L T

/

D\

Cholesterol increases kinetic, energetic, and
mechanical stability of the human

B,-adrenergic receptor

Michael Zocher®, Cheng Zhang®, Seren G. F. Rasmussen®, Brian K. Kobilka®", and Daniel J. Miiller®"

3Department of Biosystems Science and Engineering, Eidgendssiche Technische Hochschule (ETH) Zurich, 4058 Basel, Switzerland; and PDepartment of
Molecular and Cellular Physiology, Stanford University School of Medicine, Palo Alto, CA 94305

Edited by Wolfgang Baumeister, Max Planck Institute of Biochemistry, Martinsried, Germany, and approved October 10, 2012 (received for review July

18, 2012)

The steroid cholesterol is an essential component of eukaryotic
membranes, and it functionally modulates membrane proteins,
including G protein-coupled receptors. To reveal insight into how
cholesterol modulates G protein-coupled receptors, we have used
dynamic single-molecule force spectroscopy to quantify the me-
chanical strength and flexibility, conformational variability, and
kinetic and energetic stability of structural segments stabilizing
the human f,-adrenergic receptor (§,AR) in the absence and pres-
ence of the cholesterol analog cholesteryl hemisuccinate (CHS).
CHS considerably increased the kinetic, energetic, and mechanical
stability of almost every structural segment at sufficient magni-
tude to alter the structure and functional relationship of §,AR. One
exception was the structural core segment of $,AR, which estab-
lishes multiple ligand binding sites, and its properties were not
significantly influenced by CHS.

atomic force microscopy | energy landscape | intermolecular and
intramolecular interactions | proteoliposomes

he human f,-adrenergic receptor (,AR) is one of the best-
characterized G protein-coupled receptors (GPCRs). p,AR
belongs to the class A GPCRs and is expressed in pulmonary and
cardiac myocyte tissue (1, 2). Together with its close relative
B1AR, B,AR senses adrenalin in bronchial vasculature and nor-
adrenalin in cardiac muscle. The implication in a broad spectrum
of diseases, like asthma or heart failure, makes $,AR a potential
therapeutic target (3-7). Several crystal structures of f,AR have
been determined during the last years (8-12), providing unique
insights into the structure—function relationship of GPCRs.
Cellular membranes functionally modulate a large number
of membrane proteins (13-18). Such functional modulation is
facilitated by chemical and physical interactions between mem-
brane proteins and phospholipids, sphingolipids, cholesterol, and
other components of the cell membrane. Similar to many other
membrane proteins, GPCRs are regulated by their hetero- and
homooligomeric assembly and the membrane composition. Be-
cause the heterogeneous composition of cellular membranes
changes dynamically, the functional state of GPCRs depends on
the location in the cell membrane and the state of the cell (19,
20). The steroid cholesterol modulates chemical and physical
properties of cellular membranes and plays a role in the dynamic
formation of sphingolipid-enriched assemblies of lipids and mem-
brane proteins. These metastable assemblies, or lipid rafts, can
functionally regulate membrane proteins by different mecha-
nisms (19). Indirect regulation of membrane proteins, including
GPCRs, can be observed through the ability of cholesterol to
modulate biophysical properties of a lipid bilayer (21), whereas
the direct regulation of membrane proteins can occur through
specific interactions (22-25). Although it is not completely un-
derstood how cells control the distribution of cholesterol and by
which mechanisms cholesterol functionally regulates GPCRs,
insights into these processes are of cell biological and pharma-
cological importance (26, 27).
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Similar to other GPCRs, cholesterol modulates the physio-
logical function of $,AR (26, 28). Furthermore, cholesterol and
the more water-soluble cholesterol analog cholesteryl hemi-
succinate (CHS) enhance the thermal stability of p,AR (26, 29).
Additionally, cholesterol facilitates interactions between GPCRs
and seems to be helpful in crystallizing AR (9). A recently
published X-ray crystallography model of human p,AR showed
cholesterol to fit into a shallow surface groove formed by
transmembrane o-helices H1, H2, H3, and H4 (30). This struc-
tural model unraveled possible interactions between cholesterol
and p,AR. However, understanding the extent to which the
interactions established by cholesterol change kinetic, energetic,
and mechanical properties of structural regions in the receptor
requires additional insight.

Intra- and intermolecular interactions stabilizing membrane
proteins can be quantified and localized using atomic force mi-
croscopy (AFM) -based single-molecule force spectroscopy (SMFS)
(31, 32). SMES enables the assignment of these interactions to in-
dividual secondary structure elements, such as transmembrane
a-helices, p-strands, or polypeptide loops of membrane proteins
embedded in lipid membranes. Measuring the kinetic response of
the individual structural elements by dynamic SMFS (DFS) allows
quantification of their unfolding free energy, kinetic stability, con-
formational variability, and mechanical flexibility (33). Both SMFS
and DFS have been applied to characterize these parameters of
various membrane proteins and follow how they change on chang-
ing their functional state or physiological environment (34-39).

In this work, we have reconstituted human p,AR into phos-
pholipid bilayers in the presence and absence of the cholesterol
analog CHS and used SMFS and DFS to quantify and localize
the inter- and intramolecular interactions established in ,AR.
CHS is a more water-soluble cholesterol ester, and it is much
easier to handle for in vitro studies than cholesterol, which is one
main reason that CHS is widely used in structural biology and
biophysical studies as the cholesterol analog. Because CHS and
cholesterol are structurally quite similar, they are supposed to
show similar properties in interacting and functionally modulating
membrane proteins, such as GPCRs (29, 40, 41). Accordingly,
GPCRs are frequently characterized in the presence of CHS, and
the structural and functional results are interpreted as being
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obtained in the presence of cholesterol (40—44). To correlate our
SMFS measurements with complementary structural and func-
tional insights revealed of P,AR reconstituted into liposomes
containing CHS (29, 30, 40), we characterized p,AR reconstituted
into lipid membranes in the presence and absence of the choles-
terol analog CHS. This approach allows a precise correlation of
the CHS-induced interactions quantified by SMFS and provides
unique insight into how cholesterol modulates kinetic, energetic,
and mechanical properties of structural regions of p,AR.

Results

SMFS of Human f,AR in the Presence and Absence of Cholesterol. To
characterize the influence of cholesterol on the interactions
stabilizing human B,AR, we reconstituted the receptor into lip-
osomes containing phospholipids [1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)] or phospholipids and CHS (DOPC/
CHS) (Materials and Methods). For SMFS, the proteoliposomes
were densely adsorbed onto freshly cleaved mica (Fig. S1). The
AFM stylus was approached and pushed onto the proteolipo-
somes with a force of ~700 pN for 0.5 s (Fig. 1L4). Subsequently,
the cantilever was retracted, and its deflection was recorded as a
force-distance (F-D) curve. In ~0.5% of all approach-and-retract
cycles (n = 300,000), a single p,AR attached to the AFM stylus
and the F-D curve recorded while retracting the cantilever
showed a sawtooth-like pattern of force peaks. These sawtooth-
like patterns were similar for f,AR reconstituted in DOPC (Fig.
1B, Upper) and DOPC/CHS (Fig. 1C, Upper) liposomes. Each
force peak of an F-D curve reflected the unfolding of a structural
segment of f,AR. The magnitude of the force peak revealed the
strength of the interaction that stabilized a structural segment
against unfolding. These interactions were composed of inter-
and intramolecular interactions. For analysis, we selected only
F-D curves with an overall length of ~70-90 nm, because they
describe the complete unfolding of the receptor from its termi-
nus (Materials and Methods). To highlight common features
among the F-D curves, they were superimposed and displayed as

density plots (Fig. 1 B and C, Lower). The superimpositions of
F-D curves recorded of B,AR reconstituted in DOPC (Fig. 1B)
and DOPC/CHS (Fig. 1C) showed a characteristic pattern of
eight force peaks. The presence of the cholesterol analog CHS
did not change the positions of the force peaks. However, the
magnitude of the force peaks increased in presence of CHS (Fig.
1 and Fig. S2). This difference implies that the cholesterol analog
increases the strength of interactions stabilizing f,AR.

Mapping Interactions That Stabilize Structural Segments of p,AR.
After having identified that the superimposed F-D spectra
(Fig. 1 B and C, Lower) correspond to the unfolding of p,AR
from the N-terminal end (SI Text and Figs. S3 and S4), we
mapped the interactions to the f,AR structure. When exerting
sufficient force to the N-terminal end, p,AR unfolds in a se-
quence of steps. Every unfolding step is reported by a force peak
of the F-D curve (Fig. 1B). An unfolding step, in which a stable
structural segment unfolds, describes the transfer of one
unfolding intermediate to the next intermediate (31). To assign
the unfolding steps and stable structural segments, every force
peak of an F-D curve was fitted using the worm-like chain
(WLC) model (Materials and Methods). Each WLC fit revealed
the contour length of the unfolded polypeptide that connected
the AFM stylus and the unfolding intermediate of the receptor.
The contour lengths of all force peaks allowed determination of
all unfolding steps of p,AR (Fig. 1 B and C and Table S1). In the
first unfolding step, the N terminus and the N-terminal trans-
membrane a-helix of f,AR unfolded. Next, the unfolded poly-
peptide linking the AFM stylus and the stable structural segments
that remained folded and anchored in the membrane was elon-
gated and stretched. As soon as the stretching force exceeded the
stability of the next structural segment, this structural segment
unfolded as well. This sequential unfolding of one stable struc-
tural segment after the other continued until the entire f,AR has
been unfolded. In summary, the eight force peaks detected eight
unfolding steps, each reflecting the unfolding of a stable structural
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Fig. 1. SMFS of B,AR reconstituted into liposomes composed of either phospholipids (DOPC) or phospholipids and cholesterol (DOPC/CHS). (A) Pressing the
AFM stylus onto the proteoliposomes promotes the unspecific attachment of a single B,AR polypeptide to the stylus. Withdrawal of the AFM cantilever
stretches the polypeptide and induces the sequential unfolding of B,AR. (B and C) Selection of F-D curves recorded on N-terminal unfolding of B,AR
reconstituted into DOPC (B, Upper) and DOPC/CHS (C, Upper) liposomes. Density plots of superimposed F-D curves (B, Lower and C, Lower) highlight their
common features. Number of superimposed F-D curves: n = 100 (B) and n = 100 (C). Red numbers on top of each WLC curve (red dashed lines) indicate the
average contour lengths (in amino acids) revealed from fitting each force peak of each superimposed F-D curve. Gray scale bars allow evaluation of how

frequently individual force peaks were populated.
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segment. Mapped onto the secondary structure, these stable
structural segments show where inter- and intramolecular inter-
actions stabilized B,AR (Fig. 2). Because the common unfolding
peaks detected for p,AR in the presence and absence of CHS
showed no differences in their position (Fig. 1), we can conclude
that CHS did not stabilize different structural segments (Fig. 2).
However, apparently, the strength of the interactions stabilizing
BAR depended on the presence of CHS (Fig. S2). In the next
section, we investigate the nature of these interactions.

Cholesterol Changes the Free-Energy Landscape of $,AR. The most
probable force required to unfold a stable structural segment of
a protein depends on the loading rate (pulling force applied vs.
time) (45). Thus, the unfolding force is only a relative measure of
the stability of a structural segment exposed to mechanical stress.
However, the kinetic, energetic, and mechanical properties of
a folded structure that, at equilibrium, resides in an energy valley
can be described by a free-energy landscape (Fig. S5). To ap-
proximate these parameters (33, 45), we recorded F-D curves at
seven pulling velocities (100, 300, 600, 900, 1,200, 2,500, and 5,000
nm/s) (Figs. S6 and S7). To investigate the effect of cholesterol on
the energy landscape of f,AR, DFS was carried out in the absence
and presence of CHS. Then, we determined the most probable
unfolding force F* (Figs. S8 and S9) and loading rate r/* (Figs. S10
and S11) of every force peak representing a stable structural seg-
ment at different pulling velocities. We plotted the most probable
unfolding force vs. the most probable loading rate for every stable
structural segment in a so-called DFS plot (Fig. 3).

As theoretically predicted (46, 47) and experimentally verified
using membrane proteins (35, 36, 48-51), increasing the loading
rate increases the unfolding forces. We observed a linear re-
lationship between the most probable unfolding force and the
logarithm of the loading rate for every interaction. This linearity
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suggests that, for every stable structural segment, a single energy
barrier separated the folded state from the unfolded state (Fig.
S5) (46). The DFS data were fitted using Eq. 2 (Fig. 3) to reveal
the ground-to-transition state distance x, and transition rate k,
and Eqgs. 3 and 4 were used to estimate the unfolding free-energy
AG?* and the mechanical spring constant x for every stable
structural segment of B,AR (Materials and Methods). The statis-
tical significance of these differences was estimated using a non-
linear sum-of-squares F test (Table S2) (52, 53). Several stable
structural segments showed statistically significant differences in
the presence of CHS (Table 1), suggesting that the energy barriers
stabilizing the individual structural regions of f,AR changed. In
the next section, we describe these cholesterol-induced changes.

Unfolding of B,AR Starts in the Membrane. The distance x, sepa-
rating the folded state of a stable structural segment from the
transition state characterizes how far a structural segment can be
stretched until it unfolds (31, 33). We determined these transi-
tion state distances to be <1 nm for f,AR in the absence and
presence of CHS (Table 1). Because the thickness of the pro-
teoliposome membrane is ~7.7 nm (Fig. S1) and the transition
state distance is <1 nm, we can follow that a stable structural
segment that transverses the membrane unfolds in the mem-
brane. After this unfolding event, the AFM tip mechanically
extracts the unfolded polypeptide from the membrane until the
unfolded polypeptide is fully stretched. This finding is in agree-
ment with results obtained on other transmembrane proteins,
whereas stable structural segments first unfold in the membrane
before being extracted from the membrane by the pulling AFM
tip (31, 33, 54). Furthermore, our results suggest that the
mechanically induced unfolding of p,AR in the lipid membrane
is not altered by the presence of the cholesterol analog.

B
Extracellular side
S, 121 (121)
11T [H3-C2-H4-E2-H5.1]
226
(135)
[H5.2-C3-
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H7-Hs) 958 (275)
[CTT  66(58)
[Hi.2-c1] 85(73)
[H2.1]

Cytoplasmic side

Structural segments stabilizing human B,AR. Secondary (A) and tertiary (B) structure models of $,AR. Each color represents a structural segment that is

stabilized by inter- and intramolecular interactions. (A) Black amino acids highlight the end of the previous and the beginning of the next stable structural
segment. This position corresponds to the mean contour length (given in parentheses) revealed from WLC curves fitting the force peaks common in every F-D
curve. Amino acids colored at less intensity give the SD of locating the average force peak (Table S1). Membrane compensation (Materials and Methods) was
applied for the boundaries of stable structural segments that had to be assumed to be within the membrane or at the membrane surface opposite to the
puling AFM stylus. All seven transmembrane a-helices of $,AR are labeled with bold numerals (H1-H7). Cytoplasmic and extracellular loops are indicated C1,
C2, and C3 and E1, E2, and E3, respectively. H8 denotes the short C-terminal a-helix 8 at the cytoplasmic side. The secondary structure model (A) of C-ter-
minally truncated B,AR carrying an N-terminal FLAG epitope (blue) followed by a tobacco etch virus (TEV) protease cleavage site (green) was taken from ref.
8. The tertiary structure model (B) was taken from Protein Data Bank ID code 3D4S.
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Loading rate-dependent interactions stabilizing structural segments of §,AR depend on cholesterol. DFS plots of each stable structural segment of

B2AR reconstituted into DOPC (red) and DOPC/CHS (black) liposomes. Shown is the most probable unfolding force (Figs. S8 and S9) against the most probable
loading rate (Figs. S10 and S11). Solid lines show the DFS fits from which x, and ko, were obtained (Table 1). Error bars indicate SE of the most probable

unfolding force and loading rate.

Cholesterol Increases Kinetic and Energetic Stability of $,AR. Most
prominent among the changes induced by CHS is that almost
every stable structural segment of p,AR increased kinetic and
energetic stability (Table 1). The free-energy barriers that sta-
bilize each structural segment against unfolding increased height
in the presence of CHS. Particularly, the energy barriers stabi-
lizing the structural segments [H1.1], [H1.2-C1], [H2.1], [H2.2-
El], [H5.2-C3-H6.1], [H6.2-E3-H7-HS], and [CT] were signifi-
cantly higher in the presence of CHS. For individual structural
segments, the free-energy increase caused by CHS ranged be-
tween 1.5 ([H2.1] and [H6.2-E3-H7-HS]) and 3.9 kT ([H1.1]).
The exception was the largest structural segment [H3-C2-H4-E2-

E3466 | www.pnas.org/cgi/doi/10.1073/pnas.1210373109

H5.1]; its small increase of the energy barrier (0.4 kzT') was not
significant. Synchronous to the free-energy barrier heights, the
structural segments significantly increased kinetic stability (re-
ciprocal of the transition rate ko) in the presence of CHS (Table
1). Some stable structural segments increased their kinetic sta-
bility considerably. For example, in the presence of CHS, stable
structural segment [H1.1] increased kinetic stability by a factor of
50, [H1.2-C1] increased by a factor of 6, [H2.1] and [H6.2-E3-
H7-HS] increased by a factor of 4, [H5.2-C3-H6.1] increased by
a factor of 25, and [CT] increased by a factor of 11. However, the
transition rate of the structural core segment [H3-C2-H4-E2-
H5.1] remained unchanged in the presence of CHS.

Zocher et al.
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Table 1. Parameters characterizing the free-energy barrier (x,, ko, and AG¥) and spring constant
(x) of structural segments stabilizing ,AR reconstituted into DOPC and DOPC/CHS liposomes

L T

Xy + SD (nm) ko +SD (s7)
Stable structural segment DOPC DOPC/CHS DOPC DOPC/CHS
[H1.1] 0.33 + 0.02 0.44 + 0.04 3.935 + 1.210 0.077 + 0.073
[H1.2-C1] 0.26 + 0.02 0.29 + 0.02 1.418 + 0.429 0.248 + 0.178
[H2.1] 0.32 + 0.02 0.33 + 0.02 1.250 + 0.496 0.290 + 0.174
[H2.2-E1] 0.37 + 0.02 0.45 + 0.05 2.174 + 0.592 0.166 + 0.140
" [H3-C2-H4-E2-H5.1] 0.55 + 0.04 0.55 + 0.03 0.055 + 0.041 0.038 + 0.022
a [H5.2-C3-H6.1] 0.26 + 0.01 0.29 + 0.02 0.443 + 0.162 0.018 + 0.014
[H6.2-E3-H7-H8] 0.45 + 0.03 0.49 + 0.03 1.376 + 0.384 0.320 + 0.118
[CT] 0.54 + 0.03 0.59 + 0.05 0.126 + 0.054 0.011 + 0.008
Stable structural segment AG* + SD (kgT) x + SD (N/m)
DOPC DOPC/CHS DOPC DOPC/CHS
[H1.1] 17.1 £ 0.3 21.0 + 0.9 1.26 +£ 0.1 0.88 + 0.13
[H1.2-C1] 18.1 + 0.3 19.8 + 0.7 2.39 + 0.17 2.02 + 0.26
[H2.1] 182+ 04 19.7 + 0.6 1.51 +£0.17 1.49 + 0.18
[H2.2-E1] 17.6 + 0.3 20.2 + 0.8 1.07 + 0.10 0.84 + 0.15
[H3-C2-H4-E2-H5.1] 213+ 0.7 21.7 £ 0.6 0.58 + 0.07 0.59 + 0.06
[H5.2-C3-H6.1] 19.2+04 224 + 0.8 243 + 0.21 2.23 + 0.25
[H6.2-E3-H7-H8] 18.1 £ 0.3 19.6 + 0.4 0.73 + 0.08 0.69 + 0.08
[CT] 20.5 + 0.4 23.0 + 0.7 0.59 + 0.06 0.54 + 0.06

Errors represent SDs. Differences were considered significant and highlighted bold when P values approached
P < 0.001 from F tests (Table S2) and values did not overlap within their SD.

Cholesterol Increases Conformational Variability and Decreases
Mechanical Rigidity of Transmembrane a-Helices H1 and H2. The
conformational variability of a structure can be approximated by
the distance between ground state and transition state x,, (55, 56).
With increasing transition state distance, the energy valley stabi-
lizing a structural segment becomes wider. Consequently, the
structural segment can adopt more conformational substates and
therefore, enhances conformational variability. On the contrary, if
an energy valley stabilizing a structural segment narrows, the con-
formational variability of the structural segment decreases (Fig.

S5). The only stable structural segments that significantly increased  tural segments of p,AR depended on the loading rate (Fig. 3). &
transition state distance x,, by ~20-30% and increased conforma-  This dependency was used to characterize the energy valley and g s
tional variability were [H1.1] and [H2.2-E1] (Table 1). Although  barrier stabilizing every structural segment (Table 1). Except for the 0 2
the other stable structural segments of $,AR showed similar trends  structural core segment [H3-C2-H4-E2-HS5.1], CHS significantly g §
in the presence of CHS, these differences were insignificant. affected the energy landscape of every stable structural segment of s E

The spring constant x quantifies the mechanical rigidity of a  p,AR. Generally, the free-energy barriers stabilizing these structural = %

stable structural segment (49, 57). Although all stable structural
segments slightly decreased their mechanical rigidity (spring
constant) in the presence of CHS, this decrease was statistically
significant only for structural segment [H1.1], which decreased
the spring constant by ~30% to 0.88 N/m.

Discussion

Cholesterol Strengthens Interactions of Almost Every Structural
Region of B,AR. Using SMFS, we characterized interactions that
stabilize the human B,AR reconstituted in DOPC liposomes.
F-D spectra recorded during mechanical unfolding of p,AR
showed a reproducible pattern of force peaks (Fig. 1B). This
pattern suggests that a characteristic interaction network stabi-
lized structural segments within f,AR. The presence of CHS did
not alter the position of the force peaks (Fig. 1C and Figs. S6 and
S7). Hence, we conclude that interactions established in the
presence of CHS stabilized the same structural segments of
B2AR as detected in the absence of CHS. However, CHS sig-
nificantly increased the magnitude of individual force peaks and
thus, increased the strengths of the interactions stabilizing the
structural segments within p,AR (Fig. 3). Because this trend was
observed for all stable structural segments (except for [H3-C2-
H4-E2-H5.1]) and all pulling velocities, we conclude that CHS
increased the mechanical stability of p,AR. This increased me-
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chanical stability may result from direct interactions between
CHS and p,AR. However, because cholesterol also affects the
properties of the lipid membrane (21, 58, 59) and because cho-
lesterol establishes direct interactions with some but not all
structural regions of f,AR (30), we assume that CHS also af-
fected the stability of f,AR indirectly.

Cholesterol Increases the Free-Energy Barrier and Kinetic Stability of
Every Stable Structural Segment, Except for the Structural Core
Segment. The strengths of the interactions stabilizing the struc-

segments increased height in the presence of CHS. Consequently,
the stable structural segments reduced transition rate and increased
kinetic stability. Thus, CHS increased the kinetic and energetic
stability of p,AR. However, the energy landscape of individual
structural segments stabilizing p,AR and thus, their properties
changed quite individually. These changes, which are structurally
mapped in Fig. 4, will be discussed in the next sections. To verify
that our findings were not introduced by the Bell-Evans model
(Eq. 2), we have analyzed the DFS plots using the alternative
Dudko-Szabo-Hummer model (Fig. S12) (60). This alternative
analysis showed that the properties of every stable structural
segment of f,AR (except for the structural core segment) changed
in the same manner as revealed from the Bell-Evans model.

[H1.1]. The presence of CHS affected kinetic, energetic, and me-
chanical stability of structural segment [H1.1]. The cholesterol
analog increased the transition state distance by 33% to 0.44 nm,
which enhanced the conformational variability of the extracellu-
lar region of transmembrane o-helix H1. Furthermore, CHS sig-
nificantly decreased the transition rate and thus, increased the
kinetic stability of [H1.1] 50-fold. Moreover, CHS increased the
free-energy barrier AG* stabilizing [H1.1] by ~4 kzT (~23%).
Finally, [H1.1] was the only structural segment of p,AR that
significantly lowered the spring constant in the presence of CHS

PNAS | Published online November 14, 2012 | E3467
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[H3-C2-H4-
E2-H5.1]

. [H5.2-C3-
H6.1]

[H3-C2-H4-
E2-H5.1]

Fig. 4. Mapping the kinetic, energetic, and mechanical properties of §,AR in the absence (A) and presence (B) of cholesterol. Structural segments stabilizing
B2AR (Protein Data Bank ID code 3D4S) are mapped on the left. Transition state distance x,, transition rate ko, free-energy barrier height AG*, and spring
constant « of stable structural segments in the absence of cholesterol (A) and the presence of cholesterol (B). The color of the ,AR backbone roughly indicates
the value for each parameter as indicated by the scale bars. A, Upper and B, Upper show $,AR from the side view; A, Lower and B, Lower show $,AR from the

extracellular view. Values were taken from Table 1.

from 1.26 to 0.88 N/m (~30%). This finding implies that CHS
increases mechanical flexibility of this stable structural segment.

The X-ray structure suggests that o-helix H1 establishes direct
interactions with cholesterol (30). The DFS data show that CHS
kinetically and energetically stabilizes the extracellular part of
a-helix H1 and enhances its mechanical flexibility. It is thought
that GPCRs, including p,AR, can assemble into dimers in the
plasma membrane (61, 62). Although the functional importance
of this dimerization and the exact location of the dimer interface
in GPCRs are not fully understood (63), it may be speculated
that cholesterol promotes p,AR dimerization, because ordered
cholesterol molecules were found in the interface between
a-helices H1 and H8 of two symmetry-related p,ARs (9). It has
been proposed for several other class A GPCRs that a-helix H1
is involved in receptor oligomerization (40, 64, 65). Therefore, it
may be speculated that increasing the kinetic and energetic
stability and increasing the mechanical flexibility of [H1.1] may
favor oligomerization of f,AR.

E3468 | www.pnas.org/cgi/doi/10.1073/pnas.1210373109

[H1.2-C1]. In the presence of CHS, the energy landscape stabi-
lizing structural segment [H1.2-C1] showed minor but statisti-
cally significant changes. [H1.2-C1] decreased transition rate and
thus, increased kinetic stability sixfold. The free energy of [H1.2-
Cl1] increased by 1.7 kgT (~9%), indicating that this structural
segment stabilizes in the presence of cholesterol. Structural
models show cholesterol binding to the C-terminal part of
transmembrane o-helix H1 (30), which could directly change
the properties of structural segments [H1.1] and [H1.2-C1] as
detected by DFS. Additional changes may be caused by direct
interactions between CHS and residue Y70 at the interface be-
tween structural segments [H1.2-C1] and [H2.1]. The minor
changes detected for [H1.2-C1] correlate with the finding that
Y70 seems to be the least important residue for cholesterol
binding and establish only van der Waals interactions with ring A
of cholesterol (30). In the absence of additional information, it
may be speculated that electrostatic interactions between hy-
drophilic residues of intracellular loop C1 (e.g., K60 and R63)

Zocher et al.
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and the cholesterol hydroxyl group could also contribute to the
cholesterol-induced changes of [H1.2-C1].

[H2.1]. CHS reduced the transition rate of [H2.1] sixfold and in-
creased the height of the free-energy barrier by 1.5 kgT (~8%).
The ground-to-transition state distance x,, and the spring con-
stant x of [H2.1] remained unchanged. Thus, in the presence of
the cholesterol analog, the kinetic and energetic stability of
[H2.1] enhanced significantly. These changes may result from
direct interactions between f,AR and CHS, which interact with
[H2.1] through residues T73, S74 and C77 (30). The work by
Hanson et al. (30) showed that CHS increases the packing value
for transmembrane o-helix H2, which correlates with an in-
creased thermal stability of p,AR. Our DFS data show that the
increased packing value induced by CHS increases the kinetic
and energetic stability of a-helix H2.

[H2.2-E1]. CHS slightly increased the ground-to-transition state
distance by 0.08 nm and thus, the conformational variability of
[H2.2-E1]. Furthermore, the cholesterol analog increased the
kinetic stability of this structural segment 13-fold and increased
the height of the free-energy barrier by 2.6 kgT (~15%). CHS
increases the packing value of a-helix H2 and interacts with
[H2.2-E1] through an interaction with V81 (30). The changes in
[H2.2-E1] might also be indirectly induced by electrostatic
interactions between the cholesterol hydroxyl group and posi-
tively charged residues (e.g., K97) of extracellular loop E1.

[H3-C2-H4-E2-H5.1]. Although transmembrane a-helices H3 and
H4 are supposed to establish direct interactions with cholesterol
(30), the energy landscape of the core segment remained un-
changed by the presence of CHS. This finding was surprising,
because we recently detected that [H3-C2-H4-E2-H5.1] changes
the energy landscape in the presence of agonists and inverse
agonists (66). However, the core segment [H3-C2-H4-E2-HS5.1]
exposed a relatively high conformational variability (high x,,) and
high mechanical elasticity (low x) compared with the other stable
structural segments of P,AR in the presence of CHS. In-
terestingly, the structural core segment contains multiple ligand
binding sites (10, 11). It has been also shown that cholesterol is
required for efficient ligand binding of p,AR (67). Thus, our
finding that the core segment of ,AR retains its relatively high
conformational variability and mechanical flexibility in the pres-
ence of the cholesterol analog may be of functional importance for
ligand binding.

[H5.2-C3-H6.1]. CHS significantly increased the kinetic stability of
[H5.2-C3-H6.1] 25-fold and increased the height of the energy
barrier by 3.2 kgT (~17%). The distance between ground and
transition state as well as the spring constant of [H5.2-C3-H6.1]
remained unchanged. These changes are surprising, because
CHS does not directly interact with the stable structural segment
[H5.2-C3-H6.1]. Thus, it can be assumed that CHS induced these
changes by modulation of the biophysical properties of the lipid
membrane (21, 58, 59) and/or indirect interactions in p,AR.

As assessed by proteolysis and split receptor studies, cotrans-
fection of a plasmid encoding the N terminus to o-helix H5 and
a plasmid encoding a-helix H6 to the C terminus generates
a functional split receptor (68). The interface between both re-
ceptor fragments locates at structural segment [H5.2-C3-H6.1].
Furthermore, the N- and C-terminal regions of cytoplasmic loop
C3 are involved in G-protein activation and crucial for the for-
mation of interactions between GPCR and G protein (69). These
GPCR and G-protein interactions require cholesterol (70). Thus,
it may be speculated that the kinetic and energetic stability of
[H5.2-C3-H6.1] increased by CHS may play a role in regulating
the interactions between p,AR and G proteins.

Zocher et al.

[H6.2-E3-H7-H8]. In the presence of CHS, structural segment
[H6.2-E3-H7-H8] significantly increased kinetic stability fourfold
and increased free energy by 1.5 kgT (~8%). The oligomeriza-
tion of class A GPCRs involves the interface between a-helices
H1 and H8 (64, 65). Similar to stable structural segments [H1.1]
and [H1.2-C1], it may be speculated that CHS affects oligo-
merization of B,AR by modulating the kinetic and energetic
stability of [H6.2-E3-H7-HS]. Furthermore, a-helix HS, which is
parallel to the membrane, might be affected by the composition
of the membrane (e.g., through electrostatic interactions with
polar lipid head groups).

[cT]. CHS induced significant changes in [CT], which increased
kinetic stability 10-fold and free energy by 2.5 kgT (~12%).
The C-terminal end of p,AR is not known to contribute to
cholesterol binding to the receptor (30). Thus, we speculate that
the changing properties of segment [CT] could be indirectly
caused by CHS modulating the biophysical properties of the lipid
bilayer. However, [CT] contains charged amino acid residues,
which might establish electrostatic interactions with the in-
terfacial region of the membrane to which the cholesterol hy-
droxyl group contributes. [CT] is functionally important, because
it interacts with GPCR kinases, arrestin, and other signaling
molecules (71). For instance, the C-terminal binding domain is
required to direct the trafficking of $,AR to cholesterol-rich
caveolae (72). Therefore, we assume that the properties of [CT]
changed by CHS, in turn, influence the way that signaling mol-
ecules interact with p,AR.

Conclusions

Cholesterol considerably increases the strength of interactions
stabilizing structural segments of p,AR. These interactions in-
troduced by the cholesterol analog CHS were sufficient to in-
crease the kinetic, energetic, and mechanical stability of all
structural segments stabilizing ,AR, except for the structural
core segment [H3-C2-H4-E2-H5.1]; its properties were not sig-
nificantly influenced by CHS. Because the core segment of p,AR
is involved in ligand binding, this finding indicates that choles-
terol may not necessarily influence the binding of a ligand to the
structural core segment. In our experiments, we could not dis-
tinguish the extent to which the changes introduced to all other
stable structural segments were caused by the binding of cho-
lesterol to the receptor, the cholesterol-induced stabilization
through receptor oligomerization, or the ability of cholesterol to
modulate the properties of the lipid bilayer indirectly. At least,
the stable structural segments of f,AR that do not expose cho-
lesterol binding sites must have changed properties through in-
direct interactions mediated by cholesterol.

Our experiments show that cholesterol kinetically, energeti-
cally, and mechanically stabilizes the human p,AR. It is assumed
that GPCRs being stabilized in such ways restrict their numbers
of energetically favorable conformations (33, 73). Because cho-
lesterol significantly modulates the structural properties of p,AR
and P,AR shows a functionally different behavior in the presence
of cholesterol (26, 28), it can be concluded that the observed
kinetic, energetic, and mechanical stabilization of p,AR is of
functional relevance. Such findings raise questions, such as
whether cholesterol-dependent stabilization is the case for every
class A GPCR to which p,AR belongs. Furthermore, it remains to
be shown whether the stable structural segments of other GPCRs
change similarly as observed for $,AR in the presence of choles-
terol. Interestingly, the fact that CHS increases the mechanical
and kinetic stability of the receptor supports the hypothesis that
cholesterol is an essential component to crystallize a stable con-
formation of f,AR for structural determination (9).

Taken together, the unchanged structural core segment con-
taining multiple ligand binding sites and the changed properties
of all other stable structural segments may represent a mechanism
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of how cholesterol modulates ,AR. Previous SMFS measure-
ments have shown that the magnitudes of the kinetic, energetic,
and mechanical properties that change the functional state of
B-AR on ligand binding (66) are similar to the magnitudes
changing by the presence of cholesterol. Thus, one may speculate
that the altered structural properties of the GPCR in the presence
of cholesterol may cause the GPCR to respond differently to
environmental changes, such as ligand binding. However, addi-
tional experiments that could quantify such an altered response of
GPCRs in the presence of cholesterol must be performed.

Materials and Methods

Preparation of f,AR Proteoliposomes. Spodoptera frugiperda (Sf9) insect cells
were grown at 27 °C in suspension cultures in ESF-921 medium (Expression
Systems) supplemented with 0.5 mg/mL gentamicin. To generate baculovirus
for the B,AR, a BestBac baculovirus expression system (Expression Systems)
was used. We used human $,AR with a truncated C-terminal end (48 aa) and
an N-terminal FLAG epitope followed by a tobacco etch virus (TEV) protease
cleavage site (Fig. 2A). B,AR was expressed using Sf9 cells at a density of ~3 x
108 cells/mL for ~48 h. Cells expressing p,AR were assessed by immunoflu-
orescence and harvested by centrifugation (15 min at 5,000 x g). Before
purification, cell pellets were stored at —80 °C. A three-step purification
procedure was used to purify poAR from Sf9 cells as described (40). To form
a lipid stock solution at 10 and 20 mg/mL, DOPC (Avanti Polar Lipids) and the
cholesterol analog CHS (Steraloids) were mixed and dissolved in chloroform.
Next, DOPC and CHS were added to a glass vial, with DOPC at 10-fold (vol)
excess. Chloroform was evaporated under a fine stream of argon gas. To
prepare DOPC lipids without cholesterol, CHS was excluded from all prep-
aration steps. After that point, the lipids were dried for 1 h in vacuum. Then,
the lipids were resuspended in 100 mM NaCl, 1% (vol/vol) octyl glucoside,
and 20 mM Hepes (pH 7.5), vortexed, and sonicated in an ice-water bath for
1 h. The lipid mixtures were stored at —80 °C.

BAR was reconstituted as described (40). Briefly, a 300-uL sample was
prepared containing a lipid-to-p,AR ratio of 1,000:1 (mol:mol). The lipid/
B2AR mixture was mixed with reconstitution buffer until reaching a volume
of 300 pL and placed on ice for 2 h. Vesicles were formed removing de-
tergent using a 25 x 0.8 cm Sephadex G-50 (fine) column and reconstitution
buffer (100 mM NaCl, 20 mM Hepes, pH 7.5).

SMFS and DFS. SMFS was carried out using an automated AFM-based SMFS
apparatus (ForceRobot 300; JPK Instruments) (74). SMFS data at 5,000 nm/s
were recorded using 16-bit data acquisition hardware (NI PCI-6251; National
Instruments). The 60-um-long silicon nitride cantilevers (A-BioLever, BL-
RC150 VB; Olympus) had nominal resonance frequencies of ~8 kHz in water.
Spring constants for each cantilever (~30 pN/nm) were determined before
each experiment in buffer solution using the equipartition theorem (75, 76)
and varied by ~10%. To compensate for uncertainties in cantilever calibra-
tion, B,AR was unfolded using at least five different cantilevers for each
pulling velocity. All SMFS experiments were carried out using AFM canti-
levers from the same wafer. Using Hook’s Law, the forces were calculated
from the cantilever deflection.

DOPC/CHS (or DOPC) proteoliposomes containing AR were adsorbed
over night at 4 °C onto freshly cleaved mica in SMFS buffer (300 mM Nadl,
25 mM Tris, 25 mM MgCl,, pH 7.0). After adsorption, the sample was rinsed
several times with SMFS buffer to remove weakly attached membrane
patches. SMFS buffer was prepared using nanopure water (>18 MOhm/cm,
PURE-LAB Ultra; ELGA LabWater) and purity grade (>98.5%) reagents
from Sigma or Merck. All SMFS experiments were performed in SMFS
buffer at 24 °C.

To attach a single B,AR by unspecific interactions, the AFM stylus was
pushed onto proteoliposomes, applying a constant force of 700 pN for 0.5
s. The unspecific attachment between the AFM stylus and the terminal
end of the B,AR polypeptide chain is strong enough to withstand pulling
forces of ~2 nN (77, 78). Separation of stylus and membrane stretched the
tethered polypeptide and exerted a force on the protein. At sufficiently
high pulling force, f,AR unfolded stepwise. The F-D curves showed a char-
acteristic force pattern, which was assigned to unfolding p,AR from its N-
terminal end (S/ Text).

Selection of F-D Curves and Data Analysis. F-D curves recorded during
unfolding of ,AR showed a sequence of force peaks. Each peak denoted the
rupture of an unfolding barrier, which stabilized a structural segment of
B2AR. The last force peak of an F-D curve described the unfolding of the last
stable structural segment that remained anchored in the membrane (79).
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Overcoming the stability of this last segment completed the unfolding and
extraction of AR from the membrane. For analysis, we selected F-D curves
that corresponded to N-terminal unfolding of AR (S/ Text). Only F-D curves
with an overall length between 70 and 90 nm were taken into account,
because they represented the complete unfolding of a p,AR. Peaks of an F-D
curve were fitted using the WLC model (80) (Eq. 1):

_keT
~p

X

F(x) 0.25(1-7) ~ 025 +’Z‘] )]

For WLC fitting, we assumed a persistence length P of 0.4 nm and a monomer
length x of 0.36 nm (81). Contour lengths L representing the number of
extended amino acids of the unfolded B,AR polypeptide stretches were
obtained from fitting unfolding force peaks with the WLC model. Each of
these contour lengths stretched by the AFM stylus assigned a stable struc-
tural segment of the partially folded protein that remained anchored in the
membrane. The amplitude of a force peak gives the force that is required to
mechanically unfold a stable structural segment. Every force peak of every
F-D curve was analyzed using built-in and custom procedures of IgorPro 6
(WaveMetrics). F-D curves were superimposed and aligned to the charac-
teristic force peak detected at the contour length of 121 aa.

Assignment of Stable Structural Segments. The contour length determined by
a WLC fit describes the length of the unfolded and stretched AR poly-
peptide that tethers AFM stylus and unfolding intermediate. Thus, each
force peak assigns the end of the previous and the beginning of the fol-
lowing structural segment that stabilized p,AR against unfolding (31). Some
stable structural segments had to be assumed to begin at the cytoplasmic
B2AR surface at the opposite side of the pulling AFM stylus. In these cases,
the so-called membrane compensation procedure was applied to locate the
beginning of a stable structural segment (31, 79). Therefore, the thickness of
the lipid membrane (4 nm ~ 11 aa x 0.36 nm/aa) was added to the contour
length of the unfolded polypeptide. If the beginning of a stable structural
segment was within the membrane, fewer amino acids were added to the
contour length.

Calculation of x, and ko. The Bell-Evans model (47) describes the most prob-
able unfolding force F* as a function of loading rate r¢*. The relationship
between both parameters was used to reveal insight into the free-energy
barrier that stabilized a structural segment against mechanical unfolding
(46) (Eq. 2):

B ksT Xuly

F= Xu In (kBTk0>’ [2]

where kg is the Boltzmann constant, T is the absolute temperature, r¢* is the
most probable loading rate, x, is the distance between the free-energy
minimum and the transition state, and ko is the unfolding rate at zero ap-
plied force. The parameters x,, and ko were obtained by fitting Eq. 2 to a DFS
plot using a nonlinear least squares algorithm. The loading rate was obtained
using r¢ = KspacerV, Where Kgpacer is the spring constant of the stretched poly-
peptide and v is the pulling velocity. Kyyacer corresponds to the slope of a force
peak before rupture. Unfolding force and loading rate histograms (Figs. S8,
S9, $10, and S11) were fitted using Gaussian distributions.

Calculation of Free-Energy Barrier Height and Mechanical Rigidity. The height
of the free-energy barrier AG* separating the folded state from the unfolded
state was calculated using the Arrhenius equation (Eq. 3):

A Gx = —kET In(ero). [3]

The diffuse relaxation time 7, typically ranges from 10~7 to 1072 s (82, 83). To
calculate AG* for each stable structural segment, we used 75 = 1078 s (84).
Errors of AG* were calculated propagating the errors of ko. Without having
information on the energy potential shape, we assumed a simple parabolic
potential from which the spring constant « of a structural segment can be
calculated using AG* and x, (57) (Eq. 4):

2 AGH
K= 5 [4]
Xll
To estimate errors of «, errors of AG* and x,, were propagated.
Zocher et al.
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