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Numerous experimental studies suggest an important role for
polyunsaturated lipids, specifically those containing a docoso- 1.6
hexaneoic fatty acid chain, in the function of rhodopsin and other
G-protein coupled receptots? Additionally, the possibility that

— rhodopsin-DHA a
— — rhodopsin-stearic

rhodopsin and other membrane proteins might control the lipid 1.2
composition of their local environments, for example, through the (M)
formation of lipid rafts, has attracted considerable attention due to

its importance in a wide range of processes occurring at membrane 0.8

surfaces. In the following, we describe a molecular dynamics
simulation of rhodopsin in a realistic environment, that is, with
polyunsaturated lipids similar to retinal membranes. The atomic- 047
level picture that emerges from this simulation reveals that
rhodopsin has the ability to organize the lipid solvation structure
through preferential interactions with the polyunsaturated docoso- 00 0 5 10 15 2 95 10
hexaneoic acid (DHA, 22:6n3) chains. r/Angstroms

The starting points for our simulation are the recently determined fjgyre 1. Two-dimensional radial distribution functiog(r), based on the
X-ray structure of dark-adapted rhodogsémd the conformations  protein and fatty acid centers of mass. The solid and dashed lines give the
of fluid phase (L) 1-stearoyl-2-docosohexaenai-glycero-3- results for the docosohexaneoic and stearic acid chains, respectively.
phosphatidylcholine (SDPC) from a previous molecular dynamics
(MD) simulation® For our calculations, the program CHARMM
was used to perform construction, equilibration, and production.
Complete details of system construction are given in a submitted
paper describing rhodopsin in a dioleoylphosphatidylcholine bi-
layer? In this approach, similar to that employed for other lipid
protein system&the CHARMM potential is first used to build in
missing regions (here residues 2389 and 328-333) and to relax
the X-ray structure into the CHARMM potential function with

for 12.5 ns, with Coulombic interactions calculated using an Ewald
summation technique. In sum, our system consisted of 41 896 atoms
(the rhodopsin protein, 99 lipids, two palmitate chains, 14 sodium
cations, 16 chloride anions, and 7400 water molecules) with three-
dimensional periodic boundary conditions.

The procedure described above led to a stable system that reached
equilibrium, as determined by monitoring the internal energy, after
approximately 2.5 ns of the production run. The alpha helical
structure of the transmembrane regions fluctuated around the initial

T“.".“T'Zf?‘“orl" _Reas;)lgablg I(ijld confornjar1t|ons darev\?er:eratﬁd by (X-ray) structure, giving an average RMS deviation of the backbone
nitially simulating a 2D periodic system with van der Waals spheres atoms of 1.01 A (details of the protein structure will be described

(sllzed to gstlmate a.PC heaqlgroup) mteragtmg with each other andin a subsequent publication). In this communication, we concentrate
with the fixed protein. The lipid conformations are then selected

L o . . on lipid—protein interactions and their effect on membrane structure
from_a lipid library (consustmg_ of conformations generatt_aq in the and dynamics.
previous stud$) and placed \.N'th the headgrog:pandy posmo_ns The radial distribution of lipid fatty acid chains around the protein
defined b_y the spher'e locations and meoordlnate_s determme_d ._is given in Figure 1, demonstrating that rhodopsin has a dramatic
by experimental estlmates of the membrang thickness. This is preference for solvation by the polyunsaturated DHA chain. The
followed by systemgtlc translatllon apd rotatlon.to remove.bad DHA chains penetrate approximatet A deeper into the protein
con@acts and extensive rt_elaxatlon with decreasing _harmonlc " interface than do the stearic acid chains. The lipids are sufficiently
straints. System _constru_cpor_w was completed by "’Fdd'”g WaFer anOIstructured as to produce alternating layers of polyunsaturated and
salt and converting a lipid into the two fatty acids (palmitate)

. . - . saturated hydrocarbon, suggesting very strong ordering forces are
covalently linked to the protein, providing a system that is both at work. The preferential solvation of rhodopsin by DHA is

elegtrically neutral and similar. to experimental conditions. During consistent with experimental measurements of the denaturation
equilibration, we gradually shifted from constant volume calcula- temperature as a function of lipid composition, which showed that

tlolns Ito _the cohnstant normsl pressulre, corcljs:‘ant Eross-sdectlgnal e denaturation temperature was highest in the presence of
calculations that were subsequently used for the production run. polyunsaturated DHA chairfs.

The production run was performed on 16 nodes of a Beowulf cluster The mechanism by which the protein accumulates DHA in its
immediate vicinity appears to be through favorable direct inter-
TWabash College.

NIAAA. National Institutes of Health molecular interactions between rhodopsin and DHA. After the
§ Johns Hopkins University. lipid—protein interaction energy is separated into contributions from
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Figure 2. Interaction energy (sum of electrostatic and Lennard-Jones Figure 3. Reorientational correlation functio@(t) = [P.(z(0)u(t))C) for
contributions to the potential energy) between rhodopsin and the fatty acid the C-H vector of the 10th carbon atom of the DHA chain. The averaging
chains of the lipid as a function of time (after equilibration). The solid and is over the 10 lipids with the stronge®) and weakest®) interactions
dashed lines give the results for the docosohexaenoic and stearic acid chainswith the protein.
respectively.

NMR. For example, at th&’C NMR resonance frequency of 125
individual fatty acid chains, it is observed that the strength of the 17 the simulated correlation functions for carbon number 10 of
rhodopsin-DHA attraction is approximately 3 times greater than 1e DHA chain correspond t@; values of 0.62 and 1.01 s for
the rhodopsin-stearic acid potential energy. Figure 2 displays thesestrongly and weakly interacting lipids, respectively.
energies., as a function of. time, Qemonstrating both .the strong | summary, we have shown through all-atom MD simulation
rhodopsin-polyunsaturate interactions and the stability of the ¢ rhodopsin is preferentially solvated by polyunsaturated DHA.
energy difference with time. The favorable energetics of rhodopsin: giarting from random lipid orientations, the affinity between protein
with the polyunsaturated chains appears to be quite general, withang pHA led to a pronounced structuring of the lipid matrix through
each transmembrane helix showing a similar magnitude of favorable rytational reorientation of the lipids. The present simulation is
interaction, although the ratio of the energies is particularly high ¢qnsistent with numerous experimental studies suggesting such an
for helix 3. An analysis by residue type shows that the interactions a¢finity and in addition predicts that NMR relaxation measurements
are not particularly side chain specific. All hydrophobic residues 5, pHA segments could be a valuable probe of kpdotein
showed a stronger attraction to the polyunsaturated chain with ajneractions. The present work, while not contradicting models based
ratio (Upna/Ustearid that averaged 2.7 with a range from 1.8t0 4.2. 5y material properties of the membrafiesupports a view that at
Decomposition of the interaction energy into electrostatic and |qast some of the MII changes with lipid type that have been
dispersion contributions shows that the attraction between protein ,a5sured experimentatharise from a direct molecular interaction
and fatty acid chain arises almost entirely from the latter. Although 4t is an important aspect of rhodopsin function. While DHA
vinyl groups are more polar than methylene groups, the added gpjlizes rhodopsin against thermal denaturation, it also eases the
stability of the polyunsaturated chain seems to come from large ansition into the meta-Ii state that activates G-protémgansition
numbers of favorable contacts occurring at short distances. The g|ated to a rearrangement of transmembrane helitas. thought

ability of the DHA chain to adopt such favorable conformations a4 deeper penetration of DHA chains into rhodopsin facilitates
was predicted by a combined experimental/computational study thatg o structural changes is extremely interesting.

we have published previoushRotational barriers for isomerization
around methylenes connecting vinyl groups are extremely folv (
kcal/mol) as compared to those in a saturated chaid.g kcal/
mol). Additionally, the torsional minima for the rotatable bonds in
DHA are very broad. The extreme flexibility of the DHA chain
allows it to adopt the rugged surface afhelical chains and to
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