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ABSTRACT: Rhodopsin is the light receptor that initiates phototransduction in rod photoreceptor cells. The
structure and function of rhodopsin are tightly linked to molecular interactions that stabilize and determine the
receptor’s functional state. Single-molecule force spectroscopy (SMFS) was used to localize and quantifymolecular
interactions that structurally stabilize bovine and mouse rhodopsin from native disk membranes of rod
photoreceptor cells. The mechanical unfolding of bovine and mouse rhodopsin revealed nine major unfolding
intermediates, each intermediate defining a structurally stable segment in the receptor. These stable structural
segments had similar localization and occurrence in both bovine andmouse samples. For each structural segment,
parameters describing their unfolding energy barrier were determined by dynamic SMFS. No major differences
were observed between bovine and mouse rhodopsin, thereby implying that the structures of both rhodopsins are
largely stabilized by similar molecular interactions.

Rhodopsin is a G protein-coupled receptor (GPCR)1 residing
in rodouter segments (ROS) of photoreceptor cells,where it initiates
phototransduction upon light activation. Several crystal structures
are now available for a handful of GPCRs (1-5). These structures
highlight the conservation of the general architecture of GPCRs,
which display seven transmembraneR-helices. Some of themechan-
isms underlying receptor activation and function are likely con-
served acrossmembers of this family of membrane proteins (4, 6, 7).
Despite low amino acid sequence similarities, comparison ofGPCR
crystal structures reveals only relatively small deviations in the
position of transmembraneR-helices (2, 5, 8). Yet those small differ-
ences are significant enough to facilitate the specific roles and
functions of those receptors. Thedeterminants and functional effects
of these small differences must begin to be understood.

Inter- and intramolecular interactions contribute to the fold-
ing, structure, and stability of proteins, and they determine the
protein’s functional state. Single-molecule force spectroscopy
(SMFS) is a unique tool that allows for the quantification and
structural localization of molecular interactions established in
membrane proteins (9, 10). Native structure-function relation-
ships of membrane proteins can be determined by SMFS because
membrane proteins are studied in their functionally relevant lipid
bilayer at ambient temperatures in a buffer solution. SMFS has
been applied to bovine rhodopsin to quantify the stabilization of

the receptor by zinc (11) and to reveal a localized stabilization
that affects transducin activation by naturally occurring palmi-
tylation in the carboxyl-terminal region of the receptor (12).

Single substitutions of amino acid residues have the potential
to alter molecular interactions that lead to changes in the struc-
ture and function of GPCRs (13-18). This is especially true in
rhodopsin where single amino acid residue differences can result
in dramatic effects. A single amino acid residue change can cause
destabilization, malfunction, ormisfolding of the receptor, which
leads to dramatic physiological consequences. Over 100 different
point mutations in rhodopsin can cause retinitis pigmentosa,
a group of retinal degenerative diseases (18).

Receptor homologues provide a natural system to study amino
acid residue substitutions. Rhodopsin from rod photoreceptor
cells in bovine and mouse retina shares 93% sequence similarity
with 23 amino acid residue differences (Figure 2C and Support-
ing Information Figure S1). Bovine rhodopsin has been exten-
sively studied, and there are numerous crystal structures avail-
able (19-32). The only other rhodopsin crystal structure solved is
that of invertebrate squid rhodopsin (33, 34). Significant
differences are observed between the structures of vertebrate
bovine rhodopsin and invertebrate squid rhodopsin, including
extended transmembrane helices 5 and 6 and an additional
R-helix in the carboxyl-terminal region. No crystal structure has
been solved for mouse rhodopsin. Thus, it is unclear whether the
differences in amino acid residues between bovine and mouse
rhodopsin affect the structure, stability, and function of the
receptor. The purpose of this study was to determine whether
the naturally occurring 23 amino acid residue differences in
the sequences of bovine and mouse rhodopsin have a significant
effect on the molecular interactions that stabilize each structure.
SMFS was applied to quantify the molecular interactions of
bovine and mouse rhodopsin embedded in native ROS disk
membranes. Furthermore, insights about the kinetic stability and
mechanical properties of rhodopsin structure were gained using
dynamic SMFS (DFS).
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MATERIALS AND METHODS

ROS Disk Membrane Preparation. ROS were purified
from either fresh bovine retina or fresh mouse retina of C57BL/
6 mice, and disk membranes were prepared as described
previously (12, 35). Fresh bovine eyes were obtained from a
local slaughterhouse (Mahan Packing, Bristolville, OH), and
mice were from Jackson Laboratories (Bar Harbor, ME). Mice
were 3-4 weeks old and were dark adapted overnight prior to
being sacrificed. Disk membranes were either resuspended in
buffer A (2 mM Tris-HCl, pH 7.4) for immediate use or were
resuspended in buffer B (67 mM potassium phosphate, 1 mM
magnesium acetate, 0.1 mM EDTA, 18% sucrose, pH 7.0) for
storage at-80 �C.Membranes stored in buffer B at-80 �Cwere
thawed and washed twice in buffer A prior to use. Unless
otherwise stated, all disk preparation procedures were carried
out under dim red light at 4 �C.
Purification of Rhodopsin. Rhodopsin from dark-adapted

mice was purified from whole eyes. Eyes from three mice were
homogenized in 3 mL of buffer C (10 mM Bis-Tris propane,
150 mM NaCl, pH 7.5) using a hand-held homogenizer. The
homogenate was centrifuged at 124740g for 5 min. The pellet
was resuspended in buffer D (10 mMBis-Tris propane, 500 mM
NaCl, 20 mM n-dodecyl β-D-maltoside (Anatrace, Inc., Mau-
mee, OH), pH 7.5) and shaken at room temperature for 15 min.
The suspension was then centrifuged at 124740g for 20 min. The
supernatant was loaded on a 6 � 30 mm column packed with
anti-1D4 antibody (36) coupled to CNBr-activated Sepharose
4B (Santa Cruz Biotechnology, Santa Cruz, CA) preequili-
brated with buffer E (10 mM Bis-Tris propane, 500 mM NaCl,
2 mM n-dodecyl β-D-maltoside, pH 7.5). The column was
washedwith 10mLof buffer E. Purified rhodopsin was obtained
by eluting the column with buffer E supplemented with 800 μM
1D4 peptide (TETSQVAPA) synthesized by United Biochem-
ical Research, Inc. (Seattle, WA).

Bovine rhodopsin was purified from frozen bovine retinas
purchased from InVision BioResources (Seattle, WA). Tissue
fromapproximately two retinaswas used for purification. Bovine
retinal tissue was homogenized in 3 mL of buffer C using a hand-
held glass homogenizer, and the subsequent steps of the purifica-
tion procedure are identical to that carried out for the purifica-
tion of mouse rhodopsin described above. The absorbance
spectrum of purified rhodopsin was obtained using a Lambda
35 UV/vis spectrophotometer (Perkin-Elmer, Waltham, MA).
All purification steps were conducted under dim red light.
SMFS and DFS. SMFS and DFS were performed on disk

membranes isolated from mouse and bovine samples essen-
tially as described previously (12, 35, 37). Data were col-
lected using two different atomic force microscopes (AFM):
a Multimode AFM (Veeco Metrology, Santa Barbara, CA)
and a NanoWizard Ultra AFM with an 850 nm laser
detection system (JPK Instruments, Berlin, Germany). Disk
membranes were adsorbed on freshly cleaved mica in buffer
A. SMFS and DFS were conducted using NPS Si3N4 can-
tilevers (nominal spring constant 0.6-0.8 N/m; Veeco
Metrology). Spring constants of cantilevers were determined
in buffer solution using the thermal noise method (38, 39).
DFS on bovine and mouse rhodopsin was performed at six
different pulling velocities: 100, 300, 700, 1500, 3000, and
6000 nm/s. DFS at 1500, 3000, and 6000 nm/s was conducted
only with the Nanowizard Ultra AFM, which was equipped
with a 16-bit data acquisition card (NI PCI-6221; National

Instruments, Munich, Germany) to allow higher sampling
frequencies. SMFS and DFS experiments were performed in
the dark under dim red light at room temperature (≈28 �C) in
SMFS assay buffer (150 mM KCl, 25 mM MgCl2, 20 mM
Tris, pH 7.8).
Analysis of Force-Distance (F-D) Curves. F-D curves

were selected, aligned, analyzed, and superimposed using Igor
Pro 6 (WaveMetrics, Inc., Lake Oswego, OR) essentially as des-
cribed previously (11, 35). F-D curves exhibiting a length corre-
sponding to a fully stretched rhodopsin molecule with an intact
Cys110-Cys187disulfide bond (≈65nm)were first selected (35).
This selection criterion ensured that only F-D curves corre-
sponding to rhodopsin unfolded from its terminal region were
analyzed. From this selection, F-D curves were aligned using
their most dominant force peaks at 15, 26, 37, 97, 108, 122, 220,
and 238 aa as reference. Every peak of a single F-D curve was
fitted using the worm-like chain (WLC) model (40):
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A persistence length, p, of 0.4 nm and a monomer length, x, of
0.36 nm was used (35, 37, 41). kB denotes the Boltzmann constant
andT the temperature.The contour length,L,which gives the length
of stretched polypeptide chain, was estimated from fitting eq 1 to
each force peak of a F-D curve. From this contour length, the
number of amino acid residues stretchedwas estimated approximat-
ing a length of 0.36 nm for each residue. Assignment of unfolding
events to specific structural segments of rhodopsin was determined
as described previously (35). All contour lengths revealed for either
bovine or mouse rhodopsin were pooled and represented as a
frequency distribution with a bin size of three amino acid residues.
DFSAnalysis.Themost probable rupture force and themost

probable loading rate at each pulling velocity were determined
from the best fit of a single Gaussian function to the frequency
distribution of either force or loading rate. Loading rates were
calculated as the product of the pulling velocity and the slope of
the F-D curve obtained from the best fit of eq 1 to a given force
peak (42). DFS data were fitted using the Bell-Evans model (43)
as described previously (37). In this model, the most probable
unfolding force, Fp, can be expressed as

FP ¼ kBT
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In this equation xu is the distance from the free energyminimum to
the transition-state barrier, ku the rate of unfolding in the absence
of applied force, and rf the loading rate. Estimates for xu and ku
were obtained from the fits of eq 2 to the DFS data. Estimation of
the height of the transition state barrier, ΔGu

‡, and rigidity, κ, for
all unfolding barriers are calculated from xu and ku, and the
respective errors are propagated as described previously (37).
Extra Sum of Squares F-Test. A Gaussian function was

used to describe the histogram of contour lengths in Figure 2A and
a function defined by eq 2 was used to describe the relationship
between themost probable force and loading rate in theDFS plots
of Figure 4. To test whether the fitted parameters of either function
differed significantly between data from bovine and mouse sam-
ples, an extra sumof squaresF-testwas conductedusingGraphPad
Prism 5.0 (San Diego, CA) (44, 45); that is, the sum of squares
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obtained from the analysis where the parameters of either function
were estimated separately from bovine and mouse data was
compared to the sum of squares obtained from the analysis where
both data sets shared single estimates of those parameters from
either function. The level of significance was taken asP<0.05. The
parameters that were compared for the Gaussian function are
the most probable contour length represented by the midpoint of
the curve along the abscissa and that of the area under the curve.
The parameters that were compared for the function defined by
eq 2 are xu and ku.

RESULTS

Mechanical Unfolding of Bovine and Mouse Rhodopsin
by SMFS.Native diskmembranes frombovine andmouseROS
were isolated and adsorbed onto freshly cleaved atomically flat
mica, which is largely chemically inert and hydrophilic (46). Pre-
vious studies have shown that the mica surface appears not to
significantly influence the structure-function relationship of mem-
brane proteins and outcome of SMFS results (47-50). Adsorbed
disk membranes were located and imaged by atomic force micro-
scopy (AFM). AFM of disk membranes predominantly displayed

a raft-like organization of rhodopsin (e.g., refs 35 and 51), which is
consistent with observations made by cryoelectron tomography of
mouse ROS (52). Switching from AFM to SMFS mode, single
rhodopsin molecules were mechanically unfolded from disk mem-
branes to quantify the molecular interactions stabilizing their
structural unfolding intermediates (Figure 1A).

The preparation and adsorption of disk membranes ontomica
resulted in membranes predominantly oriented with the amino-
terminal region of rhodopsin exposed (35). The nonspecific nature
of attachment of the AFM stylus to rhodopsin can result in contact
points anywhere along the polypeptide chain of the receptor that is
exposed to the stylus. The selection criteria of F-D curves incor-
porated in the analysis procedures ensured that only those F-D
curves reflecting attachment at the amino-terminal region of
rhodopsin were analyzed (see Materials and Methods). The non-
specific attachment of theAFMstylus at the amino-terminal region
of rhodopsin allowed the application of mechanical stress with
force, thereby inducing the stepwise unfolding of rhodopsin.

F-Dcurves recordedwhile unfolding single rhodopsinmolecules
exhibited a detailed spectrum of force peaks (Figure 1B-D). Each
force peak represents the unfolding of a structural intermediate of

FIGURE 1: Mechanical unfolding of rhodopsin. (A) Schematic representation of the experimental setup that depicts the mechanical unfolding of
rhodopsin from disk membranes of native ROS. The cantilever forms a bond at the amino-terminal region of rhodopsin to mechanically unfold the
receptor out of the membrane. (B) A single F-D curve with peaks fit by the WLC model. The WLC model fits are shown with the contour length
indicated above each fit. (C,D) A selection of representative F-Dcurves frombovine (C) andmouse (D) samples are shown. (E, F) Superimpositions
of all F-D curves collected at six pulling velocities are shown for bovine (E, n=901) andmouse (F, n=627) rhodopsin. The dotted lines represent
WLC model fitted curves with contour lengths determined from Gaussian analysis of frequency histograms (Figure 2).
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the receptor, and its magnitude reveals the amount of force
required to overcome the molecular interactions stabilizing the
unfolding intermediate. The appearance of a force peak directly
reflects molecular interactions that are intrinsic to membrane
proteins (9). The magnitude of the force peaks reflects the
interactions contributing to the stability of unfolding intermedi-
ates, which can have multiple origins including inter- and
intramolecular interactions formed by individual rhodopsin
molecules and those originating from external factors such as
the lipid bilayer and components of the cytoplasm (9). External
factors can also modify the intrinsic molecular interactions of
membrane proteins, which manifest in F-D curves as the
appearance of new force peaks or the disappearance of previously
detected force peaks (e.g., ref 53).

The rupture events that occurred during mechanical unfolding
of bovine (Figure 1C) and mouse (Figure 1D) rhodopsin were
recorded in many F-D curves. While F-D curves exhibited simi-
larities with each other, individual F-D curves could show addi-
tional or missing unfolding events. Dissimilar sequences of force
peaks observed in F-D curves represent unfolding events that
shape unique unfolding pathways of a membrane protein (9, 41).
Thus, SMFS allows for the detection of unique unfolding pathways
by sampling the mechanical unfolding of single rhodopsins many
times. Fitting each of the force peaks to theworm-like chain (WLC)
model (seeMaterials andMethods) revealed the contour lengths of
the unfolded and stretched polypeptide chains (Figure 1B).
DFS of Bovine andMouse Rhodopsin. The forces required

to break molecular interactions in SMFS are dependent on the
loading rate at which those interactions are probed (54). DFS was
conducted to determine the extent to which the loading rates
influence the force required to break molecular interactions estab-
lished in bovine and mouse rhodopsin. In DFS, the strength of
molecular interactions is probed at different loading rates by
changing the pulling velocity. Both rhodopsins were mechanically
unfolded at pulling velocities of 100, 300, 700, 1500, 3000, and 6000
nm/s. To enhance common features among F-D curves recorded
at a given pulling velocity, F-Dcurves were superimposed to gene-
rate density maps (Supporting Information Figure S2). Although
these superimpositions allow for a first approximation of common
unfolding events, the low signal-to-noise ratio makes the assign-
ment of some force peaks difficult. Nonetheless, at first inspection
the force peak pattern of superimposed F-D curves appeared
largely similar among the different pulling velocities while the mag-
nitude of force peaks increased with faster pulling velocities.
Improvements in Data Analysis Enhance Detection of

Predominant Unfolding Events. Since the pulling velocity
does not appear to alter the pattern of force peaks in F-D
curves (Supporting Information Figure S2), all F-D curves
collected from each pulling velocity were superimposed to
improve the signal-to-noise ratio and increase the resolution of
the data (Figure 1E (bovine, n=901) andFigure 1F (mouse, n=
627)). The signal-to-noise ratio of these global superimpositions
was significantly improved over the superimpositions of F-D
curves from individual pulling velocities. The global superimpo-
sitions highlighted nine prominent force peaks for both bovine
and mouse rhodopsin. Similar force peaks can be observed in
density maps of individual pulling velocities, albeit at lower
resolution (Supporting Information Figure S2). Thus, the loca-
tion of reproducibly occurring force peaks in F-D curves
appears to be similar across all pulling velocities.

In previous analyses of F-D curves obtained from bovine
rhodopsin (35), each force peak was fitted with the WLC model

and manually classified according to its contour length. An im-
proved analysis procedure for the classification of force peaks has
recently been introduced to analyze SMFSdata of othermembrane
proteins (55-59). Using this procedure, every force peak of a F-D
curve was fitted using the WLC model to determine individual
contour lengths. A histogram was then generated for contour
lengths of every force peak in each F-D curve collected across all
velocities for bovine and mouse rhodopsin (Figure 2A). A total of
12520 and 9830 contour lengths were identified from F-D curves
obtained from bovine and mouse samples, respectively.

The global histograms of contour lengths revealed nine peaks
for both bovine and mouse rhodopsin (Figure 2A). Similar
patterns were observed in histograms obtained from the analysis
of F-D curves recorded at individual pulling velocities, albeit
with less resolution (Supporting Information Figure S3). Each
defined peak in both global histograms was fitted with a
Gaussian function to reveal its most probable contour length
(Figure 2B), which is reported in Supporting Information Table
S1. The small differences in the most probable contour lengths
determined for each equivalent peak position of bovine and
mouse data were not significant, as assessed by an extra sum of
squares F-test (see Materials andMethods). The fitted values for
the most probable contour length from bovine rhodopsin were
used in subsequent procedures and discussion. In addition, no
significant differences were present between bovine and mouse
data in the area under each Gaussian curve, as assessed by an
extra sum of squares F-test. Thus, neither the position nor the
frequency of detection of force peaks appeared to be significantly
different between bovine and mouse data.

WLCmodel curves simulated using themost probable contour
lengths determined from the Gaussian analysis are drawn on the
density maps for bovine and mouse rhodopsin (Figure 1E,F). The
simulated WLC model curves correspond well to the nine promi-
nent density regions in superimposed F-D curves. Thus, the nine
peaks from the Gaussian fitting of histograms reflect the nine
prominent force peaks in superimposed F-D curves. All nine of
these force peaks correspond to major force peaks previously
classified manually for bovine rhodopsin (35). In previous manual
classifications, minor force peaks were also reported (35). Since
these minor force peaks were not distinguishable both in the
density maps and in the histogram analyses, they were not
considered further. The larger number of F-D curves available
in the current study significantly enhanced the signal-to-noise ratio
in density maps and contour length histograms to reveal better
defined details that are common in F-D curves. In addition, the
improved analysis procedure circumvented the need for manual
classification of every single force peak of each F-D curve.
Structural Assignment of Unfolding Intermediates of

Rhodopsin. The nine distinct force peaks evident in super-
imposed F-D curves represent the predominant unfolding
events in bovine and mouse rhodopsin (Figure 1E,F). The
mechanical unfolding of membrane proteins is fundamentally
different from that of soluble proteins and occurs in a sequential
manner (9). The AFM stylus exerts a pulling force at one end of
the polypeptide while the other end is held in place by a structural
segment of rhodopsin with sufficient stability to establish an
unfolding intermediate (Figure 1A). When the externally applied
force overcomes the stability of the structural segment, it unfolds,
and the unfolded polypeptide is stretched until the forthcoming
stable structural segment is encountered. As described pre-
viously (35), the contour lengths of the unfolded polypeptide
were used to assign structural segments of rhodopsin that were
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sufficiently stable to establish unfolding intermediates. These
stable structural segments were mapped onto the secondary struc-
ture of rhodopsin (Figure 2C). The naming of stable structural
segments is found in Table 1.
Probing the Kinetic Stability andMechanical Properties

of Bovine and Mouse Rhodopsin. The force at which SMFS
detects an unfolding event reflects the strength of interactions that
stabilize the structural segment. This force, however, is dependent
on the loading rate at which the interactions are probed (54). Thus,
the unfolding force is only a relative measure of the strength of
an interaction. An unfolding energy barrier describes the kinetic
stability of a folded structure (Figure 3). To reveal insights into
unfolding energy barriers, DFS probes molecular interactions

at different loading rates. The Bell-Evans model suggests that
a linear relationship between the most probable rupture force and
the logarithm of themechanical loading rate is indicative of a single
energy barrier separating the folded and unfolded state (60, 61).
This relationship allows the quantification of properties of the
energy barrier such as the distance of the free energy minimum of
the folded state to the transition state, xu, the rate of unfolding in
the absence of applied force, ku, and the height of the transition-
state barrier, ΔGu

q (Figure 3).
From DFS data (Supporting Information Figure S2), the

most probable rupture forces and loading rates were determined.
For each stable structural segment, the most probable rupture
force was plotted against the logarithm of the most probable

FIGURE 2: Classification of force peaks. (A) Frequency distribution of contour lengths determined fromWLCmodel fitting of F-Dcurve peaks. The
fitting of each peak of every F-D curve obtained at each pulling velocity is represented for bovine (black, n= 12,520) and mouse (red, n= 9,830)
rhodopsin.Abin size of three amino acid residueswas used. (B) The histograms in (A) were analyzed by aGaussian function to determinemajor peaks
and their contour lengths. Themost probable position and the standarddeviation of each of the ninemajor peaks detected in the frequency distribution
of contour lengths fromeitherbovine (black) ormouse (red) datawere estimatedusingaGaussian function (Supporting InformationTableS1). (C)The
most probable contour lengths of each major peak were used to determine the corresponding structural segment in the receptor structure. Each
structural segment is coloreddifferently on the secondary structure of rhodopsin.Theboundary aminoacid residues for each segment are indicatedwith
the corresponding contour length in parentheses. The naming of each structural segment is given in Table 1. Conserved (green), semiconserved (blue),
and nonconserved (red) residues are indicated.

Table 1: Parameters Describing the Energy Barrier (xu, ku, ΔGu
q) and the Mechanical Rigidity (κ) of Stable Structural Segments of Bovine and Mouse

Rhodopsina

xu (nm) ( SE ku (s
-1) ( SE ΔGu

q ( SE κ (N/m) ( SE

stable structural segments (peak position) bovine mouse bovine mouse bovine mouse bovine mouse

N1 (15 aa) 0.57( 0.15 0.36( 0.14 0.03( 0.10 0.37( 1.27 24.21( 3.17 21.73 ( 3.47 0.62( 0.25 1.39( 0.85

N2 (26 aa) 0.36( 0.05 0.34( 0.10 0.46( 0.59 0.36( 0.89 21.51( 1.29 21.74( 2.46 1.36( 0.33 1.55 ( 0.70

H1-C1-H2 (37 aa) 0.36( 0.05 0.30( 0.08 0.36( 0.40 0.89( 1.80 21.74 ( 1.10 20.84( 2.02 1.41( 0.29 1.98( 0.88

E1 (97 aa) 0.40( 0.04 0.45( 0.08 0.12( 0.12 0.06( 0.11 22.81( 0.96 23.46( 1.63 1.21 ( 0.22 0.96( 0.27

H3-C2-H4-E2 (108 aa) 0.28( 0.04 0.28( 0.05 0.33( 0.39 0.38( 0.45 21.84( 1.20 21.70( 1.18 2.36( 0.60 2.22 ( 0.58

H5-C3-H6.1 (122 aa) 0.27( 0.03 0.37( 0.02 0.32( 0.32 0.03( 0.01 21.87( 0.99 24.18( 0.47 2.54 ( 0.55 1.44( 0.11

H6.2-E3-H7 (169 aa) 1.22( 0.38 0.62( 0.21 0.00( 0.00 0.15( 0.38 28.04( 4.18 22.60 ( 2.50 0.16( 0.08 0.48( 0.27

H8 (220 aa) 0.67( 0.18 0.59( 0.23 0.01( 0.03 0.02( 0.07 25.39( 2.75 24.71( 3.82 0.47( 0.20 0.58 ( 0.37

CT (238 aa) 0.35 ( 0.06 0.41( 0.12 0.33( 0.38 0.19( 0.38 21.83( 1.14 22.41( 2.04 1.52( 0.45 1.09( 0.52

aParameters computed from DFS plots, as described in Materials and Methods, are shown with the standard error.
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loading rate to reveal a linear relationship (Figure 4), which
suggests that each stable structural segment in rhodopsin from
both species can be described by a single unfolding energy barrier
(60, 61). Estimates ofxu andkuwere obtained from the fits of eq 2 to
theDFS data plotted in Figure 4 (Table 1). These fitted values were
used to estimate ΔGu

q and the mechanical rigidity, κ (Table 1).

Taking these estimates at face value, the segment in bovine rhodop-
sin exhibiting the highest kinetic stability is H6.2-E3-H7 (peak at
169 aa) with a ku of<0.00 s-1 andΔGu

q of 28 kBT. The segment in
mouse rhodopsin with the highest kinetic stability is H8 (peak at
220 aa) with aku of 0.02 s

-1 andΔGu
qof 25kBT. SegmentN2 (peak

at 26 aa) exhibited the least kinetic stability in bovine rhodopsin
with a ku of 0.46 s-1 and ΔGu

q of 22 kBT. Segment H1-C1-H2
(peak at 37 aa) exhibited the least kinetic stability in mouse
rhodopsin with a ku of 0.89 s-1 and ΔGu

q of 21 kBT.
The mechanical properties of the receptor can be inferred from

DFSby approximating κ, a spring constant providing ameasure of
rigidity (37). The most rigid structural segments in bovine rho-
dopsin were H3-C2-H4-E2 (peak at 108 aa) and H5-C3-
H6.1 (peak at 122 aa). The xu and κ for segment H3-C2-H4-E2
(peak at 108 aa) were 0.28 nm and 2.36 N/m, respectively. The
xu and κ for segment H5-C3-H6.1 (peak at 122 aa) in bovine
rhodopsinwere 0.27 nmand 2.54N/m, respectively. Themost rigid
structural segment in mouse rhodopsin was H3-C2-H4-E2
(peak at 108 aa), where xu and κ were 0.28 nm and 2.22 N/m,
respectively. The least rigid structural segment in both bovine
and mouse rhodopsin was H6.2-E3-H7 (peak at 169 aa),
which exhibited an xu of 1.22 nm and κ of 0.16 N/m in bovine
rhodopsin and an xu of 0.62 nm and κ of 0.48 N/m in mouse
rhodopsin.

A visual inspection of the fitted lines in the DFS plots of
Figure 4 fails to reveal large differences, thereby implying that
despite differences observed in the fitted parameters reported in

FIGURE 4: DFS plots for bovine and mouse rhodopsin. The most probable rupture force was plotted against the logarithm of the most probable
loading rate for each of the structural segments in bovine (black) andmouse (red) rhodopsin. The lines represent individual fits of eq 2 to the data
shown in each panel. The parametric values for xu and ku obtained from these fits are listed inTable 1. Error bars indicate the standard error of the
most probable force and the most probable loading rate as determined by fitting to a single Gaussian function.

FIGURE 3: Unfolding energybarrier diagram.An idealized unfolding
energybarrier profile fora stable structural segmentwithin rhodopsin is
shown. The parameter xu denotes the distance between the energy
minimumof the folded state and the transition state.ku denotes the rate
of unfolding of the folded segment in the absence of applied force.ΔGu

q

denotes the height of the transition-state barrier.
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Table 1, the kinetic stability and mechanical nature of molecular
interactions in both receptor structuresmay be largely similar. To
test more explicitly whether the parameters xu and ku for each
stable structural segment in bovine and mouse rhodopsin are the
same or different, an extra sum of squares F-test was con-
ducted (44, 45). DFS data from bovine and mouse samples were
fitted simultaneously so that each shared a common estimate for
xu and ku. The sum of squares of the separate and simultaneous
fits was then assessed by an F-statistic to determine statistical
significance (44, 45) (Supporting InformationTable S2). Segment
H5-C3-H6.1 (peak at 122 aa) exhibited a P-value of 0.049,
which is marginally significant at the P<0.05 level. Segment N1
(peak at 15 aa) exhibited a P-value of 0.063, which is marginally
higher than the P < 0.05 significance level. None of the other
segments showed statistical significance. This statistical analysis
reveals that despite differences observed in estimated parameters
derived from separate fits (Table 1), further testing is required
to assess whether a true difference occurs. This requirement
is pertinent especially in cases where the fitted parameter is
associated with large errors, which is the case with estimates of
ku in many DFS studies of both soluble and membrane proteins
(e.g., refs 57 and 62). Thus, extra care must be taken when
interpreting the significance of fitted parameters associated
with large errors.

DISCUSSION

Rhodopsin from rod photoreceptor cells of bovine and mouse
retina has provided a native system to investigate the effects of
amino acid residue substitutions. There are 23 amino acid resi-
dues that differ in rhodopsin from the two species (Figure 2C and
Supporting Information Figure S1). Interestingly, all of these
residues in the crystal structure of bovine rhodopsin are surface
exposed except for an alanine at position 299 (Supporting Informa-
tionFigure S1B,C), which indicates that no significant differences in
structure or stability are to be expected between the two rhodop-
sins (63). Bovine and mouse rhodopsin exhibited identical UV/vis
absorbance spectra (Supporting Information Figure S4), which is
consistent with this expectation of minimal structural differences
between the two receptors. Since the spectral properties of 11-cis-
retinal are exquisitely sensitive to the protein environment and the
chromophore-binding pocket consists of residues from several
transmembrane R-helices and extracellular loop 2 (64), significant
structural perturbations would likely impact the binding pocket
environment and alter the spectral properties of the chromophore.

Detailed examination of the effect of natural differences in
amino acid sequence of bovine and mouse rhodopsin on the
molecular interactions stabilizing receptor structure was investi-
gated by SMFS andDFS. Improved analysis procedures allowed
amore clear resolution of common details among SMFS spectra.
Superimposition of all F-D curves recorded at each pulling
velocity increased the signal-to-noise ratio, thereby clearly resolv-
ing nine predominant unfolding events (Figures 1 and 2). Both
the positions and frequencies of detection of the nine force peaks
that characterize these unfolding events were similar for bovine
and mouse rhodopsin. This similarity suggests that both rho-
dopsins form similar molecular interactions and that the thermo-
dynamics of those interactions are largely the same.

DFS plots for bovine and mouse rhodopsin were also similar
(Figure 4). Thus, the kinetic stability and mechanical properties
appear to be largely the same for each stable structural segment in
bovine and mouse rhodopsin, as indicated by the extra sum of

squares F-test. A possible difference in these properties may exist
for segment H5-C3-H6.1; however, the significance was only
marginal in our statistical test. Overall, the amino acid residues that
differ naturally between bovine and mouse rhodopsin appear to
have minimal bearing on the molecular interactions stabilizing
structural segments andunfolding intermediates.Thus, the network
of molecular interactions establishing the structural integrity and
the functional state of the receptor homologues is largely conserved.
Subtle differences in molecular interactions cannot be ruled out,
however, and further advancements in the SMFS technology and
analysis algorithms may provide additional insights.

The conservation of stabilizing molecular interactions formed
in bovine andmouse rhodopsin is consistent with the observation
that disease-causing mutations in rhodopsin do not tend to occur
at residues that differ between vertebrates (65), thereby suggest-
ing that the majority of interspecies variations minimally perturb
receptor structure and function. If subtle differences do exist, they
likely have little overall impact on cellular function since the
single-photon response is similar in the two species (66-70). The
sensitive methods employed here provide a baseline for future
studies on rhodopsin. In contrast to the largely similar properties
observed here for the two receptor homologues, circumstances
causing larger molecular perturbations, such as disease-causing
mutations, are likely to illuminate a wealth of insight into the
structure and function of the light receptor.

SUPPORTING INFORMATION AVAILABLE

Table S1, average contour lengths of force peaks in F-D curves;
Table S2, extra sum of squares F-test for DFS data; Figure S1, pro-
tein sequence alignment of bovine and mouse rhodopsin; Figure S2,
density maps of superimposed F-D curves recorded at individual
pulling velocities; Figure S3, histograms of contour lengths at
individual pulling velocities; Figure S4, UV/vis absorbance spectra
of purified bovine and mouse rhodopsin. This material is available
free of charge via the Internet at http://pubs.acs.org.
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