I. Abstract

The lipid membrane environment has been shown to play a significant role in the function and organization
of G-protein coupled receptors (GPCRs) and other transmembrane proteins. We now show quantitatively
how small sequence differences between otherwise highly homologous GPCRs can result in strikingly differ-
ent membrane interaction characteristics. This is evidenced by comparing the membrane interactions of two
pairs of functionally related family A GPCRs - (1) the beta1 and beta2 adrenergic receptors; and, (2) the
kappa- and delta- opioid receptors, embedded in a lipid bilayer composed of a 16:0-18:1 PC (POPC) /10%
Cholesterol mixture. We used the recently described 3D Continuum-Molecular Dynamics (3D-CTMD) appo-
rach (Ref. 1) to quantify the membrane deformation profile and corresponding energy costs due to the hy-
drophobic mismatch. The novel computational method accounts for the irregular hydrophobic surface of the
protein and the hydrophobic mismatch at particular TMs that is not alleviated by membrane deformations. A
description of the irregular membrane-protein interface from MD simulations of protomeric receptors with the
coarse-grained Martini force field provided the information on the membrane-protein boundary needed to
quantify with 3D-CTMD the energetics of membrane deformation for each system. The specific residues in-
volved in unfavorable polar-to-hydrophobic interactions not alleviated by membrane deformations at each
TM were identified from solvent accessibilities in the MD trajectories. We found strikingly different energy
costs of hydrophobic mismatch at TMs 4,5 between the beta1 and beta2 adrenergic receptors. In contrast,
both kappa and delta opioid receptors exhibited a similar pattern of (small) energy cost around the protein
with slightly more pronounced residual mismatch at TM4. These distinct patterns of energy differences indi-
cate how small sequence differences in otherwise homologous GPCRs can affect the mechanisms driving
their organization in the cell membrane.

Il. Aim and Rationale
The general goal is to gain molecular-level insight into the participation of the mem-
brane in GPCR function and organization.

(1) GPCRs are found to spontaneously oligomerize on reconstitution into liposomes
without need for cellular machinery but with specific organization (refs. 2,3).

(2) Rhodopsin oligomerizes to different extents in lipid bilayers of different hydropho-
bic thickness (refs. 4,5).

(3) Even homologous GPCRs such as 31-adrenergic receptor (31AR) and 32
-adrenergic receptor (R2AR) differ in the extent and/ or stability of the oligomerization
in the membrane (ref. 6).

lll. Working Hypothesis
The difference between highly homologous GPCRs involves differential interaction
with the membrane.

IV. Background: GPCR-membrane interactions
In response to a mismatch with the hydrophobic length of the protein, the lipid bilayer

deforms locally around the protein to alleviate the mismatch. R
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Fig. 1 Membrane deformation profile for rhodopsin in the thinner di(C14:1)PC lipid bilayer and the thicker
di(C20:1)PC lipid bilayer (taken from ref. 1).

However, a complete hydrophobic matching may not be attained due to the adjacent
positioning of polar and hydrophobic residues at certain TMs. The residual expo-
sure is a major component of the energy penalty due to hydrophobic mismatch.
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Fig. 2 (a) lllustration of residual exposure at transmembrane segment (TM) 5 of rhodopsin in di(C14:1)PC

lipid bilayer (taken from ref. 1). The hydrophobic F5.63 is exposed to unfavorable hydrophobic-polar interac-
tion. Note: a polar residue at position 5.63 would have no residual exposure in the thin di(C14:1)PC bilayer.

(b) The hydrophobic matching at F5.63 is limited by the adjacent location of a GIn.

V. Method

To quantify the energy penalty due to hydrophobic mismatch for two pairs of homolo-
gous GPCRs (1) B1AR and R2AR, (2) 0-opioid receptor (DOR) vs. k-opioid receptor
(KOR), we applied a combined continuum-molecular dynamics approach that takes
into account the irregular hydrophobic surface of the protein and the residual expo-
sure (detailed description in Mondal (2011) et al. Biophys J 101 (9): 2092-2101, see
reprint). The molecular dynamics simulations were performed with the Martini force
field. The starting structures of the [3-adrenergic receptors were obtained from re-
spective crystal structures (refs. 7-9) and the DOR and KOR from homology models
(see ref. 10 for details).

Interaction with the membrane uncovers essential differences between highly homologous GPCRs
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VI. Results

B1AR vs. B2AR: Sequence comparison identifies positions that coul
mediate different interaction with the membrane

Despite the high sequence similarity in the TM-bundle, R31AR and 32AR have residues

with different hydrophobic character near the ends of TM4 and TM5.

R1-adrenergic receptor (R1AR) vs B2-adrenergic receptor(R2AR)
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Fig. 3 The underlined positions in TM4 and TM5 represent putative key molecular differences between 31AR and
R2AR in terms of membrane-protein interaction

Therefore, there is an intriguing possibility that the the homologous R1AR and
R2AR may differ in their residual exposure profile.

Residual exposure occurs at TMs 4,5 in R2AR, but not in R1AR

R1AR vs. R2AR -- Apo Conformation R2AR -- Active Conformation
N4.40

120 —  R2AR 1207 ?
— RB1AR

N _5 o 5
< 100} < 100l
o m o m
= - - =
® 80 - ® 80 ‘3
4 Q5.36 Q Q <
2 N4.40 ~7°" Q5.63 < = Q5.63 <
W g0t P ? 3 T W gol Q5.36 3 g
T Q4.62 E7.33| S = ? 0
_g i ) Q = o
w 49 22 Z 4o eras |© <
() = Q Q4.62 ) =
(14 - (1'd -

207 | 4 11 20} 11

]
DH—JL———-———&D 0 0

™1 TM2 TM3 TM4 TMS TM6 TM7 ™1 TM2 TM3 TM4 TMS TM6 TMY7

Fig. 4 Residual exposure profile for 31AR vs. R2AR in POPC/ 10% Chol bilayer. It quantifies the surface area
of the residues involved in unfavorable hydrophobic-polar interactions. The corresponding energy penalties
taken to be linearly proportional to the surface area. Note the distinct residual exposure between B1AR vs. R2AR at
the putative sites identified in figure 3 (and in TM7). The large residual exposure at TMs 4,5 of R2AR occurs in its inac-
tive as well as its active conformations (corresponding to respective crystal structures).

The residual exposure profiles identify key residue-level differences between
B1AR vs. B2AR

The residual exposure profile is explained by considering the key
residues in their structural context
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Fig. 5 The time-averaged, spatially smoothed headgroup profile of the upper and lower leaflets from each MD trajectory
along with a snapshot of the corresponding protein. The colormap represents the bilayer thickness. Red regions of the bi-
layer indicate thickening and blue regions thinning of the membrane. Polar residues are colored in blue and hydrophobic
residues are in orange. TM3 is highlighted in cyan, TM4 in yellow, and TMS in tan.The energy cost due to the membrane de-
formation is evaluated to be < 2kT in all cases.

Neighboring hydrophobic residues (orange above, e.qg., F3.52) and polar resi-
dues (blue) drive the bilayer in opposite direction, to both thicken and thin, in
the same neighborhood. This limits the extent of hydrophobic matching,
leaving some residual exposure.

Negative control: When hydrophobicity at TMs 4,5 is similar in the two GPCRs
DOR vs. KOR: Sequence comparison shows that the residues at the key posi-

d tions in TMs 4,5 have similar hydrophobic character
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Fig. 6 Sequence comparison between DOR and KOR shows similar (hydrophobic) residues at the key positions
4.40, 4.62, and 5.63. At the remaining key position 5.36, DOR has a polar Threonine, but it does not interact with the
membrane, as illustrated in the next figure.

Structural context of these residues also suggests similar residual ex-
posure at TMs 4,5 of DOR and KOR in POPC/ 10% Chol bilayer
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Fig. 7 lllustration of the residues at the key positions in their structural context and in relation to the membrane environ-
ment. The colormap shows the deformed membrane thickness around the protein. The hydrophobic residues are in
orange and polar residues in blue. Note that TM4 of both DOR and KOR have a hydrophobic residue (4.40) sandwiched
between two polar residues.

DOR vs. KOR: Similar residual exposure at TMs 4,5
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Table 1 Residual Exposure Energy Penalty (kT) at
DTM 1 TM2 TM3 TM4 TM5 TMS TM7D TM4 and TM5 for the different GPCRs in POPC

Fig. 8 Residual exposure profile for DOR vs. KOR.

Thus, unlike B81AR and B2AR, DOR and KOR have similar interaction with the
membrane at TMs 4,5

Participation of Membrane in GPCR oligomerization

From molecular dynamics simulations of diffusion-reaction with the Martini force field,
we find that B2AR GPCRs spontaneously oligomerize in the POPC bilayer (as ex-
pected).
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Fig. 9 (a) An illustrative snapshot from the trajectory of nine R2AR GPCRs in POPC at a lipid/ protein ratio of
~ 110:1 (currently > 2 us long). The periodic image of the simulation cell is also shown for completeness. The
membrane (green) is shown in thre simulation cell only. The orientation of each protein is indicated by high-
lighting TM4 (red) and TM5 (blue) in the simulation cell. (b) The number of interacting GPCRs (< 5 A distance)
over the course of the trajectory.
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Oligomerization interactions involve residues that are critical for
membrane-protein interaction

~3.5 us (total over all proteins)

In fig. 5, F3.52 was identified in connection to
the residual exposure profile of B2AR, as part
of the hydrophobic cluster near the key polar
residues with residual exposure in TM4 and
TM5

Fig. 10 (a) Heatmap highlighting the residues of R2AR involved in oligomerization interaction (criteria: <5 A
from the interacting protomer). In red are the residues mediating interaction with other receptors over long pe-
riods of time (total over all proteins during the course of the trajectory).

The spontaneous oligomerization interactions involve a number of residues and possi-
bly complex local interactions. However, to understand the participation of the mem-
brane in the oligomerization, we focus on the key residues based on the molecular-
level analysis of the interaction of the monomer with the membrane.

Residual exposure is alleviated at several residues in the spontane-
ously formed oligomeric constructs

- % -
n S = - -
-_—_ X - T

......
~ "_--'0'."**’ aaaaa
=~ -

iy R R LR
\\\\\\\

Fig. 10 (b) A snapshot of a dimeric B2ZAR construct involving F3.52 that emerges from the simulation, embed-
ded in the time-averaged and spatially smoothed membrane surrounding this dimeric construct. Note that the
dimerization interface alleviates the residual exposure at Q4.62. Furthermore, the membrane is able to allevi-
ate the residual exposure in the neighboring region of F3.52 (e.g., at N4.40 and Q5.63).

The simulation suggests that the residual exposure may be alleviated in two ways
during oligomerization:

(1) by directly occluding the offending residue within the interface (e.g., Q4.62 above),
and

(2) by reducing the energetic drive for the membrane to both thicken and thin in the
same neighborhood in order to alleviate hydrophobic mismatch with nearby polar and
hydrophobic residues (e.g., F5.32 participates in the oligomerization interface, and in-
teracts less with the membrane).

Vil. Conclusions

"1 Sequence-level differences in interaction with the membrane indentify key positions
in homologous GPCRs responsible for membrane-driven effects.

1 Such effects include GPCR oligomerization, by which the energy penalty due to hy-
drophobic mismatch is alleviated.
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