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Abstract
Molecular interactions and mechanical properties that contribute to the stability and function of
proteins are complex and of fundamental importance. In this study, we used single-molecule dynamic
force spectroscopy (DFS) to explore the interactions and the unfolding energy landscape of bovine
rhodopsin and bacteriorhodopsin. An analysis of the experimental data enabled the extraction of
parameters that provided insights into the kinetic stability and mechanical properties of these
membrane proteins. Individual structural segments of rhodopsin and bacteriorhodopsin have
different properties. A core of rigid structural segments was observed in rhodopsin but not in
bacteriorhodopsin. This core may reflect differences in mechanisms of protein folding between the
two membrane proteins. The different structural rigidity of the two proteins may also reflect their
adaptation to differing functions.

Introduction
Protein folding is one of the most challenging problems of modern molecular biology.1–7
Though considerable progress has been made in the mechanistic understanding of the folding
of soluble proteins, elucidating the principles underlying the folding of transmembrane proteins
is especially challenging.8,9 Studying membrane protein folding is a daunting job because of
aggregation of the proteins under in vitro conditions and the obstacle of being situated in an
anisotropic lipid environment.8,10,11

Rhodopsin and bacteriorhodopsin have served as excellent model systems for studying various
properties of membrane proteins.12–14 Rhodopsin is the light-activated G-protein coupled
receptor (GPCR) involved in scotopic vision, and bacteriorhodopsin is a light-driven proton
pump from the purple membrane of Halobacterium salinarum. Both proteins contain seven
α-helical transmembrane domains but have different topologies. The debatable folding
mechanism of membrane proteins6,15,16 and the increasing discovery of mutations in
membrane proteins that cause instability, misfolding, and debilitating diseases17 have
necessitated the invention of new approaches to answer pertinent questions related to the
mechanistic details of membrane protein folding.

For more than a decade, the atomic force microscope (AFM) has permitted the use of single-
molecule force spectroscopy (SMFS)18,19 to study the folding and unfolding of soluble
globular proteins.20–23 A similar strategy has since been adopted for membrane proteins, with
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the first single-molecule mechanical unfolding experiments being performed on
bacteriorhodopsin in 2000.24 Since then, detailed insights have been obtained using SMFS on
the folding and unfolding mechanisms of a number of membrane proteins such as
bacteriorhodopsin,25,26 human aquaporin-1,27 Na+/H+ antiporters NhaA28 and
MjNhaP1,29 halorhodopsin,30 and bovine rhodopsin.31 (See ref 32 for a recent review.)

Single-molecule dynamic force spectroscopy (DFS) provides a glimpse into the complex
energy landscape of a protein.23,33 DFS has gained momentum in extracting key
characteristics of energy landscapes describing the unfolding of water-soluble proteins23,34–
36 and ligand–receptor interactions.37–39 Previously, using DFS we have obtained insights
into the unfolding mechanisms of individual secondary structure elements of
bacteriorhodopsin.26,40 Here we explore the details of the energy landscape of bovine
rhodopsin as obtained from DFS measurements. Using the parameters obtained by DFS for
both rhodopsin and bacteriorhodopsin, we calculated the rigidity of each structural segment in
these membrane proteins. Acomparison of the rigidity of structural segments in both light-
activated membrane proteins revealed insights into possible mechanisms of their unfolding,
folding, and function.

Materials and Methods
Rod Outer Segment Disc Membrane Preparation

All experimental procedures were carried out under dim red light. Centrifugation steps were
performed at 4 °C. Rod outer segments were purified from fresh bovine retinas as
described41 and stored at −80 °C. To obtain disc membranes, rod outer segment membranes
were resuspended using a hand-held glass homogenizer with 13 mL of buffer A (2 mM Tris-
HCl, pH 7.4) and incubated overnight at 4 °C. The membrane suspension was centrifuged at
26 500g for 30 min. Membranes were then washed twice with 13 mL of buffer A and three
times with 3 mL of buffer B (2 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, pH 7.4), after
collecting each time by centrifugation at 26 500g for 30 min. Membranes resuspended in buffer
A were used for AFM imaging and SMFS. Alternatively, membranes were resuspended in
buffer C (67 mM potassium phosphate, 1 mM magnesium acetate, 0.1 mM EDTA, 1 mM DTT,
18% sucrose, pH 7.0) and stored at −80 °C. Membranes stored in buffer C were washed twice
with buffer A prior to SMFS studies.

SMFS and DFS
SMFSwas performed as described previously.42 Rod outer segment disc membranes were
adsorbed onto a freshly cleaved mica surface. To unfold an individual rhodopsin molecule
mechanically, the AFM stylus was brought into contact with the disc membrane surface. A
contact force of ~1 nN was applied between the AFM stylus and the protein membrane to attach
the terminus of rhodopsin nonspecifically to Si3N4 cantilevers (NPS, Veeco Metrology). After
a contact time of ~0.5–1 s, the stylus was retracted from the membrane surface at a constant
velocity. Experiments were performed using two different types of AFM equipment, viz.,
Picoforce (dI-Veeco) and Multimode (dI-Veeco).

DFS on rhodopsin was performed at six different speeds: 100, 349, 700, 1310, 2620, and 5230
nm/s. All DFS experiments were conducted at room temperature under identical physiological
conditions (i.e., the pH and electrolyte composition of the assay buffer (150 mM KCl, 25 mM
MgCl2, 20 mM Tris, pH 7.8) were kept constant). Spring constants of the 200-μm-long AFM
cantilevers (NPS, di-Veeco; nominal spring constant ~0.08 N/m) were calibrated in buffer
solution using the equipartition theorem.43 Measured spring constants were within ~10% of
each other. To minimize errors due to cantilever spring constant deviations in DFS
measurements, rhodopsin was unfolded at a specific speed using at least three different
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cantilevers from the same wafer. F–D curves were collected over a period of less than 1 h. The
number of curves collected for rhodopsin at each speed were 100 nm/s (n = 76), 349 nm/s
(187), 700 nm/s (143), 1310 nm/s (83), 2620 nm/s (79), and 5230 nm/s (73). The data at 349
nm/s were taken from a recent work.31 WT bacteriorhodopsin data were taken from a recent
study,26 with the number of curves at 10 nm/s (n=10), 50 nm/s (84), 87.2 nm/s (79), 654 nm/
s (165), 1310 nm/s (121), 2620 nm/s (23), and 5230 nm/s (51).

Selection and Analysis of F–D Curves
F–D curves were first separated on the basis of length.42 All F–D curves exhibiting similar
unfolding spectra and lengths were selected and aligned using identical procedures and criteria
to those established previously.44 Every peak of a single F–D curve was fitted using the
wormlikechain (WLC) model with a persistence length of 0.4 nm.45 The number of extended
amino acid residues at each peak was calculated from the contour length obtained from WL
Cfits assuming an amino acid residue length of 0.36 nm. This approach allowed the assignment
of unfolding events to specific structural segments of rhodopsin as described previously.44

Calculation of xu and ku from DFS
DFS involves unfolding a protein at different pulling speeds.46 Plotted as the most probable
unfolding force versus loge(loading rate), the force spectrum maps the most prominent energy
barriers in the energy landscape along the force-driven pathway and exposes the differences
in energy between barriers.37 The most probable unfolding force, Fp, can be described as
Fp=(kBT/xu) ln(xurf/kBTku), where kB is the Boltzmann constant, T is the temperature, xu is the
distance from the free-energy minimum to the transition-state barrier, ku denotes the unfolding
rate under no applied force, and rf is the loading rate. Instead of the most probable force, we
used the mean force. The slope, kBT/xu, and the x intersection, kBTku/xu, of a line fit with the
above equation to a semilogarithmic plot of the average force versus loading rate gave estimates
of xu and ku. The loading rate was calculated using a line fit to the WL Ccurve of the same
contour length as the corresponding force peak.47 The average unfolding force and 30% of
this force were taken as the upper and lower boundary limits of the fit.40

Estimation of Transition Barrier Heights and Rigidity
The barrier height, ΔGu

‡, for a transition state from a folded state was estimated using the
Arrhenius equation, ΔGu

‡ = −kBT ln(τA/τ0), where τ0 denotes the unloaded lifetime of the state
(τ0 = 1/ku) and 1/τA is the Arrhenius frequency factor.23 For protein dynamics, τA has a value
of 10−9 s.48 The ΔGu

‡ values for all structural segments were estimated using this value. The
errors in ΔGu

‡ were estimated by propagating the errors of ku. ΔGu
‡ and xu were used to

calculate the spring constant κ using the equation κ = 2ΔGu
‡/xu 2. 49–51 This value served as

an estimate of protein rigidity in the direction of pulling. The errors in ΔGu
‡ and xu were

propagated in the estimation of errors of κ.

Results
DFS of Bovine Rhodopsin

In DFS, proteins are unfolded over a wide range of loading rates. This approach enables
elucidation of the energy barriers in the unfolding energy landscape of the protein. For each
structural segment unfolded in a membrane protein, a semilogarithmic plot of the average
unfolding force versus loading rate gives the position of the unfolding transition state from the
folded intermediate state, xu, and the unfolding rate at zero force, ku 33 (Materials and Methods
section). The energy landscape of bacteriorhodopsin elucidated previously revealed the
positions of transition-state barriers and the kinetic stability of each structural segment.26
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In the current study, we performed DFS on bovine rhodopsin, and compared the energetics of
this molecule with that of bacteriorhodopsin. A linear relationship was observed between the
average unfolding force and loge(loading rate) for rhodopsin (Figure 1). This linear relationship
is predicted by the Bell–Evans theory for dynamic pulling under force,33 which describes two-
state unfolding behavior with a sharp transition for all structural segments of rhodopsin. The
xu and ku values determined from these plots are given in Table 1.

Comparison of Parameters Describing the Unfolding Energy Landscapes of Rhodopsin and
Bacteriorhodopsin

The relationship between values determined for the parameters xu, ku, and ΔGu
‡ for rhodopsin

(Table 1) and bacteriorhodopsin (Table 2) is shown in Figure 2. The parameters xu and ΔGu
‡

were positively correlated whereas xu and log(ku) were negatively correlated for both
membrane proteins. In apparent contrast, SMFS studies of the green fluorescent protein (GFP)
showed no clear trend,50 which suggests that the relationship between these parameters may
be different for soluble and membrane proteins or even specific to the protein itself. Values of
these three parameters for all structural segments of rhodopsin fell within the range of those
in bacteriorhodopsin. Five structural segments in bacteriorhodopsin exhibited larger values of
xu and ΔGu

‡ than the structural segment exhibiting the largest value for these parameters in
rhodopsin. Similarly, five structural segments in bacteriorhodopsin exhibited higher kinetic
stability than the most stable segment in rhodopsin. The higher kinetic stability observed in
some of the structural segments of bacteriorhodopsin may represent an adaptation because its
organism functions under much harsher environmental conditions than that of rhodopsin.

Mechanical Properties of Rhodopsin and Bacteriorhodopsin
The rigidity of a material depends on the curvature of the potential well in its energy profile,
the energy difference between the folded state and the transition-state barrier (ΔGu

‡), and the
distance of the transition state from the folded state (xu) (Figure 3).51 Considering a parabolic
potential for the partially folded intermediate states and a sharp transition barrier (also
suggested by DFS data) for the structural segments of rhodopsin and bacteriorhodopsin, we
calculated the spring constant, κ, of each structural segment using the equation κ = 2ΔGu

‡/
xu

2.49–51 We used the spring constant as an indicator of the rigidity of structural segments.

The value for κ of the structural segments in rhodopsin ranged from 0.9 to 4.2 N/m. The most
rigid structural regions in rhodopsin are structural segment N2 (3.8 N/m), segment H3, H4,
C2, E2 (4.2 N/m), and segment C1 (3.5 N/m), whereas the most flexible regions are segment
H2.2 (0.9 N/m), segment H6.2 (1.1 N/m), and segment H8 (1.1 N/m) (Figure 4, Table 1). All
structural segments after segment H5, C3 exhibited low rigidity.

κ was calculated for the different structural segments in bacteriorhodopsin using the values
obtained previously by DFS.26 Except for the structural segments composed of α-helix G and
loop GF individually, all of the structural segments exhibited a value for κ of less than 2 N/m
(Table 2, Figure 5). The most rigid structural regions in bacteriorhodopsin include α-helix G
and loop GF. The chromophore is covalently linked to a lysine residue in helix G, and the
rigidity of this segment may relate in part to the interaction of the chromophore with other
regions of the protein.

Discussion
Rigid Structural Segments and Folding of Rhodopsin and Bacteriorhodopsin

The unfolding of both bovine rhodopsin and bacteriorhodopsin by mechanical force shows the
existence of well-defined structural segments.24,25,31 These segments, which are composed
of complete or partial transmembrane α-helices, individual interhelical loops, or a combination
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of the two, resist unfolding under force and exhibit mechanical stability. The mechanical
unfolding of rhodopsin reveals the presence of two states under the experimental conditions
employed, one with an intact native disulfide bond between Cys110 and Cys187 and another
in the absence of this native disulfide bond.31,52 For both states, the location of structural
segments in the secondary structure of rhodopsin and the force required to unfold each of those
regions were determined. These unfolding forces reflect the strength of interactions stabilizing
structural segments of rhodopsin.32

Whereas forced unfolding experiments directly measure the tensile strength of a molecule, it
has been shown previously that these types of measurements can provide a good indication of
the rigidity of the intact protein53. The rigidity values of proteins under different experimental
conditions have been estimated previously by force spectroscopy using the parameter xu

,49,
50 which is the thermally averaged distance between the folded state and the transition state
in the direction of applied force. The magnitude of xu provides information on the physical
characteristics of a protein. Structural segments with a smaller value of xu withstand force for
smaller extensions before reaching their transition states, suggesting that they are brittle.
Segments with larger values of xu are more compliant and resistant to the applied force for
larger extensions of the protein before reaching their transition states and thus indicate a
resilient nature.

Bovine rhodopsin and bacteriorhodopsin each contain seven transmembrane α-helices but have
different topologies and functions. Four out of the first five segments pulled in rhodopsin (N2,
H1, C1, and H2.1) exhibit increased rigidity compared to the rest of the segments, except for
segments H3, H4, C2, E2, and H5, C3 (Figures 4 and 6). In contrast, the first two pulled
structural segments of bacteriorhodopsin exhibit a significantly higher rigidity compared to
the remaining segments (Figure 5). Thus, the distribution of rigid and flexible structural
segments is different in rhodopsin and bacteriorhodopsin. The determination of the rigidity in
structural segments using DFS, especially in those that occur later in the unfolding process,
could be an underestimation because the protein is unfolded sequentially over time. Moreover,
because of the anisotropy of the protein, the rigidity of structural segments may change if the
protein is pulled from a different direction (e.g., the other terminus).54,55 The rigidity
estimated for the later structural segments in the unfolding process is more a measure of their
intrinsic rigidity because much of the protein has already been unfolded.

The distribution of rigid and flexible segments in rhodopsin as observed by DFS is consistent
with the computational studies of Tastan et al.,15 which proposed that rhodopsin has a folding
core involving interactions between amino acids that are close in space but distant in sequence
(long-range interactions). Our results indicate that the four structural segments at the beginning
of the rhodopsin structure show high rigidity, presumably due to both an intact tertiary structure
and the inherent stability of the segments. This high rigidity is followed by a decrease in the
rigidity of segments H2.1 and H2.2 and then a large increase in the rigidity of structural
segments H3, H4, C2, E2 and H5, C3. This core of rigid structural segments identified by DFS
roughly corresponds to the rigid folding core observed in computational studies that include
amino acid residues from α-helices II, III, IV, and V, the N terminus, and extracellular loops
II and III.15,56 The rigid core in computational studies has been suggested to be indicative of
a cooperative folding process involving longrange interactions similar to those in the highly
cooperative folding observed in globular proteins that arise in part from interactions between
residues that are distant in sequence but close in space. In contrast to rhodopsin,
bacteriorhodopsin exhibits only rigid regions in the first two pulled structural segments whereas
the rest of the segments are more flexible (Table 2). The same calculations of Tastan et al.
showed that bacteriorhodopsin exhibits interactions within individual and groups of
transmembrane helices that do not establish a rigid folding core. Thus, the rigid core of
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structural segments in rhodopsin observed in this DFS study (Figure 4)maybe related to the
rigid folding core determined from computational unfolding studies.15

Each energy minimum in an energy landscape characterizes a conformational substate, and
thus the number of minima describes the conformational flexibility of the structure. Whereas
a flexible structure can be described by a rough energy landscape exhibiting many minima, a
rigid structure may be represented by a smooth energy landscape exhibiting one or only a few
energy minima. Rigid structures in rhodopsin may represent robust cores in which the different
energy contributions are simultaneously minimized, resulting in a single or a few
conformations on a minimally frustrated landscape.57 In contrast, flexible structures can result
in the coexistence of numerous conformational substates on a rugged energy landscape because
of the coexistence of numerous energy minima separated by low-energy barriers. Thus,
competing interactions stabilizing these substates cannot be simultaneously minimized into a
single or a few conformations, resulting in an energetically frustrated landscape. Recently, the
ruggedness of the energy landscape describing the coexisting substates of transmembrane α-
helices A–E of bacteriorhodopsin was determined by DFS to be ~5kBT.40 To enhance the
robustness of the functional structure, inter- and intramolecular interactions should be mutually
supportive and should cooperatively lead to a low-energy structure. Protein structures with
minimally frustrated energy landscapes (i.e., rigid structural segments) will be kinetically
favored to fold earlier than those with frustrated energy landscapes.57

Possible Functional Implications of Rigid Structural Segments in Rhodopsin
Proteins exhibit both flexible and rigid regions that contribute to their well-tuned functional
purposes. The combination of rigid and flexible regions observed in the binding pocket of
rhodopsin (Figure 6) must play a dual role. On one hand, this protein must maintain the inactive
state, but on the other hand, it must accommodate the changes that lead to receptor activation.
The presence of both rigid and flexible regions in the retinal-binding pocket of rhodopsin is
not apparent by looking at B factors in crystal structures.14 However, it is supported by NMR
studies, indicating that the retinal in the ground state of rhodopsin experiences restricted
motions of appreciable amplitude. 58

The retinal rod cell has single-photon detection capability as a result of the extremely low levels
of dark noise in rhodopsin and a significant degree of biochemical amplification. The
chromophore 11-cis-retinal acts as an inverse agonist, thereby maintaining the ground state of
the receptor. Thermal isomerization in a single rhodopsin molecule at physiological
temperature has been estimated to occur about once in 470 years.59,60 The most rigid segment
in rhodopsin includes transmembrane α-helix III and extracellular loop II, which make a large
contribution to the retinal-binding pocket (Figure 6). It was also noted previously that the
segment including α-helix III requires the largest force to unfold.31 Thus, a portion of the
retinal-binding pocket is rigid, which may contribute to the stabilization of the 11-cis-retinal
chromophore. Rigid structures would presumably aid in preventing any unwanted
conformational change of 11-cis-retinal to all-trans-retinal, which would lead to constitutive
activation of the signaling cascade and consequent retinal degeneration.61

Once the chromophore absorbs a photon, the isomerization must be accommodated within the
retinal-binding cavity. Full activation of the receptor requires the signal from this isomerization
to be transferred from the extracellular side to the cytoplasmic side. Rhodopsin activation has
traditionally been thought to result from large conformational changes dictated by the rigid
body movement of α-helices.62 The recently solved crystal structure of a photoactivated state
of bovine rhodopsin did not display these expected conformational changes,63 which suggests
that large conformational changes are not the sole requirement for receptor activation. The
absence of significant conformational changes also suggests that dynamic changes in addition
to conformational adjustments may underlie the activation process. In this context, dynamic
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changes occur from thermal fluctuations or motions within a protein, and conformational
changes occur from distinct movements within the protein that result in a distinct mean
structure. Photoisomerization induces a rather large structural change in retinal from the 11-
cis to the all-trans form. The rhodopsin structure, however, shows that the retinal pocket is
tightly packed and that the conformational change in the receptor upon photoactivation remains
minor even though the retinal undergoes a rather large conformational change.63 Thus, it must
be assumed that not all structures shaping the retinal pocket are rigid. Otherwise, much larger
rigid body movements in the structure of the active receptor would have been observed.63 The
minor structural changes occurring upon rhodopsin activation can be explained if the binding
pocket is surrounded by a combination of rigid and flexible segments.

Conformational changes were observed in crystals of photoactivated rhodopsin at the
cytoplasmic surface, where loops II and III became disordered.63 Whereas cytoplasmic loop
II is connected to α-helix III, loop III connects to α-helix V. Among all transmembrane α-
helices, these two helices show the highest rigidity in our DFS measurements of rhodopsin.
From a mechanistic point of view, photoisomerization of the retinal would release steric
constraints in the retinal-binding pocket (Figure 6C). Because both α-helices III and V form a
considerable part of this pocket, one may assume that these rigid structures would be able to
convert conformational changes of the retinal into precise conformational changes of the
cytoplasmic loops. Depending on their flexibility, other α-helices may instead bend away
locally or adopt alternate conformations. Additionally, one may assume that the presence of
flexible regions would provide a structural environment to enable the conformational change
in the rigid regions during protein activation. Such interplays between flexible and rigid
structures to facilitate precise conformational changes are commonly found in membrane
proteins.64 Together, the rigid α-helices of rhodopsin may play a role in converting the
isomerization of the retinal into a precise conformational change of the cytoplasmic surface,
whereas structurally flexible α-helices may be functionally required to allow the protein to
achieve this conformational state that is recognized by G proteins of the signaling cascade.

Outlook
DFS offers a unique way to directly probe the mechanical properties of different regions within
a protein. In this article, we show for the first time that DFS can be used to determine the rigidity
of membrane proteins. We have shown that the mechanical properties of rhodopsin and
bacteriorhodopsin are different, which may be suited for their functional roles. Many structural
segments in rhodopsin are rigid compared to only a few in bacteriorhodopsin. The rigid
structural regions in rhodopsin are interspersed with flexible ones. This combination of rigid
and flexible regions must have a functional purpose. Rhodopsin and bacteriorhodopsin have
evolved ways of carefully tinkering with the arrangement of amino acid sequences not only to
reach complex structures with optimum stability but also to give polypeptides properties suited
to their functions.

Our assumptions and analyses likely will require further refinement to gain more knowledge
about the mechanical properties of these proteins. However, these analyses do provide us with
a first approximation of the mechanical properties of these membrane proteins. Further
investigations utilizing DFS will provide us with a clearer picture of how the mechanical and
energetic properties of membrane proteins such as rhodopsin and bacteriorhodopsin contribute
to their structure and function.
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Abbreviations
AFM, atomic force microscopy; DFS, single-molecule dynamic force spectroscopy; GPCR,
G-protein coupled receptor; SEM, standard error of the mean; SMFS, single-molecule force
spectroscopy; ΔGu

‡, energy barrier height; ku, unfolding rate; κ, spring constant/rigidity; xu,
distance from the energy minimum of the folded state to the transition state.
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Figure 1.
DFS of bovine rhodopsin. Rhodopsin was unfolded from native disc membranes of bovine
retinal rod outer segments at six different speeds: 100, 349, 700, 1310, 2620, and 5230 nm/s.
The slope of a semilogarithmic plot of the average unfolding force vs loading rate gave the
xu and ku values for each structural segment. (A) Average unfolding forces of structural
segments found in the N-terminal region of rhodopsin as displayed in (D). N1 and N2 in (A)
denote the two stable structural segments found in the N-terminal end shown in (D). H1 denotes
transmembrane α-helix I, C1 denotes the cytoplasmic loop I, and H2.1 denotes the cytoplasmic
half of α-helix II. (B) Average unfolding forces of the central region of rhodopsin (E). (C)
Average unfolding force of the C-terminal region of rhodopsin (F). H2.2 denotes the structural
segment established by the extracellular half of α-helix II, and E1 denotes extracellular loop
I. The structural segment H3, H4, C2, E2 is established by transmembrane α-helices III and
IV, cytoplasmic loop II, and extracellular loop II. H5, C3 represents the structural segment
established by α-helix V and cytoplasmic loop III. H6.1 and H6.2 denote the structural segments
formed by cytoplasmic and extracellular ends of transmembrane α-helix VI, respectively. H7
and H8 denote the structural segments formed by α-helices VII and VIII, respectively. CT is
assigned to the stable structural segment of the C-terminal end. Data points depict the average
unfolding forces, and error bars denote the standard error of the mean (SEM).
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Figure 2.
Relation between xu, ku and ΔGu

‡. (A) xu increased with ΔGu
‡, and (B) ku increased with

decreasing xu for all structural segments in rhodopsin and bacteriorhodopsin. The values plotted
for rhodopsin and bacteriorhodopsin are from Tables 1 and 2, respectively.
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Figure 3.
Unfolding energy profile of a structural segment in a membrane protein. DFS measurements
give an estimate of the distance, xu, between the energy minimum of the folded state and the
transition state (‡) as well as the height of the transition barrier, ΔGu

‡. The rigidity of structural
segments depends on the curvature of the potential well (shown in red) in the energy profile.
Using xu and ΔGu

‡ and assuming a parabolic shape of the potential well and a sharp transition
barrier, we calculated the spring constant, κ, of each structural segment of rhodopsin and
bacteriorhodopsin (Tables 1 and 2). The black dashed trace shows that an increase in xu
decreases the rigidity of the structural segment in rhodopsin and bacteriorhodopsin. In general,
the height of the energy barrier can increase or decrease with an increase in xu as shown by the
black and gray dashed traces.
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Figure 4.
Rigidity of structural segments of rhodopsin. The rigidity of structural segments was estimated
by calculating the spring constant, κ, from xu and ΔGu

‡ values derived from DFS experiments.
Colored bars in the graph correspond to the structural segments outlined in the secondary
structures above.
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Figure 5.
Rigidity of structural segments of bacteriorhodopsin. The rigidity of structural segments in
bacteriorhodopsin was estimated by calculating the spring constant, κ, from values of xu and
ΔGu

‡ derived from previous DFS studies.26 Structural segments α-helix G and loop GF
constitute the most rigid regions of the protein. A structural segment could unfold via different
pathways. The rigidity of structural segments unfolding via one pathway is shown here.
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Figure 6.
Rigidity of structural segments of bovine rhodopsin. The rigidity, κ, of structural segments is
mapped onto the crystal structure of bovine rhodopsin (PDB ID 1U1967). Segments are colored
from white to blue according to their rigidity, where white represents the most flexible region
(κ = 0.9 N/m) and blue represents the most rigid region (κ = 4.2 N/m). The rigidity of segments
is also indicated by the thickness of the chain, where increasing thickness corresponds to
increasing rigidity. The first 19 amino acid residues are dark gray because no rigidity value is
available for that region. (A) Side view of rhodopsin with the extracellular side on the top and
the cytoplasmic side on the bottom. 11-cis-Retinal is represented as pink spheres. (B) Top view
of rhodopsin from the extracellular side looking down into the retinal-binding pocket. (C)
Enlarged view of B with rhodopsin represented as spheres and 11-cis-retinal displayed in a
stick representation. The amino terminus and extracellular loops have been removed in this
image so that the chromophore is visible. Extracellular loop II forms a lid over the retinal-
binding pocket and would cover the chromophore in this view. Images were created in PyMOL
v. 0.99.68
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Table 2
xu, ku, ΔGu

‡, and K of Structural Segments of Bacteriorhodopsina

structural
segment

xu (±SD)
(nm)

ku (±SD)
(s−1)

ΔGu
‡ (kBT) K

(N/m)

α-helix G 0.16 ± 0.04 4.7 ± 8.9 × 10−1 21 6.9
loop GF 0.15 ± 0.02 1.8 ± 1.7 20 7.3
loop GF and
α-helix F

0.42 ± 0.32 7.9 ± 53.6 × 10−2 23 1.1

α-helix F 0.32 ± 0.05 3.1 ± 3.2 × 10−1 22 1.8
α-helices
E and D

0.33 ± 0.02 9.8 ± 7.4 × 10−3 25 1.9

α-helix E 0.44 ± 0.07 2.3 ± 5.3 × 10−4 29 1.2
α-helix D 0.58 ± 0.19 2.1 ± 9.4 × 10−4 29 0.7
α-helices
B and C

0.69 ± 0.18 4.2 ± 13.6 × 10−4 28 0.5

α-helix C 0.39 ± 0.05 5.9 ± 5.1 × 10−2 24 1.3
α-helix C
and loop BC

0.38 ± 0.09 7.3 ± 13.4 × 10−2 23 1.3

loop BC
and α-helix B

0.37 ± 0.04 9.1 ± 7.7 × 10−2 23 1.4

loop BC 0.61 ± 0.18 1.4 ± 4.6 × 10−3 27 0.6
α-helix B 0.48 ± 0.07 6.6 ± 6.8 × 10−2 23 0.8
α-helix A (and
N terminus)

0.68 ± 0.1 1.9 ± 3.6 × 10−4 29 0.5

a
Values shown for parameters xu and ku, obtained from DFS experiments26 indicate structural and energetic properties of each structural segment.
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