The change in maximum absorbance was measured in the absence (0 min) and presence of 20 mm hydroxylamine at 0.5, 1, 3, 5,
10, 20, and 30 min, respectively. The half-life of the decrease in absorbance at 485 nm for G90D rhodopsin was 8.7 = 1.2 min (n = 4). n gives the number of
experiments. C and D, complete UV-visible absorbance spectra of purified wild-type (C) and G90D mutant (D) rhodopsin recorded simultaneously along with
data points generated for B. The data show single representative experiments for wild-type and G90D mutant rhodopsin. The absorbance spectra of rhodopsin
in the absence of hydroxylamine (solid black and blue lines), treatment with 20 mm hydroxylamine (NH,OH) (solid gray and light blue lines) for 30 min and after

1 min of bleaching in the presence of 20 mm hydroxylamine (dashed black and blue lines) are shown (see “Experimental Procedures”).

~65-75 nm and three clusters of force peaks (outlined by
dashed regions in Fig. 2B) (4, 8). Every force peak in a F-D curve
represents the unfolding of a structural segment of rhodopsin.
The magnitude of the force peak quantifies the pulling force
that is required to overcome the molecular interactions stabi-
lizing a particular structural segment of rhodopsin. The pattern
of a F-D curve represents the sequential unfolding events of
structural segments established by a single rhodopsin molecule.
This force peak pattern can vary depending on the unfolding
pathway an individual rhodopsin has taken (2).

The forces detected by SMFS depend on the loading rate (i.e.,
force applied versus time) at which the stability of the structural
segments are probed (31). Thus, the force characterizing the
strength of molecular interactions stabilizing a structural seg-
ment is dependent on the pulling velocity of the SMFS experi-
ment. Probing these forces at different loading rates (i.e., pull-
ing velocities) allows us to determine the energetic, kinetic, and
mechanical parameters that describe the properties of the
structural segments stabilizing rhodopsin (3, 8). To obtain
these parameters, we conducted DFS of dark state wild-type
and G90D rhodopsin embedded in native ROS disc mem-
branes. Over 100 F-D curves were collected at each of the six
pulling velocities (300, 700, 1500, 3000, 4500, and 6000 nm/s)
tested (supplemental Fig. S1).

The comparison of F-D curves recorded at different pulling
velocities showed that their force peaks occurred at similar
positions and displayed similar patterns for wild-type and
G90D rhodopsin (supplemental Fig. S1). This pulling velocity-
independent position of force peaks is in agreement with pre-
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vious observations on wild-type bovine and mouse rhodopsin
(8). To further enhance the signal to noise ratio of single F-D
curves, all of the F-D curves recorded for wild-type or G90D
rhodopsin were overlaid to generate density maps (Fig. 3, A and
B, and supplemental Fig. S1A). The density maps of both wild-
type and G90D rhodopsin displayed nine major common
unfolding events that are represented by force peaks of higher
density.

To localize the structural segments stabilizing wild-type or
G90D rhodopsin, every force peak in each F-D curve was fitted
with the wormlike chain model. The wormlike chain model
estimates the contour length, thereby providing an estimate for
the number of amino acid residues of the rhodopsin polypep-
tide chain unfolded and stretched above the membrane surface.
One end of the unfolded polypeptide chain is tethered to the
AFM tip, whereas the other end is held in place by the structural
segment that remains stably embedded in the ROS disc mem-
brane (Fig. 24). Thus, the contour length of the unfolded pep-
tide assigns the beginning of a stable structural segment (2).

Histograms of fitted contour lengths from every force peak of
each F-D curve were generated for wild-type and G90D rho-
dopsin (Fig. 3C). Nine major peaks were discernable in both
histograms, each corresponding to a common unfolding event
detected in F-D curve overlays. Fitting a Gaussian function to
each major peak in the histograms allowed the estimation of
their contour lengths (Fig. 3C and Table 1). These contour
lengths were used to assign the structural segments of wild-type
and G90D rhodopsin (Fig. 4). Within the uncertainty of the
measurements, the contour lengths estimated by the Gaussian
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FIGURE 2. SMFS of rhodopsin. A, illustration of SMFS on rhodopsin embed-
ded in ROS disc membranes. In SMFS, the AFM cantilever tip is brought in
contact with the N-terminal end of rhodopsin and then retracted from the
membrane. This retraction applies mechanical stress and induces stepwise
unfolding of rhodopsin. For each attempt, force and tip sample distances are
recorded in F-D curves (as shown in B). The location of the G90D mutation is
highlighted (white circle), and S-S denotes the conserved disulfide bond
between residues Cys-110 and Cys-187. B, examples of F-D curves obtained
from the mechanical unfolding of single wild-type (black) or G90D mutant
(blue) rhodopsin. Each force peak of a F-D curve records the rupture of bonds
and the subsequent unfolding of a stabilizing structural segment. The dis-
tance at which a force peak was detected localizes the molecular interaction
that stabilized the structural segment.

function for each major unfolding event were similar between
wild-type and G90D rhodopsin (Fig. 3C and Table 1). Thus, the
location of structural segments stabilizing rhodopsin remained
unchanged by the G90D mutation.

Wild-type and G90D Mutant Rhodopsin Exhibit Different
Energetic and Mechanical Properties—The unfolding energy
barrier of each major structural segment stabilizing rhodopsin
describes the energetic and mechanical properties of that struc-
tural segment (Fig. 5). To reveal the parameters that quantify
these properties, we determined the most probable unfolding
force and loading rate of every major structural segment at each
pulling velocity (supplemental Figs. S2 and S3). DES plots were
generated by plotting the most probable unfolding force versus
the logarithm of the loading rate (Fig. 6A4). DES plots for every
structural segment exhibited a linear relationship. This linear-
ity indicates a two-state unfolding process where a folded struc-
tural segment overcomes a single energy barrier to unfold
(Fig. 5).

DES plots (Fig. 6A) were analyzed by the Bell-Evans model
(31) to determine parameters characterizing the unfolding
energy barrier of each structural segment (Fig. 5). Fitting DFS
data to the Bell-Evans model approximates the unfolding rate
(k,) in the absence of applied force (F) and the distance sepa-
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FIGURE 3. Density maps of F-D curves and histogram of force peak posi-
tions. A and B, density maps generated from superimposition of all F-D curves
collected for wild-type (A) and G90D mutant (B) rhodopsin. 799 F-D curves
were superimposed for wild-type rhodopsin, and 690 F-D curves were super-
imposed for G90D rhodopsin. F-D curves were recorded at pulling velocities
of 300, 700, 1500, 3000, 4500, and 6000 nm/s. The monochrome scale bars
indicate relative intensities for each data set. Each force peak has been fitted
with the wormlike chain (WLC) model (dashed curves) to reveal the contour
length (in amino acids) of the stretched and unfolded polypeptide. This
allowed for the localization of the stepwise unfolding of structural segments.
The coloring of the wormlike chain curves corresponds to the structural seg-
ments they represent in Fig. 4. C, histograms showing the frequency of
detecting a force peak at a certain contour length. A bin size of 1 amino acid
(aa) was used. Gaussian curves are fitted to localize the most probable force
peak positions (Table 1). The absolute frequency difference between both
histograms (|A]) is shown at the bottom.

rating the folded state and transition state (x,) (Fig. 5). The
reciprocal of the unfolding rate (k,) describes the lifetime of a
structural segment, whereas x,, approximates the width of the
energy barrier that separates the folded from the unfolded state.
The number of conformational substates (i.e., conformational
variability) that can be hosted by an energy valley depends on its
width, x,,. Hence, a structural segment characterized by a small
x, will have lower conformational variability compared with the
one having a larger x,. These parameters were determined for
every stable structural segment of dark state wild-type and
mutant G90D rhodopsin (Table 2).

Mutant G90D rhodopsin generally exhibited higher k, and
lower x,, values than wild-type rhodopsin (Table 2). Using k,
and x, the height of the unfolding energy barrier (AG) and the
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TABLE 1

Most probable contour lengths of major unfolding force peaks
detected for wild-type (WT) and G90D mutant mouse rhodopsin

The values were obtained by fitting peaks in the histogram of contour lengths in Fig.
3C with a Gaussian function.

Contour length + S.D.
(amino acids)

Structural segment wWT G90D
N1 183 18 +4
N2 27 +3 27+3
H1-C1-H2 38 £ 4 375
El 97 + 4 96 *+ 4
H3-C2-H4-E2 110 + 4 108 + 4
H5-C3-H6.1 125 £8 124 £ 8
H6.2-E3-H7 176 + 11 172 + 14
H8 218+ 6 215*+7
CT 240 £ 9 239+ 9

Extracellular
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FIGURE 4. Stable structural segments of wild-type and G90D mutant rho-
dopsin detected by SMFS. The most probable contour length of each major
force peak was used to localize the corresponding structural segment in wild-
type rhodopsin (Table 1). Within the accuracy of the measurements, the struc-
tural segments observed for wild-type and G90D mutant rhodopsin were
identical (Table 1). Each structural segment is colored and named on the
secondary structure. The boundary amino acid residues for each segment are
numbered, and the contour length of the corresponding force peak is given
in parentheses. Transmembrane a-helices (TMH) 1-7 are numbered.

mechanical spring constant (k) were calculated for every struc-
tural segment (Table 2 and Figs. 5 and 6B). AG estimates the
energetic stability of a structural segment, whereas k describes
its mechanical rigidity. With increasing k, a structural segment
decreases elasticity and increases rigidity. In wild-type rhodop-
sin, structural segments exhibited unfolding energy barrier
heights ranging from 24.36 k7 ([N1]) to 17.77 kg T ([H6.2-E3-
H7]) and mechanical spring constants ranging from a maxi-
mum rigidity of 1.12 N/m ([H3-C2-H4-E2]) to a maximum flex-
ibility of 0.33 N/m ([N1]). In G90D rhodopsin, the structural
segments had unfolding energy barrier heights ranging from
19.94 k5T ([H8]) to 16.26 k5T ([N2]) and mechanical spring
constants ranging from a maximum rigidity of 2.43 N/m
([H3-C2-H4-E2]) to a maximum flexibility of 0.58 N/m
([H6.2-E3-H7)).

The DEFS analyses revealed that the structural segments
established in dark state wild-type and G90D rhodopsin exhibit
different energetic and mechanical properties (Table 2). All of
the structural segments in G90D rhodopsin showed a
decreased energetic stability (AG) and increased mechanical
rigidity (k) compared with wild-type rhodopsin, except for seg-
ment [H6.2-E3-H7] (Figs. 6B and 7B and Table 2). The largest
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FIGURE 5. Schematic of an unfolding energy barrier for a stable structural
segment. The folded state of a structural segment is separated from the
unfolded state by a free energy barrier. In the absence of an externally applied
force (i.e., at equilibrium), the folded structure can unfold at certain transition
rate (k,) by overcoming the transition state (#). x, characterizes the distance
from the folded state to the transition state. The height of the unfolding free
energy barrier separating the folded state from the unfolded state is given by
AG. According to the Bell-Evans model (18, 19, 47), an externally applied force
(F) tilts the energy landscape by the mechanical energy (—F(cos6)x) and low-
ers the free energy barrier (AG) to AG.. Lowering of the free energy barrier is
described by the pulling direction x and the angle 6 of the externally applied
force (F).

differences occurred in structural segments [N1], [N2], [H1-
C1-H2], and [H3-C2-H4-E2]. The structural segments with the
lowest energetic stability are found in the N-terminal region of
G90D rhodopsin (16.71 kgzT of [N1] and 16.26 k,T of [N2]),
whereas the same region in wild-type rhodopsin exhibited the
highest energetic stability (24.36 kT of [N1] and 23.58 kT of
[N2]). Like wild-type rhodopsin (1.12 N/m), G90D rhodopsin
(2.43 N/m) exhibited the highest mechanical rigidity in struc-
tural segment [H3-C2-H4-E2]. However, unlike wild-type rho-
dopsin, the next two most mechanically rigid structural seg-
ments in G90D rhodopsin were [N2] and [H1-C1-H2] rather
than [E1] and [H5-C3-H6.1].

An extra sum of squares F test was conducted (8) to deter-
mine the statistical significance of the difference between the
two DFS data sets (supplemental Table S1). The most signifi-
cant differences (p < 0.01) were observed between the data sets
of wild-type and G90D rhodopsin for structural segments [N2]
and [H1-C1-H2] (Table 2 and supplemental Table S1).

DISCUSSION

Structural Perturbations Promoted by G90D Mutation—
GI90D rhodopsin from a transgenic mouse model of congenital
stationary night blindness was studied to determine the nature
of perturbations occurring as a result of the point mutation.
Gly-90 resides in transmembrane a-helix H2 of rhodopsin
(Figs. 4 and 7A), facilitates packing with neighboring trans-
membrane «-helices, and affects the geometry of the chro-
mophore-binding pocket (32). In wild-type rhodopsin, the
absence of a side chain in Gly-90 allows a-helix H2 to pack
tightly with Leu-112 and Glu-113 from a-helix H3 and form
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stable helix-helix interactions (Fig. 74). Replacement of glycine
with aspartic acid at this position would be expected to affect
the tight packing between a-helices H2 and H3. This local per-
turbation is indicated by UV-visible spectroscopy of purified
G90D rhodopsin revealing a blue-shifted maxima (Fig. 1A). The
blue-shifted absorbance maximum of G90D rhodopsin is pre-
sumed to result, at least in part, by the Asp-90 mutation replac-
ing Glu-113 as the counterion for the protonated Schiff base
formed between 11-cis-retinal and Lys-296 (12, 33).
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FIGURE 6. Dynamic behavior of stable structural segments of wild-type
and G90D mutant rhodopsin detected by DFS, and their energetic and
mechanical properties. A, DFS plots for wild-type (black) and G90D mutant
(blue) rhodopsin. Most probable force and most probable loading rates were
determined from histograms in supplemental Figs. S2 and S3, respectively. If
error bars (standard error) cannot be seen, then they are smaller than the data
points. The data were fitted with the Bell-Evans model to estimate k, and x,,
(Fig. 5). B, the energetic stability (AG) and mechanical rigidity (k) for each
structural segment in wild-type (black) and G90D mutant (blue) rhodopsin are
shown with standard deviations. The values were computed as described
under “Experimental Procedures.”

TABLE 2

Structural changes of dark state G90D rhodopsin are indi-
cated by our hydroxylamine accessibility assay. Unlike purified
dark state wild-type rhodopsin, purified dark state G90D rho-
dopsin allowed hydroxylamine to access the chromophore-
binding pocket (Fig. 1). Wild-type rhodopsin provides hydroxy-
lamine access only in the light-activated state (28), termed
metarhodopsin II, which is gained from the cytoplasmic side
(34). This observation suggests that the G90D mutation intro-
duces structural alterations in dark state rhodopsin that also
occur in light-activated wild-type rhodopsin.

Previous in vitro studies of G90D rhodopsin expressed in
heterologous expression systems using site-directed spin label-
ing and Fourier-transform infrared spectroscopy showed that
the dark state mutant displays hallmarks of light-activated wild-
type rhodopsin (27, 35, 36). These include neutralization of
Glu-113 by protonation of its carboxylic acid group and rigid
body movement of the cytoplasmic half of transmembrane
a-helix H6 (27, 35, 36). Thus, the G90D mutation can promote
structural alterations in the dark state receptor that has some
resemblance to those occurring in wild-type rhodopsin upon
light activation.

SMES of rhodopsin embedded in native ROS disc mem-
branes revealed that both wild-type and G90D rhodopsin sta-
bilize similar structural segments (Fig. 3 and Table 1). Thus, the
structural alterations in dark state G90D rhodopsin suggested
by our hydroxylamine accessibility results and previous in vitro
studies are likely relatively small. Moreover, the mutation does
not change the receptor structure to an extent that would cause
misfolding because G90D rhodopsin is properly folded, is inte-
grated into ROS disc membranes, and binds 11-cis-retinal (Fig.
14) (12, 15, 26, 27, 37, 38). Although structural changes in dark
state G90D rhodopsin are predicted to be relatively small, these
small changes may still be sufficient to switch the dark state
mutant into an active state because large structural changes are
not required for receptor activation (39).

G90D Mutation Changes Energetic Stability and Mechanical
Rigidity of Rhodopsin—More detailed insights were gained
about the perturbations promoted by the point mutation in
dark state G90D rhodopsin from our DFS studies. A clear trend
is observed in the differences in energetic stability and mechan-
ical rigidity between dark state wild-type and G90D rhodopsin
(Figs. 6B and 7B). In all structural segments except for segment
[H6.2-E3-H7], G90D rhodopsin exhibits decreased energetic

Parameters describing the energy barriers (k,, x,, and AG) and mechanical rigidity (k) of stable structural segments detected for WT and G90D

mutant mouse rhodopsin
p values derived from F-tests are given in supplemental Table S2.

k, = S.D. x, = S.D. AG = S.D. k*=S.D
Structural segment wT G90D wWT G90D wWT G90D wWT G90D
5! nm kpT N/m

N1 0.00 £ 0.01 5.56 = 10.0 0.77 £ 0.24 0.35 = 0.09 24.36 * 4.62 16.71 = 1.80 0.33 £ 0.14 1.14 = 0.48
N2« 0.01 * 0.02 8.68 *9.99 0.67 = 0.13 0.25 = 0.05 23.58 = 2.74 16.26 = 1.15 0.44 £ 0.12 2.10 £ 0.64
H1-C1-H2" 0.10 = 0.08 4.36 = 4.71 0.55 = 0.04 0.30 £ 0.05 20.69 * 0.80 16.95 = 1.08 0.57 £ 0.07 1.57 =043
El 0.15 = 0.33 0.53 = 1.11 0.43 £ 0.10 0.34 £ 0.09 20.29 * 2.15 19.05 = 2.08 0.89 £ 0.32 1.36 £ 0.57
H3-C2-H4-E2 0.07 £ 0.21 1.16 + 1.85 0.39 = 0.12 0.25 + 0.06 21.07 = 2.93 18.27 + 1.59 1.12 = 0.50 2.43 +0.90
H5-C3-H6.1 0.12 £0.13 0.41 *=0.75 0.42 = 0.05 0.33 = 0.08 20.52 * 1.04 19.31 = 1.82 0.96 = 0.17 143 + 0.53
H6.2-E3-H7 192 =191 0.78 = 0.67 0.46 = 0.09 0.52 = 0.07 17.77 £ 1.00 18.67 = 0.86 0.71 £0.23 0.58 = 0.13
H8 0.10 = 0.20 0.22 + 0.27 0.48 = 0.11 0.42 + 0.07 20.70 = 1.99 19.94 + 1.23 0.74 = 0.27 0.93 +0.23
CT 0.08 £ 0.15 0.65 = 0.06 0.50 = 0.10 0.36 = 0.01 20.90 = 1.78 18.85 = 0.09 0.69 *+0.23 1.22 = 0.03

“ Significant differences (p < 0.01) between WT and G90D.
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FIGURE 7. Highlighting the structural, energetic stability and mechanical rigidity changes in G90D mutant rhodopsin. A, side view of rhodopsin (Protein
Data Bank file 1U19) color-coded for stable structural segments: [N1] (red), [N2] (blue), [H1-C1-H2] (purple), [E1] (cyan), [H3-C2-H4-E2] (orange), [H5-C3-H6.1]
(dark green), [H6.2-E3-H7] (yellow), [H8] (pink), anda [CT] (light green). Rhodopsin is shown in a side view with the extracellular surface at the top and the
cytoplasmic surface at the bottom. The inset shows a top view in the plane indicated, which highlights the tight packing among Gly-90, Leu-112, and Glu-113.
11-cis-Retinal is shown as black spheres. B, the same rhodopsin structure is shown in a side and top view but colored to indicate changes of energetic stability
(AAG) and mechanical rigidity (Ak) in G90D rhodopsin relative to wild-type rhodopsin. AAG and Ak were calculated using values reported in Table 2. The
figures were generated using a PyMOL molecular graphics system (Version 1.2r3pre; Schrodinger).

stability and increased mechanical rigidity (Table 2). Although
only segments [N2] and [H1-C1-H2] revealed differences that
were statistically significant in F tests (supplemental Table S1),
the overall trend points to changes affecting the global struc-
ture of the receptor in addition to local changes.

The overall decrease in energetic stability observed in G90D
rhodopsin is revealed by the decrease in the height of the energy
barrier for structural segments. The active states of G protein-
coupled receptors, including rhodopsin, are thermally less sta-
ble and more prone to irreversible denaturation compared with
the inactive state (40, 41). Constitutively active G protein-cou-
pled receptors also exhibit less thermal stability compared with
inactive wild-type receptors (42, 43). Thus, the decrease in
energetic stability observed in dark state G90D rhodopsin is
consistent with properties expected for an active state. More-
over, the higher energetic stability of dark state wild-type rho-
dopsin may play a role in locking the receptor in an inactive
state, which is required for maintaining low noise and single-
photon detection capabilities in rod photoreceptor cells.

Because energetic stability (AG) is proportional to mechani-
cal rigidity (k) (see Equation 3 in “Experimental Procedures”),
the lower energetic stability observed for structural segments of
dark state G90D rhodopsin might lead to the assumption that
its structure is more mechanically rigid compared with dark
state wild-type rhodopsin. However, mechanical rigidity (k) is
only linearly proportional to the energetic stability (AG) but
inversely proportional to the square of x,,, which indicates con-
formational variability. The conformational variability of a
structural segment can therefore have a greater impact on
mechanical rigidity compared with energetic stability. Indeed,
when taking a closer look at the x,, and AG values (Table 2), it
becomes evident that in dark state G90D rhodopsin, the
mechanical rigidity of most structural segments increases,

JUNE 22,2012 +VOLUME 287+NUMBER 26

whereas their energetic stability decreases. Thus, the increase
in mechanical rigidity of structural segments is caused by a
decrease in conformational variability (Table 2).

A structural segment can increase mechanical rigidity by the
introduction of additional chemical bonds. An extensive hydro-
gen bond network has been observed in crystal structures
solved for the active metarhodopsin II state and for a mutant-
promoted active state of rhodopsin (44, 45). This extensive
hydrogen bond network is not observed in crystal structures of
dark state wild-type rhodopsin (44, 46). The hydrogen bond
network formed in the metarhodopsin II state of rhodopsin
extends from the extracellular to the cytoplasmic side of the
receptor and forms independently from conformational
changes in the transmembrane region of the receptor (45). The
formation of an additional hydrogen bond network in light-
activated wild-type rhodopsin would be predicted to increase
the mechanical rigidity of several structural segments. The
increased mechanical rigidity observed for dark state G90D
rhodopsin may indicate the formation of such a hydrogen bond
network.

Conclusion—Our studies conducted on dark state G90D rho-
dopsin in affinity-purified and native ROS disc membrane
preparations from a transgenic mouse model of congenital sta-
tionary night blindness have revealed the nature of perturba-
tions promoted by the mutation. First, UV-visible absorbance
spectroscopy detected that the mutant receptor can bind
11-cis-retinal but displays a blue-shifted absorbance maximum,
thereby indicating an altered chromophore-binding pocket.
Second, hydroxylamine accessibility to the chromophore-bind-
ing pocket in dark state G90D rhodopsin suggested that struc-
tural perturbations are caused by the mutation. These changes
share similarities with those induced upon light activation of
wild-type rhodopsin. Third, SMEFS detected that wild-type and
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G90D rhodopsin stabilize the same structural segments, which
suggests that the structural changes promoted by the mutation
are relatively small. Fourth, DFS revealed considerable differ-
ences in the properties of structural segments in dark state
G90D rhodopsin, which generally exhibited decreased ener-
getic stability and increased mechanical rigidity.

Taken together, our studies revealed changes in the struc-
tural, energetic, and mechanical properties of dark state G90D
rhodopsin. These changes observed in the dark state mutantare
consistent with properties that have been described to change
in light-activated wild-type rhodopsin. Thus, the G90D point
mutation introduces perturbations that change dark state rho-
dopsin, so that it exhibits some of the properties expected for
light-activated wild-type rhodopsin.
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