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The light-driven photocycle of rhodopsin begins the photoreceptor
cascade that underlies visual response. In a sequence of events, the retinal
covalently attached to the rhodopsin protein undergoes a conforma-
tional change that communicates local changes to a global conformational
change throughout the whole protein. In turn, the large-scale protein
change then activates G-proteins and signal amplification throughout the
cell. The nature of this change, involving a coupling between a local
process and larger changes throughout the protein, may be important for
many membrane proteins. In addition, functional work has shown that
this coupling occurs with different efficiency in different lipid settings.
To begin to understand the nature of the efficiency of this coupling in
different lipid settings, we present a molecular dynamics study of
rhodopsin in an explicit dioleoyl-phosphatidylcholine bilayer. Our system
was simulated for 40 ns and provides insights into the very early events of
the visual cascade, before the full transition and activation have occurred.
In particular, we see an event near 10 ns that begins with a change in
hydrogen bonding near the retinal and that leads through a series of
coupled changes to a shift in helical tilt. This type of event, though rare
on the molecular dynamics time-scale, could be an important clue to the
types of coupling that occur between local and large-scale conformational
change in many membrane proteins.
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Introduction

details is difficult, however, due to the large separ-
ation in time-scales between the photocycle of

Rhodopsin is the prototypical G-protein coupled
receptor (GPCR) due to the large amount of experi-
mental information related to both its structure and
its function.'”® It is also the first GPCR with a
defined tertiary structure and is thus an excellent
candidate for trying to understand the molecular
details of function. A full understanding of these
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rhodopsin and current computational limits in
computer simulation of bio-molecules. In particu-
lar, the full photocycle occurs on the millisecond
time-scale,® while the state-of-the-art in computer
simulation of large proteins is tens of nanoseconds.

Despite the limitations on accessible confor-
mations for biomolecules within a computer-
simulated system, many important questions can be
addressed through detailed computational models
that would not be directly measured experimentally.
Thus, a detailed computational model can suggest
details of function and motion that are difficult to
envision from a static structure and isolated experi-
ments. That is, simulation can play a valuable role
in helping to inform intuition about how a structure
moves in its native environment and in suggesting
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new classes of experiments that would not have been
attempted in the absence of a detailed simulation.

In addition to the many intriguing features related
to the rhodopsin photocycle, rhodopsin is also the
first membrane protein to show a clear sensitivity to
its lipid environment. For example, the Brown
group has shown that the M-I to M-II transition is
modulated by the relative mixture of DOPC to
DOPE lipids.”~'* In addition, it has been known for
some time that rhodopsin is sensitive to the alkane
chain type.”'* This has led to the realization that
rhodopsin prefers DHA for its environmental
background.” A leading question then, in addition
to the details of the photocycle, is how the lipid set-
ting can influence the types of functionally important
motions that the rhodopsin molecule can perform.

There are many excellent reviews on rhodopsin
and the connections from rhodopsin to both GPCRs
and retinal cell function.'”® It is not our intent to
review all of the large amount of experimental infor-
mation available for this system, as that would then
be a full separate article in its own right. Rather, we
aim in the following paragraphs to provide some
further context for consideration of the computations.

Rhodopsin background

Bovine rhodopsin has served as a model system
for the understanding of transduction for many
years." In particular, studies in bovine rods have
led to a general understanding of G-protein coupled
systems, and have led to the first GPCR that was
sequenced,' and to understanding of the connec-
tions between particular residues and the rhodopsin
function.>"” For example, the role of Glull3 as the
counterion,'® the critical role of certain residues in
transduction,'”*® and initial suggestions for spectral
tuning® ~* all begin with rhodopsin. An upcoming
frontier is the understanding of the connections
between the structures of the G-protein itself*** and
the conformational changes that underlie the photo-
cycle and lead to activation and signaling.

Low-resolution structures of rhodopsin

Hydrophobic analysis of the rhodopsin sequence
led to suggestions that the membrane protein had
seven transmembrane helices.” These initial sug-
gestions were confirmed through low-resolution
structural work” that also provided the impetus
for improved models of GPCRs.*® The low-
resolution structures were also sufficient to confirm
that rhodopsin and bacteriorhodopsin do not share
structural similarity and that homology models for
GPCRs based on bacteriorhodopsin were not correct.

X-ray structure

Membrane proteins have proven difficult to
crystallize for high-resolution structural infor-
mation. Thus, each new structure brings a wave of
excitement and generates a host of new questions.
The rhodopsin structure showed the expected

seven transmembrane domains that had been
predicted both computationally and from low-
resolution data.®-* In addition, the structure
showed a beta-strand cap in the extracellular loop
from helices 3 to 4. This cap structure may also
play a role in other family A GPCRs and
suggests that the properties of the binding site
may not be determined entirely by the trans-
membrane domains. The structure showed the
existence of an eighth amphipathic helix that also
has two palmitoylation sites associated with it.*
While the structure is important for showing the
conformation associated with the dark state and
for determining the protein environment of the
retinal, it does not, by itself, show how the large
conformational changes occur that lead to
activation of G-proteins. This structure further-
more provides the basis for consideration of
homology models of other GPCRs, for consideration
of packing arrangements of helices in membrane
proteins and even for considerations of the folding
of alpha-helical membrane proteins.**~

UV-FTIR spectroscopy; photocycle

The rhodopsin photocycle has been described on
the basis of spectral measurements.”’ *' With the
recent crystal structure it is possible to start relat-
ing the structure to the measurements, but this
requires a quantum-mechanical framework for the
computation. This relates back to early work on
the relation between the energetics of the activating
light and the coupling to protein and retinal
conformations.*** In particular, there has been
much discussion of the role of electrostatics and of
modulation by the protein environment of the
retinal conformational energetics. Clearly, a full
understanding of the coupling between confor-
mation at the retinal level and the protein environ-
mental changes due to the light activation is
central to relating structure to function in this
system. Two recent molecular dynamics
calculations start to try to connect the cis—trans
isomerization of the retinal with the protein
changes.*** In one simulation, starting from the
dark-adapted state in a membrane setting, steered
molecular dynamics is used to force the
transition.”” In a second simulation paper, a mem-
brane mimic was used for the environment and
restraints were applied to evaluate the cis—trans
changes in the first stages of the photocycle.* In
addition, the reaction path for the transition has
been considered from a theoretical viewpoint and
suggests that a hula-twist conformational change
occurs during the photocycle.**~*® Confirmation of
the reaction mechanism has been aided by consider-
ation of designed chemical mimics of retinal that
alter the photocycle in controlled ways.*~>

Electron paramagnetic resonance; large-
scale motions

The details of how light induces a conformational
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change leading to G-protein activation are not
revealed by the X-ray structure or the UV-FTIR spec-
tral methods. Some insights into the types of motions
that occur with activation have been achieved
through the use of cysteine-linked spin label
methods.”* With this approach an engineered
cysteine is reacted with a spin-label and either dis-
tances between labels or relative accessibility of a sol-
vent-based probe is determined.>*® The results have
suggested that the photocycle involves changes in
tilt and some rotation in helices III and VI1.>°~* This
suggests that some part of the activation of rhodop-
sin involves coupling between a sensor of the local
change in rhodopsin and the generation of large
rigid-body like movements in the helices that leads
to activation of G-proteins.**® These results have
also been examined and extended by looking at
cysteine—cysteine interactions between engineered
sites in rhodopsin.”®

Solid-state and high-resolution NMR

Rhodopsin has been used as a testing ground for
measurements of distance in SS-NMR with
rotational resonance and other methods.”” ”° The
results have provided structural constraints on dis-
tances in the rhodopsin molecule and have inferred
properties of the photocycle. In particular, the
NMR methods have suggested the possibility that
the beta ionone retinal ring may be in a trans rather
than the cis state observed in the X-ray structure.”
Recent, continuing analysis of this situation has
suggested that there is room for either confor-
mation, while the exact conformation of the dark-
adapted state for the ring is thus unclear. In
addition, NMR methods have been used to infer
relative motion of different regions of rhodopsin
and to suggest aspects of the lipid dependence of
the system.

Site-directed mutagenesis

Nearly every residue in the rhodopsin
structure has been examined with site-directed
mutagenesis'””'"”? and new ideas have been
generated by the X-ray structure”* A variety of
experimental methods have been used to assess
the behavior of the altered system, focusing mainly
on changes in the full photocycle. These results are
intriguing for suggesting the possible roles of
individual amino acids in the function of the
protein. With the presence of the X-ray structure it
becomes possible to try and relate this history of
mutagenesis to the solved structure and several
recent reviews can be consulted for current efforts
in this direction."”®

Results
We simulated bovine rhodopsin in the dark-

adapted state. For the simulation, the lipid bilayer,
salt, and water were represented in atomic detail,

along with the rhodopsin protein and palmitoyl-
ated side-chains. Figure 1 shows the outlines of
the simulation system. More details are provided
in Methods. In the following we concentrate on
the analysis and possible implications for rhodop-
sin function in the 40 ns simulation.

Our results naturally break down into several
sub-categories. For easier analysis and reading, we
present results in the order: (1) average structure
results (validation of the simulation conditions);
(2) conditions around the retinal-binding site; (3)
large-scale motions (and coupling throughout the
system); and (4) lipid and water interactions.

Average structural results

RMS

A measure of the relative stability of a molecular
dynamics simulation is the sampling near to the
starting point. Since the starting point is a relaxed
structure based on the X-ray data, this provides
both a measure of the amount of motion seen in
the trajectory and the relative deviation from the

Figure 1. Overview of the simulation system used. The
water (7441 TIP3) is schematically shown in blue. The
lipid (99 DOPC, two palmitate) is shown in tan.
This illustrates where the bilayer sits relative to the
protein. The protein is illustrated in cartoon form with
the helices labeled. Note that the cytoplasmic side is on
the top and that helix VIII is the amphipathic helix. The
basic residues are colored in the cartoon as blue, the
acidic residues are shown in red, the polar residues in
green and the non-polar residues in white. The actual
simulation was all-atom and all-hydrogen and consisted
of 41,623 atoms in total.
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experimental starting point. Since simulations
cannot, yet, reach long time-scales, a general rule
of thumb is that large deviations from the starting
point indicate a poorly defined simulation and
that analysis of such a simulation would be
inappropriate. On the other hand, a well-defined
simulation should, at a minimum, have an RMS
deviation relative to the starting point that is
reasonable. At the same time, the ideal simulation
will also have sampled well from the starting
point and can comment on the types of motions
expected from the static initial point. In Figure 2,
we present the average RMS over the 40 ns simu-
lation relative to the simulation starting point. As
can be seen clearly, the loops have much more
motion than the helices and the average position
of the helices stays relatively near to the X-ray
starting point. This is especially true in the early
stages of the simulation where we did not observe
any large changes in the helix orientation or pack-
ing. As presented in more detail in this section,
later in the simulation, we observe a change in
helix tilt and helix kinking that is indicative of a
larger scale conformational change. This first figure
shows that our simulation is stable and well-
defined by current molecular dynamics standards.

Other trends are obvious as well in Figure 2. For
example, the largest motions are seen in the C-III
and C-terminal regions. This indicates a large
amount of relative motion is found in these regions
relative to the more restricted motion observed in
the helices and the other loop regions. As brought
out more in the discussion, this is consistent with
experimental information obtained from site-
directed spin labeling (SDSL) and NMR.

B-factors

The recent X-ray structure provides an initial
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Figure 2. RMS of heavy atoms from the X-ray structure
during the simulation. Note the larger RMS values for
the loops and lower RMS for the helices.

insight into relative motion throughout the
rhodopsin  protein  through  Debye—Waller
B-factors. These assume an isotropic motional
model and may thus be biased for certain
situations (e.g. if there is more motion in the effec-
tive bilayer plane than normal to that plane, then
this type of motional model would not be the best
for comparison of dynamics). Nonetheless, this
comparison is useful, since it provides a rough
guide to the types of motion that might be present
in the crystal cell used for X-ray analysis and the
types of motion that we compute in the lipid
bilayer setting. As can be seen in Figure 2, the
analysis suggests that there is considerable
similarity, in that the loops and termini are more
flexible than the interior helical packing regions.

Retinal binding site

One central mystery for rhodopsin function is
the coupling between local changes in the retinal
due to light activation and the eventual G-protein
amplification mechanisms controlled by G-protein
binding changes in the cytoplasmic regions of the
GPCR rhodopsin. Even though our simulation
time is well short of the full cycle, the molecular
dynamics calculations give some insights into the
nature of this coupling through analysis of the
types of fluctuations seen in the binding site and
the amplification and coupling of those changes
throughout the full protein molecule. For this type
of analysis, we first concentrate on the nature of
the average interaction energies, and then com-
ment on the time dynamics of coupling for retinal
changes with the local protein environment.

Dihedral changes

The action of rhodopsin involves the transition
of the retinal in the 1l-cis state to the all-trans
state. We calculated the dihedral angle for each of
the dihedrals in the retinal. Figure 3 shows the
dihedral angle as a function of time for several of
the retinal dihedrals. The dihedral for the 11-cis
(C11-C12) is flat, indicating no transition. This is
to be expected even for a 40 ns simulation. The
time-scale for the transition without the photon
adsorption is well beyond the simulation time.
However, some of the other dihedrals show tran-
sitions. These transitions demonstrate that the
retinal molecule is not locked within the rhodopsin
such that it cannot move. Furthermore, as these
dihedral transitions affect the retinal structure,
they affect the interactions between the retinal and
the rhodopsin residues. These interactions conse-
quently have many dynamic transitions. We will
highlight some of these transitions particularly
involving hydrogen bonds in Discussion.

Figure 3 shows that frequent transitions occur
for dihedrals about the C>~C* and C*~N16 bonds
of Lys296. These dihedral transitions move the
relatively highly charged N16, C15 and their
hydrogen atoms. These atoms are involved in the
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Figure 3. Dihedral angle as a function of time for both
retinal and nearby side-chains of the protein.

strong interactions with Glull3 in particular (see
Figure 5). In addition, the residues Serl86 and
Thr94 interact with these atoms, but their energetic
transitions (see Figure 6) are more related to their
own dihedral dynamics. The dihedral about C10-
C11 is very noisy, but does not exhibit many com-
plete transitions. For comparison, the dihedrals
not shown in Figure 3 do not exhibit transitions
and are like the C11-C12 dihedral. There are
several short-lived transitions in the dihedral
about C8-C9 in the retinal chain. There are
numerous transitions particularly for t > 20 ns for
the dihedral about C6—C7, which rotates the retinal
ring. The position of the retinal ring is conse-
quently frequently varying for t > 20 ns. We see
that retinal structure is very dynamic, implying
that the interaction state of retinal is also very
dynamic. We thus examined the interaction
energies between the retinal and nearby rhodopsin
residues as a function of time (see below).

The dihedral transitions that occur in nearby
side-chains of the protein near the retinal moiety
are also illustrated in Figure 3. In particular, note
that several transitions occur during the course of
the 40 ns trajectory. We find that the transitions
near 10 ns reflect changes throughout the protein
and possible coupling between the local changes
within the binding cavity and the larger scale con-
formational transitions that could be linked to the
M-II state and G-protein signaling mechanisms.
For example, Serl86 has three main transitions
during the trajectory including one near 10ns.
Glul22 has a series of very rapid transitions separ-
ated by a few, short periods of relatively constant
dihedral value. Thr94 sees a single large transition
near 10ns and a few rapid fluctuations around
30 ns. Lastly, for illustration of those protein side-
chains near where the retinal undergoes confor-
mational changes during the trajectory, Glul81
had four transition periods during the trajectory.
This Figure illustrates the importance of having a
long trajectory, since these relatively rare transition
events may occur only once (e.g. Thr94) during the
trajectory.

Volumetric packing

During the simulation each atom has available to
it a range of motions that are primarily restricted
by the behavior of the neighboring atoms. Thus,
retinal in the binding pocket of rhodopsin is
capable of a set of motions that are determined by
the interplay between the intrinsic degrees of free-
dom of the retinal and the environmental restraints
provided by the protein itself. Since the cavity is
largely protein dominated, there is little role for
water and the range of environmental restraints
expected from the protein is quite different from
what would be expected for retinal in a pure
water environment. By computing the range of
accessible volumes (Voronoi analysis, see
Methods), we compute a set of available spaces
that each atom of the retinal is capable of reaching
in the simulation. Thus, a larger volume means
directly that more motion is possible for that atom
type. While this analysis averages the ensemble
set of motions into a set of equivalent volumes, it
does give an idea of where the largest amount of
thermal motion is available to the retinal atoms. In
other words, it is hard to directly infer from the
size of the cavity the range of forces that lead to
that cavity volume, but the range of cavity
volumes, across the retinal molecule, give an idea
of the range of environmental restraints provided
by the protein.

Figure 4 presents a time-averaged picture of
available volume for each heavy-atom group of
the retinal. The available volume for each atom is
calculated using a Voronoi method and averaged
over time.” Note that the x-axis moves from the
ring atoms (C1 to C6) through the chain atoms (C7
to C16), the methyl groups along the retinal (C17
to C20) and into the main-chain connections (N16
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Figure 4. Volumetric analysis of the packing in the
retinal binding pocket. This reflects a time average
using Voronoi analysis of the average space available to
each chemical group in the cavity.

to N). In this manner of analysis, the largest free
thermal volume is attained by the five methyl
groups. The C18 methyl group has the largest fluc-
tuations in the dynamics of the five groups. These
large values for the methyl groups are not surpris-
ing, since the bond connecting them to the retinal
can have relatively strong rates of transition and
thus the free volume for each reflects the rotations
allowed for the full methyl group. In contrast with
the large value seen for the methyl groups, the C1
atom of the ring is nearly an order of magnitude
smaller in thermal volume. This implies that this
particular heavy atom is much more restricted in
relative motion. Again, this can be rationalized,
since the C1 atom connects both to the ring atoms
(C2 and C6) and to two methyl groups (C17 and
C16). Thus, the largest and smallest thermal
volumes make sense.

Figure 4 also shows that the ring methylene
groups (C2, C3, and C4) have greater thermal
volume available to them than doubly bonded
chain carbon atoms with one hydrogen. This
makes sense as well, since the smaller thermal
volumes for chain heavy atoms are for those car-
bon atoms with methyl groups covalently linked
(C9 and C13 to C19 and C20 respectively). Thus,
the thermal volumes calculated as averages from
the simulation make chemical sense with the size
of the groups appended to the carbon driving
much of the available free volume.

Time-averaged interaction energies

The time-averaged interaction energy E,. of
retinal with the surrounding environment gives
insight into the relative importance of different

residue:retinal interactions for functional isomeri-
zation. In particular, several experimental
groups"®*7® have suggested that particular residues
(e.g. the Schiff base counter-ion Glull3) are more
important than others in the photocycle. In
addition, some residues have been suggested to
contribute to the coupling between local con-
formational change and G-protein signaling
mechanisms. In this regard, NMR work®~** and
the X-ray structure®~*"7"” have highlighted residues
(e.g. Trp265) that may act as switches in the light-
driven conformational change and the connection
of protein conformational change to G-protein
signaling. While the interaction energies do not
directly comment on the possible role of individual
amino acids in the switch mechanism, they do
provide some guidance as to which amino acid
residues are most tightly coupled, energetically, to
the retinal. Thus, a priori, it is expected that a
stronger energetic coupling will imply that changes
in retinal conformation (e.g. driven by a light
event) will lead to changes in the amino acid side-
chain position and conformation. In turn, this may
lead to the changes in large-scale protein confor-
mation. As will be presented in the discussion
below, energetic transitions due to structural
rearrangements are found in our 40 ns simulation.
The structural stability of rhodopsin, particularly
in relation to retinal, involves many strong inter-
actions that act cooperatively. Thus, this analysis
suggests that a single switch mechanism is overly
simplified relative to the complex cooperative
dynamics that are observed in the simulation.

Interaction energies between retinal and the sur-
rounding residues were computed individually
for each surrounding residue interacting with each
of three segments of the retinal moiety: the Lys296
residue (bonded to the retinal), the retinal linear
chain, and the retinal ring. This enables us to com-
ment on which amino acid residues are interacting
with the given regions of the retinal moiety.
Figure 5 shows these interaction energies for each
part with the nearby residues. Note that we
present only those interaction energy terms that
are either strongly favorable (less than —1 kcal/
mol) or strongly unfavorable (more than 1 kcal/
mol). The strong interaction energies are typically
due to Coulomb interactions (some of which are
hydrogen bonds). From the crystal structure,**
there are some expected strong interactions. For
example, the terminal N16 of Lys296 is charged
and close to the Schiff base counter-ion in Glul13.
In addition there is a strong interaction with
Glul81. There is another glutamic acid (Glul22)
close to the retinal ring. Besides these potential
strongly charged interaction sites, there are many
possibilities for hydrogen bonds.

With this breakdown we note that only one
residue, Glul81, has strong interactions with all
three components of the retinal. In this case, it has
strong favorable interactions with the chain and
the ring, and an unfavorable interaction with
Lys296. There is one amino acid, near to the ring,
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and the surrounding amino acid residues. The retinal ring (squares) is

defined as carbon atoms 1, 2, 3, 4, 5, 6, 17, and 18, as well as the associated hydrogen atoms. The retinal chain
(triangles) is defined as carbon atoms 7, 8, 9, 10, 11, 12, 13, 14, 15, 19, and 20 and the associated hydrogen atoms. The
base (circles) consists of the Lys296 atoms to which the retinal is attached: N16, C<, C?°, C, C?, C°, other backbone
atoms (C, N, O) and associated hydrogen atoms. For clarity, only interactions with values greater than 1 kcal/mol or
less than —1 kcal/mol are shown. Error bars represent standard deviations.

Gly188, which has no strong interactions with the
retinal. Given its small size, this amino acid may
still play an important role in allowing particular
interactions and conformational changes, but it is
probably not playing a strong coupling role to the
retinal, due to the lack of observed interaction
energies.

In a more quantitative analysis, we note from
Figure 5 that Glul13 has the most negative average
energy of —51 kcal/mol for interaction with the
retinal chain and has a —32.6 kcal/mol interaction
energy with the main chain of Lys296. In addition,
Glul81 shows the second strongest interaction
energy with —31 kcal/mol to the retinal chain.
Surrounding residues interact with Lys296 mostly
via its N16 atom, and with the retinal chain mostly

via its C15 atom. Both atoms have relatively large
partial charges. Besides the Glu residues, three
residues close to Lys296 interact strongly with it.
Thr297 has an average interaction energy of
—14.8 kcal/mol; Ala295 has E,. = —14.3 kcal/
mol and Phe293 has E,,. = —7.4 kcal/mol. Most
of the time average interaction energies for other
residues are in the range —3 to +3 kcal/mol. Two
other residues have significant attractive E,y. with
Lys296 outside this range. They are Phe9l at
—5.11 kcal/mol and Glul81 at —4.60 kcal/mol.
Residues that interact strongly with the retinal
chain are the following. Cys187 has a high average
energy of —7.5kcal/mol. Ala292 has an average
energy of —6.3kcal/mol and Tyr268 has an
average energy of —3.3 kcal/mol. In the positive
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energy range, only Serl86 with an average energy
of +7.5kcal/mol is outside the most occupied
range of interactions with the retinal chain. The
strongest interactions with the retinal ring are
much weaker than for Lys296 or the retinal tail.
Doubly protonated His211 has the most negative
average energy of —7.6 kcal/mol and Phe212 is
second with —3.0kcal/mol. There are strong
repulsive interactions with the retinal ring, in both
cases with Glu residues. The strongest is Glu122
with an average energy of +9.1 kcal/mol, and for
Glul81 E,ye equals +4.3 kcal /mol.

Time-dependent interaction energies

Changes in interaction energy can provide an
idea of how local conformational changes are
coupled into larger changes throughout the
system. In particular, by looking at the local
changes in interaction energy within the retinal-
binding pocket, we start to see where changes
within this binding pocket might be coupled into
larger changes in the helix motions and helix kink
angle. While it is difficult to separate cause and
effect in a large cooperatively coupled system,
looking for events that are correlated in time does
give some indication of what change might be
related to what other change in the system.

An example of a local interaction energy tran-
sition is seen in Figure 6. Part (a) shows the inter-
action energy between Serl86 and Lys296.
A transition with a large energy difference equal
to —4.7 kcal/mol occurs at t = 9.9 ns. Initially, the
hydroxyl of Ser186 is far from C¢ and N16 of
Lys296. The transition at t=9.9ns is due to a
dihedral rotation in Ser186 (see Figure 3) that
especially brings the O close to the oppositely
charged C¢. The Figure shows that there were
other times in the simulation in which the tran-
sition partially occurred (or reversed). Moreover,
these transitions are mirrored in the interactions of
Ser186 with the retinal chain (Figure 6(b)).

At the same time as the transition at t = 9.9 ns
between Ser186 and both Lys296 and the retinal
chain, Thr94 has a large transition in its interaction
with the retinal chain (Figure 6(c)). Graphical
examination of trajectories shows for earlier times,
the hydroxyl groups in Thr94 and Ser186 form a
hydrogen bond. The energy change indicates the
structural rearrangement in which acceptor oxygen
changes from the oxygen in Ser186 to the oxygen in
Thr94. This brings the Thr94 hydroxyl close to the
charged C15 resulting in a large (5.1 kcal/mol)
drop in the interaction energy. At about t =21 ns
the Ser186-Thr94 H-bond is broken and a large
increase in the energy of the Ser186 occurs, because
its hydroxyl moves away from H16 on the retinal.
The Thr94 hydroxyl does not change position and
its energy remains constant.

The interaction energy for Ala292 with Lys296
(Figure 6(d)) also has a sharp transition in the
vicinity of = 10ns as well as several up/down
transitions of the same magnitude at other times.
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Figure 6. Time series of selected residues’ interactions
with retinal. Interactions are split among Lys296, retinal
chain and retinal ring as defined in Figure 5. The time
series are for (a) Serl86 interaction with the Lys296;
(b) Ser186, (c) Thr94, (d) Ala292 and (e) Glu181 all inter-
acting with the retinal chain. For clarity, the data have
been smoothed using a 50-bin boxcar average, which
removes the high-frequency fluctuations.

The behavior is indicative of a two-state system.
The energy distribution does have two peaks with
energies at —3.2 and — 8.4 kcal/mol. The source of
these strong interactions is the backbone oxygen
of Ala292 interacting primarily with the retinal
hydrogen H15. As pointed out earlier in the discus-
sion of the dihedral dynamics of the retinal chain
(Figure 3), the retinal H15 is affected by dihedral
transitions within retinal. These transitions change
the separation distance between the Ala292 oxygen
and H15, altering the pair’s interaction energy.
The retinal dynamics also strongly influences the
interaction with the Glul181 residue, which has fre-
quent large transitions as shown in Figure 6(e).
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The interaction energy for Glul81 with the retinal
chain ranges widely from —40kcal/mol to
—25 kcal/mol. The fluctuations are large, in part
because of the strong electrostatic character of the
Glul81 interactions. Small changes in distance
between Glul81 and retinal yield large energetic
variations. The interactions are thus very sensitive
to retinal’s and its own dihedral dynamics. The
distribution has a main peak at —31 kcal/mol
with a weak shoulder peak at —36 kcal/mol. One
especially large transition occurs at ¢t = 14.6 ns and
involves a drop in energy of 11 kcal/mol. This cor-
relates with the beginning of a series of dihedral
flips in Glul81 (Figure 3). The dihedral dynamics
correlates well with a two-peak interaction energy,
since the dihedral angle is predominantly 65°, but
spends a minor, but significant fraction of its time
at an angle of 168°.

We have calculated the cross-correlation func-
tions between some of the dihedral angles in
Figure 3 and the interaction energy of the same
residue with retinal in Figure 6. For Thr94 we
obtain a correlation coefficient of —0.925, which
shows that almost all of the changes in interaction
energy for Thr94 are due to its dihedral dynamics.
For Ser186 the correlation coefficient has a smaller,
but still large value of 0.59. This implies that some
of the interactions involve structural transform-
ations other than the dihedral transitions in
Ser186. These transformations could be the
dihedral transitions in the retinal molecule or
nearby side-chains. The correlation coefficient for
Glul81 is —0.14, a low value. This is not surprising,
given that Glu is a charged residue and therefore
has a larger interaction range including the entire
retinal molecule. Not all of the retinal dihedrals
are in sync with the Glul81 dihedral. Thus, not
surprisingly, the correlation coefficient is low.
These three cases show that when the interaction
energy and the structural dynamics are strongly
localized the correlation can be very strong. As the
interaction range increases, the number of struc-
tural transformations within this range that can
occur increases. The time correlation is then likely
to be small as the events become uncorrelated.

Summary of section

In summary, for this sub-section, we have identi-
fied the interactions that exhibit significant
transitions during the simulation. As above for the
time-averaged interaction energies, and the
dynamic transition energies, retinal was split for
analysis into three parts: Lys296, the retinal chain
(C7-C15) and the retinal ring (see Figure 5). There
are a large number of transitions evident from the
time series of these interaction energies. We charac-
terized the structural changes that occur with the
energetic transitions. We then highlighted signifi-
cant interaction sites and the significant transitions
that occur during the simulation. We find corre-
lated dynamics. In particular, there are many
events that occur near t = 10 ns. These events are

connected to the dynamics of whole helices, which
we discuss next.

Large-scale motions

There is evidence from SDSL (cited above and
more in discussion below) that rigid body motion
of helix VI relative to helix III could be part of the
light-activated photocycle. This type of large-scale
rigid body motion is intriguing, at least partly
because it may be a common dynamic motion for
other hepta-helical receptors. Even bacterio-
rhodopsin (not a canonical GPCR) has similar
rigid body motions. Thus, we wanted to examine
our simulation carefully for possible rigid body
motions and also wanted to understand, if
possible, whether any of the observed rigid body
motions could be connected to other changes (e.g.
near the retinal-binding site) of rhodopsin.
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Figure 7. Helix tilt angle as a function of time. The tilt
angle dynamics shows that large-scale conformational
change is present in the 40 ns simulation.
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Changes in helix tilt

Figure 7 shows the tilt angle 6, for some of the
seven transmembrane helices over the 40ns
production run time. The tilt angle calculation
involves a best-fit cylinder to the helix axis and a
calculation of the angle of that cylinder relative to
the bilayer normal for each saved conformation of
the dynamic trajectory. We have split the helices
into sections based on kinks and intrinsic bends.
The legend gives the residue ranges used in the
calculations. Besides the fast fluctuations of a few
degrees, the range between the minimum and
maximum tilt angle is about 15° for each helix. As
expected, this shows that the seven helix trans-
membrane protein is not a rigid object, but a
dynamical one with various dynamical modes.
However, it is expected that the movement
induced by the retinal isomerization would be dis-
tinct from what is seen here and would be a tran-
sition to a different state, with its own
fluctuations, rather than a fluctuation within this
state.

An examination of the tilt angle data in the
vicinity of t = 10 ns shows multiple changes in the
tilt angle beyond simple fluctuations. As Figure 7
shows, helices I, II, V and VII have relatively
sharp changes in their tilt angles at this time.
Helices III and VI exhibit small changes in this
period as well. As noted in the discussion of the
dynamics of residue interaction energies with
retinal, there are several significant transitions that
occur in the vicinity of t = 10 ns. The complexity
of the multiple helix and individual residue inter-
actions makes deciphering the cause-effect relation
intractable. However, the existence of a correlation
is strong and clear.

Changes in helix kink

Changes in helix kink reflect a possible func-
tional role that they may play in rhodopsin protein,
similar to, and perhaps greater than, the important
role of helix tilt in modulating overall protein con-
formation and thus G-protein coupling. Three
helices, II, V and VII, are known to have significant
kinks.**" Figure 8 shows the kink angles 6y as a
function of time for the three helices. The kink
angles fluctuate within the vicinity of the kink
angle found in the X-ray structure. The general
characteristics of each helix’s 8, are that they vary
across a range of about 20° for the 40ns time
period, and that on the picosecond time-scale, fluc-
tuations have about a 10° span. Again we find
some significant events occurring in the t = 8-12ns
range. The kink angle centered at Pro291 in helix VII
has a sharp transition at about t = 11.5ns with a
reverse transition (less sharp) at t = 26 ns. The kink
angle centered at Pro303 in helix VII has narrow
dips in 6, at t =5 and 11.5ns. The kink angle in
helix V has a minimum at about 11.4 ns. There also
is evidence for correlated kink dynamics near
t = 22 ns. The kink angle in helix II rises steadily
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Figure 8. Changes in helix kink angle during the
trajectory. The kinks are centered at the following
residues: H-II (Gly89); H-V (His211); H-VII(a) (Pro291);
and H-VII(b) (Pro303). The lines indicate the kink angle
determined from the X-ray structure.

to a maximum at ¢ = 22 ns and then decreases rela-
tively sharply. This maximum occurs at the same
time the kink angle centered at Pro303 for helix
VII starts a slow decrease. The kink angle data
show there is significant large-scale motion on the
40 ns simulation time-scale and that the motion is
correlated.

Changes in helix precession

In addition to asking about changes in helix tilt
and helix kink, we can address the amount of
precession relative to the bilayer normal that each
helix undergoes during the simulation. If a helix
were rigidly locked into conformation within the
rhodopsin structure, then the helix would see no
changes in helix tilt, kink or precession. We com-
puted fluctuations for the precession angle of each
helix and again find that there is considerable
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motion. The helices had fluctuations of, on average
ten degrees on the picosecond time-scale, and typi-
cally covered ranges of 50 degrees over the course
of the 40 ns simulation. The most nearly perpen-
dicular helix, helix 1V, traversed nearly the entire
range of precession angles.

Hydrogen-bonding networks

We believe that changes in hydrogen-bonding
networks could be important in the isomerization-
driven signaling mechanism. Thus, we provide
some insights into the changes of hydrogen bond-
ing between helices during the simulation. Clearly,
this type of analysis involves a large amount of
data and some arbitrary assumptions about what
constitutes a hydrogen-bonding interaction (the
CHARMM potential does not use an explicit term
for hydrogen bonding). Thus, while the analysis
may produce different results with modified
assumptions, the relative changes in the hydro-
gen-bonding networks should be functionally
relevant and are thus emphasized.

Analysis of the X-ray structure has led several
groups"**7® to suggest that certain interactions
between helices are important for maintaining the
overall structure and may contribute to the
dynamics. In particular, they have identified three
well-defined networks of hydrogen bonds between
helices and an additional fourth possibility. We
analyzed the three well-defined networks. Net-
work I is between helices I to II, II to VII, and I to
VII (Table 1). Network II involves helix II to helix
IIT and helix II to helix IV (Table 2), and network
[T involves helices III, V and VI (Table 3).

We computed time averages and dynamic inter-
action energies for these three networks. Figure 9
shows that hydrogen bond network II has major

Table 1. Hydrogen-bonding network as defined by inter-
actions

Site 1 Site 2 Eave SD

OD1, OD2 of HD21, HD22 of Asn55 —91.96 5.98
Asp83

OD1, OD2 of HGI1 of Ser298 —87.28 6.02
Asp83

OD1, OD2 of HB1, HB2, HB3 of Ala299  —28.18 3.81
Asp83

Of of Ala299 HD21, HD22 of Asn55 —1220 124

OET1 of GIn64 HG21, HG22, HG23 of —11.99 322

Thr320

OD1 of Asn55 HB1, HB2, HB3 of Ala80 —10.65 1.81

OD1 of Asn55 HB1, HB2, HB3 of Ala299 —455 077

OD1, OD2 of HN of Val300 —18.96 1.42
Asp83

Tyr43" Phe293* 42.07 3.13

Tyr43”" Phe294* 4254 311

Hydrogen-bonding network I involves interactions between
helices (LII), (L VI), (ILVI) and some (I,VII). Site 1 and 2
denotes the interaction pairs which can be hydrogen bond
acceptor/donor pairs, ring:ring cation pi interactions and salt-
bridge ion pairs. The default interaction is a hydrogen bond;
ring interactions are denoted by : ; backbone interactions by .
The site:site interaction energy average (E,.) and standard
deviation (SD) are given.

Table 2. Hydrogen-bonding network number II is
defined by interactions between the helices (ILIIL),
(I0,IV) and (II,IV)

Site 1 Site 2 Eave SD

OE1, OE2 of HG1 of Thr94 —87.57 2724
Glul13

OG of Ser127 HD21, HD22 of Asn78 —4235 914

OG1 of Thr160 HD21, HD22 of Asn78 —39.13 10.29

OD1 of Asn78 HE1 of Trplé6l —3223 461

OE1, OE2 of HG21, HG22, HG23 of —20.66 3.04
Glul13 Thr94

OEl, OE2 of HB of Thr94 —11.01 1.84
Glul13

O" of Phel59 HD21, HD22 of Asn78 —-7.02 155

Trp126* Met163 61.13 393

The default interaction is a hydrogen bond; ring interactions
are denoted by * ; backbone interactions by . The site:site inter-
action energy average (Eav) and standard deviation (SD) are
given.

energetic transitions at two points in the trajectory.
The first major transition is near 10 ns and reflects
an increase in the attractive interaction energy
from about —100 kcal/mol to about — 150 kcal/
mol. As we discuss later for Figure 13 this is largely
an effect of a change in interaction between Glu113
and Thr94. A second transition and then transition
back again occurs near t =20ns. In contrast, the
hydrogen bond networks I and III showed
relatively constant time evolutions with no major
transitions like that seen in the second network.

Lipid and water interactions

There has been discussion in the literature of the
possible role of boundary lipids in membrane
protein function. The original definition involved
a relatively long time-scale for lipid exchange, and
is thus clearly not a reasonable way to determine
which lipids are boundary lipids for relatively
short molecular dynamics calculations. Still, we
expect that a boundary lipid can be defined, at
least partially, as a lipid that has much higher
energetic interactions with the protein than with
the other lipids. This definition naturally leads to
questions about the details of the interactions
between the lipids and the protein. Can we start
to rationalize the finding that rhodopsin function

Table 3. The hydrogen-bonding network III is defined by
interactions between the helices (III,VI), (II,V) and (V,VI)

Site 1 Site 2 Eqve SD

Glu247 Argl35 —216.42 10.21

Thr251 (side Argl35 —171.55 4.54
chain)

Glul134 Argl35 —157.92 9.62

OE1, OE2 of HD1, HE1, HD2 of —125.89 5.98
Glul22 His211

OE1, OE2 of HD1, HE1, HZ2 of —81.51 8.85
Glu122 Trpl126

Trp126* His211* 55.23 3.58

Ring interactions are denoted by .
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Figure 9. Changes in the total energy within the
hydrogen bonding network II. Smaller fluctuations were
observed in the first and third hydrogen bonding
networks.

depends on lipid type? To examine this issue, in
Figure 12 we present histograms of lipid inter-
action energies.

The role of the water and water/lipid transition
region in membrane protein function will also be
important. We expect that the conformations of
the loop, and N and C-terminal tails will be critical
for G-protein coupling and will be strongly
influenced by their interactions with water. Thus
an analysis of the energetic interactions of water
with various regions of the protein gives some
indications of those regions that are more defined
by solution (water) interactions than by membrane
(lipid) interactions.

Changes in solvent-accessible area

Consideration of the water and lipid-accessible
surface areas for each helix and loop region pro-
vides further insight into the role of the solvent.
By comparing in Table 4 the amount of water-
exposed area on each helix, we note that some
helices (e.g. helix VII) have little water-exposed
surface area, while others (e.g. helices II and III)
have a factor of nearly 10 more water-exposed sur-
face area. Similar differences are observed for the
lipid-exposed regions. As will be discussed later,
we find a transition in solvent-accessible area
during the calculation. This could be important
for function, since the G-protein coupling may
involve changes in water-accessible regions and
binding of G-protein to rhodopsin will clearly be
dictated by relative accessibility.

Solvent interaction energies

Treating each helix as a separate interaction
motif, we computed histograms of the interaction

Table 4. Accessible surface areas (A2)

Lipid Water
Helix I 1356 + 69 44 £ 22
Helix II 439 + 44 139 + 26
Helix III 331 =34 151 + 43
Helix IV 840 = 45 210 = 40
Helix V 931 * 56 43 + 19
Helix VI 642 = 49 132 + 45
Helix VII 583 = 31 19 =13
Helix VIII 247 *+ 49 157 £ 78
N-terminal 45 1966 + 73
C-I'loop 17+ 8 351 + 57
E-I loop 107 = 30 88 =33
C-1II loop 108 = 39 688 + 70
E-1I loop 60 + 26 649 + 63
C-III loop 113 = 35 1473 + 136
E-IIT loop 6+6 318 = 54
C-terminal 22 £ 18 1963 = 221

energy between the helix and all of the water, all
the lipids or the remaining protein. The results are
given in Table 5. In each case, the net
protein interaction was stronger than that from
the lipid. Interestingly, the interaction with
water was stronger than that for protein for some
conformations of helix IV during the simulation.
Otherwise, for the remaining helices, the inter-
action from water to helix was less than that for
helix to protein interaction. As we compare the
range of helix to water and helix to lipid

Table 5. Interaction energies for each helix with its
surroundings

Energy (kcal/mol)

Self Protein Lipid Water Total

Helix I Average 429 —270 —-154 -6l —55
Stdev 17 20 18 17 21
Max 493 -219 —105 -6 10
Min 372 —345 —208 —120 —123
Helix II Average 369 —-375 —141 -—137 —284
Stdev 18 23 25 30 23
Max 431 —301 —64 —-55  —200
Min 304  —450 —222 —244 349
Helix Il Average 243 —639 —-52 —196 —644
Stdev 18 37 9 30 27
Max 307  —506 -18 —-111 -513
Min 158 —726 -89 314 725
Helix IV Average 456 -211 —-154 —-252 -—16l1
Stdev 19 32 26 42 26
Max 523 —110 -71  -103 —55
Min 400  —-307 —246 —387 —252
Helix V Average 486 —-304 -—146 -—-170 —134
Stdev 18 15 23 30 23
Max 547  —256 —82 —72 —55
Min 423 —368  —227 —257 —206
Helix VI Average 430 —430 —188 —209 —397
Stdev 25 50 40 62 31
Max 501 —279 —65 -75 —264
Min 332 —545 —270 —434 —492
Helix VII  Average 542 —454 —74 —54 —40
Stdev 19 14 17 14 19
Max 608  —403 —34 -9 44
Min 489  —-508 —112 —-93 —102
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interactions, we note that helix I had much
stronger lipid than water interactions, some helices
(IILIV) had stronger water than lipid and some
helices (II,V,VLVII) had nearly equal interactions.
Furthermore, the fluctuations in the interaction
distributions varied enormously from one helix to
another, suggesting a dynamic range of contri-
butions from the environment. For example, helix
VII has a narrow and small contribution from both
lipid and water. Helix III has a narrow range of
lipid interactions energies, but a broad range
(centered on —200 kcal/mol) of water interaction
energies.

We can get additional insight into the important
role of the environment by consideration of
selected individual residue interaction energies
with the environment. We examined residues that
are believed to also have some role in the overall
rhodopsin function and not simply those most
water or lipid-exposed. The amino acid residues
with strongest interaction with water are those in
the N-terminal, cytoplasmic, extracellular or loop
regions. For example, the glutamine residues 5, 25,
and 33 in the N-terminal region have large electro-
static interactions (—165, — 133, — 149 kcal/mol
on average). In addition, we observe a set of
amino acid residues that have strong interactions
with the lipid setting. An example is Trp161 with
a strong van der Waals (vdW) interaction of —7.2
and Glu201 with an electrostatic interaction of
—30.3 kcal/mol. The Glu201 is at the lipid—water
interface as one would expect for a strong electro-
static interaction. Lastly, we see particular amino
acid residues with especially strong energetic
coupling to the rest of the protein. An example of
this is Argl35, with —270.7 kcal/mol of electro-
static interaction energy to the protein.

An example of the connection of accessible area
and energetics to structure is seen in the C-terminal
loop dynamics. Visualization of the C-terminal
loop trajectory shows part of the loop appears to
bind to helix VIII. Residues 336 to 339 begin to
align parallel with helix VIII at t=14ns and
achieve a steady-state structure by ¢t =19 ns. The
interaction energies and the water/lipid-accessible
areas for the C-terminal loop change as the
structural transformation occurs. Figure 10 shows
the energies of the C terminus interacting with the
water, lipid, and protein as a function of time. The
water energy is the strongest interaction of the
three and is attractive. The protein interaction
energy is net positive, implying a net repulsion.
The mean water interaction increases by about
200 kcal/mol from start to finish. Figure 11 shows
that the mean water-accessible area decreases
steadily from 2500 A*> to about 1700 A> Thus,
much of the decrease in water interaction energy
is due to the depletion of the water around the C
terminus and in particular between the C terminus
and helix VIIL. This is consistent with the binding
of part of the C terminus to helix VIII, and the con-
comitant expelling of intermediate water.

There are more subtle details. Initially, the water

interaction energy is undergoing a cyclic behavior
with a 6 ns period (see Figure 10). The kink angle
in helix VII (about Pro303), which is next to the
C-terminal loop, also undergoes a 6 ns periodic
motion in the same time-period (see Figure 8). The
end of the third cycle would be at 18 ns, by which
time the loop has structurally changed and the
water interaction changes too. Thus, we have the
kink angle dynamics of helix VII correlated
with water interaction energy dynamics of the
C-terminal loop, which is restructuring and bind-
ing to helix VIII. (Helix VIII connects helix VII and
the C-terminal loop.) As we would expect, this
example shows that large-scale motion such as
helix motion is correlated with the motion and
energetic dynamics of neighboring large-scale
structures (helices, loops, or tails).

The restructuring of the C-terminal loop is also
seen in the interaction energies with the lipids and
protein. As the water interaction increases,
Figure 10 shows the protein interaction decreases
by about 150 kcal/mol. A more favorable inter-
action has been made as the loop binds to helix
VIII. The interaction with the protein is net nega-
tive at t =13 ns when the residues 337-339 are
being pulled toward helix VIII. There is a long
steady decrease in the protein interaction energy
for t>20ns. This correlates with increase in
water interaction energy and the decrease in lipid
interaction energy. At about t =19 ns a transition
appears in the lipid interaction energy. Once the
C-terminal loop has formed its new configuration,
the lipids appear to reorganize, minimizing their
interaction energy. The lipid-accessible area
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Figure 10. Interaction energy as a function of time for
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Figure 11. Changes in solvent-accessible surface area
during the simulation for the C-terminal domain and
the cytoplasmic loops: C-I, C-1I, and C-IIL

increases during the run with a large transition at
t =20 ns coinciding with the energetic change in
Figure 10.

We finally note that the C-1II loop also shows sig-
nificant motion, as one might expect for such a
long loop. Initially, the loop is bent back down on
the outside of the protein, but within 6 ns it moves
to being bent away from the protein into the cyto-
sol. The interaction energies with the water, lipid
and protein are not as dramatic as for the C-term-
inal loop, but there is a noticeable drop in the
water interaction energy of about 150 kcal/mol
occurring in the first 10ns when the loop is
changing its orientation. The protein interaction
energy has a maximum at about #=10ns.
Figure 11 shows that the water-accessible area
increases in the first 6 ns when the loop is extend-
ing into the water.

Discussion

The current molecular dynamics calculations
provide initial insights into the coupling between
local changes in the retinal-binding pocket and
larger conformational changes in the whole pro-
tein. These larger changes, in turn, should connect
into the G-proteins that underlie signal amplifica-
tion and transduction in this system. Though we
do not explicitly analyze the simulations for com-
parison to other GPCRs, some features may well
be common among the rhodopsin system and
other GPCRs.

One key finding from the results should be
emphasized at this point. That is, much of the
rhodopsin literature is filled with site-directed
mutations and single pathway schemes that
strongly imply that a particular amino acid or a
particular defined sequence of events is the under-
lying key for light-activation of rhodopsin. The
current simulations suggest that no single amino-
acid dominated view is going to capture the coop-
erative nature of interactions and transitions
within the system. In other words, the collective
nature of the motions leads to a stabilization of
the dark-adapted state and to a focused ability of
the current system to eventually respond to the
light activation. We do not explicitly simulate the
light-dependent changes and the activation of
the G-proteins, but the process of fluctuations in
the dark-adapted state are part of the pathway
to the light-adapted state. Eventually, this leads
through collective motions in response to a light
activation, to a functional change.

Further emphasizing this finding of our
simulation exploring collective behavior near the
dark-adapted state is that we do not see an 11-cis
isomerization within the simulation. This is con-
sistent with evolutionary pressure to produce a
system that responds in exquisite detail to the
presence of the light event. That is, we do not
expect that the fluctuations within the dark-
adapted state will be strong enough energetically
to produce a high likelihood of a transition into
the light-adapted state. The fact that we do see
local transitions that couple into large-scale helix
transitions is demonstrative of the types of
coupling from a local light adapted change to a
larger G-protein signaling that we expect in the
full photocycle.

Certainly there is a great wealth of molecular
information in the simulations and we cannot
present, or even analyze, all possible events. To
frame our discussion of the results presented
above we have elected to pursue four themes in
more detail: (1) the importance of hydrogen
bonding and salt-bridge networks; (2) the
possible role of lipids in modulating functional
behavior; (3) the large changes seen in the cyto-
plasmic loops and C-terminal region; and (4) the
possible coupling of local structural changes to
larger scale changes in the protein as seen from
this simulation.
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Importance of interaction networks

We analyzed both the local hydrogen-bonding
network surrounding the retinal and the network
of interactions between helices and between helices
and the solvent. At each stage we see some net-
works that remain strongly coupled throughout
the simulation (e.g. hydrogen-bonding network I)
and others that dynamically evolve during the
trajectory (e.g. hydrogen-bonding network II). As
we have already emphasized, the second
hydrogen-bonding network (between helices II
and III, helices III and IV and II and IV) showed a
major transition to a lower energy form (roughly
—40 kcal /mol moving to — 100 kcal /mol). A major
part of this transition was a change in the strength
of the hydrogen bond between the oxygen atoms
of the Glull3 side-chain (OE1, OE2) and the HG1
of the Thr94 side-chain (the hydroxyl hydrogen).
This type of change appears to have been initiated
by a change in the local orientation of side-chains
around the retinal group that then led to the large
change in the hydrogen-bonding network (see
Figure 13). As noted in the discussion of tilt angle
dynamics, several of the helical sections undergo
large changes in tilt angle at this time. Figure 13
shows a blow-up of the increase in the tilt angle of
helix I from 33° to 45° within a nanosecond of
t=10ns. These results further emphasize the
cooperative nature of fluctuations and thus
dynamics in this system (Table 6).

In addition to hydrogen bonds, salt-bridges are
important to interaction networks. The crystal
structure®?® suggested a strong salt-bridge
between residues Glul34 and Argl35, and this
was also emphasized in review articles." We com-
puted the interaction energy between this salt-
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Figure 12. Histograms of interaction energies for indi-
vidual lipid molecules. Shown are the distributions of
lipid self-energies as well as interaction energies between
individual lipids and the other lipids, water, protein, and
the total interaction energy. This suggests the important
role of solvent for the system.

bridge and the alternative salt-bridge between
Glu247 and Argl35. This latter salt-bridge has
been suggested as part of the transition into the
M-II state." We find that the Glu247 to Argl35 salt-
bridge is much stronger (a factor of roughly 2)
than the first bridge. However, both salt-bridges
are present energetically throughout the
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Figure 13. Local changes around the retinal binding
pocket can lead to larger changes via coupled changes
in the local binding interactions, changes in the hydro-
gen-bonding network and then to changes in helix tilt.
This Figure shows changes in three dihedral angles of
side-chains near the retinal, and the change in interaction
energy of the Glull3 interaction with Thr94 (part of the
second hydrogen-bonding network). The large change
in the tilt angle of helix I is one example of a large-scale
motion.
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Table 6. Energy (kcal /mol) in hydrogen-bonding networks

Network I Network II Network IIT
Ave —134.85 —126.15 —298.18
Min —163.76 —-178.14 —337.53
Max —101.36 —38.89 —241.20
Stdev 9.49 26.99 13.07

dark-adapted rhodopsin simulation. This suggests
that the electrostatic coupling in the system is
strongly present throughout the protein and that
changes in the relative balance of electrostatics
may be more revealing than arguments of an all
or none nature (i.e. suggesting that a salt-bridge is
fully present or fully absent).

Possible effects of lipids

Both lipid and water play a role in coupling the
protein motion and the degree of relative strengths
of residue:residue and residue:retinal interactions.
We would not expect the same type of dynamics
to be observed in a different type of bilayer or in a
bilayer mimic. Thus, the solvent (meaning both
water and lipid) plays an important role in modu-
lating the types and strengths of interactions that
are present in the simulation. The surface tension
may have an important effect on the ability of
rhodopsin to change conformation and for
coupling to occur between G-proteins and the
rhodopsin protein. This idea of a coupling between
the mesoscopic properties of the lipid bilayer and
the transition from dark-adapted to M-II rhodopsin
has been tested by the Brown group.”"” The
initial results from our simulation do not directly
comment on the mixed lipid systems that Brown
et al.”~? used, but we do find intriguing the types
of specific interactions as seen in Figure 12. In par-
ticular, a mechanism related to surface tension
effects is specific lipid:protein interactions being
important in defining the energetic barriers to tran-
sition. This is also consistent with experiments.**!

As emphasized in Results, we observed a wide
range of helix coupling to the lipid environment.
Some of these results are presented in Table 5.
These varied from the relatively weak coupling of
helix III to the much stronger, and more broadly
distributed coupling of helix VI. These two helices
are especially intriguing due to suggestions that
rigid body motion of these two helices (and/or
helix IV) could underlie the M-II transition. Helix
VI has been especially strongly singled out as a
candidate for rigid body motion. Since simulations
show that the coupling to lipid is so broad, this
suggests that changes in lipid type (and/or surface
tension) could have a broader effect on the M-II
transition due to coupling with helix VI than with
any other helix. In other words, the distribution of
helix:lipid interaction energies is consistent with
the experimental observation of a lipid dependence
to the M-II transition that is coupled through the
types of energetic fluctuations possible between
helix VI and the environment.

It is also interesting to note that helix VII (contain-
ing the retinal) has a bifurcated distribution for the
helix:lipid interaction with maxima at about —60
and —90 kcal/mol. This suggests a type of meta-
stable arrangement to the helix:lipid interactions
that could also be important for the M-II transition.

In a similar way to the lipid:helix interaction
energies, it is interesting to note that the helix:
water interactions show a similar trend; helix VI
has the widest distribution of possible energetic
interactions. In particular, in some time periods
helix VI has the strongest conformational coupling
to the water and in other periods it is the third
weakest helix for coupling to the water. If the
degree of water coupling is varied through lipid
type and or through lipid surface tension, then
this also could be an important mechanism for the
environmental regulation of the M-II transition.

Motions in C-terminal and cytoplasmic loops

Site-directed, spin-labelling (SDSL) and NMR
have both suggested that the C-terminal region is
highly mobile on the nanosecond time-scale.”**>*
Our simulations confirm this suggestion and
further suggest the C-terminal region could
undergo large changes in conformational environ-
ment that could be important for preparing an
effective binding site for the G-protein interaction.
This is also consistent with mutagenesis results.”***

A recent review by Klein-Seetharaman® brings
together many aspects of SDSL and NMR analysis
for comparison to the X-ray structure. In particular,
several SDSL studies have shown large mobility in
the C-terminal domain.**”' Likewise the cytoplasmic
loop between helices V and VI has been studied®
and similar conclusions drawn about the mobility.
The involvement of the C-II and C-III loops in
G-protein binding was shown by Acharya et al.*’

The coupling between rigid body motions of the
helices and the C-terminal and loop regions is
another aspect of the trajectory that we find
intriguing. While it is difficult to precisely deter-
mine the cause and effect for the large changes in
lipid and water-accessible surface areas during the
simulation, it is reasonable to suggest that the
changes in solvent accessibility are driven by the
same rigid body motions of the helices that were
first initiated by the local changes in the retinal
binding pocket. That is, the changes in accessibility
first start to occur at about ¢ = 10 ns. Then as time
progresses the changes become more dramatic until
about t = 20 ns. Beyond then the lipid accessibility
remains relatively constant, while the water accessi-
bility changes only moderately. This is intriguing,
because it suggests that changes in the helix tilt
(rigid body motion) could drive changes in the local
environment of the C-terminal and C-III regions.
Since these regions are clearly coupled to G-protein
signaling, it then is reasonable to suppose that the
fluctuations seen in the trajectory that triggered the
transition near 10ns are similar to the types of
changes that occur with cis—trans isomerization and
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the M-II signaling transition that activates G-pro-
teins. While the G-protein signaling and activation
are clearly not part of the current model, these large
changes in conformation of cytoplasmic domains
that are initiated by changes in other parts of the pro-
tein system are very intriguing.

Coupling local changes to larger
conformational changes

The results suggest a set of pathways that
together couple the local changes in the retinal
environment with larger conformational changes.
This is neither the steric switch suggested by
NMR experiments nor the local-and-independent-
domains view of protein motion. Instead, what the
simulations appear to suggest is that the confor-
mations visited are a reflection of relatively tight
coupling between multiple regions of the protein
(not independent units) and of a range of coupling
interactions (i.e. not a single residue that is rigidly
moved by a change in the retinal conformation).
Another way of phrasing this is that there is a
range of motion types and amplitudes throughout
the simulation and that coupling occurs both
through direct residue:residue and residue:solvent
interactions as well as through indirect hydrogen-
bonding networks such as we see in the second
hydrogen-bonding network.

Relatively recent work with chromophore cross-
linking®* suggests a model where isomerization
leads to changes in helix IV and helix VI with the
retinal coming close to Alal69 in the Meta II state.
There are several intriguing implications from the
simulations. First, the least strongly interacting
helix with other parts of the protein is helix IV.
The distribution is bimodal with a second lower
peak from about —150kcal/mol of interaction
energy. This may reflect that this helix, the shortest
and most nearly vertical, is capable of performing
the type of motion suggested in the model. Second,
helix VI has a long-tailed distribution from a strong
interaction energy towards a much weaker inter-
action with the rest of the protein. The energy
varies from a distribution peak at —450 kcal/mol
to a set of weaker interactions around —300 kcal/
mol. This distribution is the widest of all the
seven helices. It suggests that fluctuations in the
helix interaction energy, coupled with the light-
driven isomerization change could drive large
helix motions, such as suggested in the cited
model. Other experimental work®* is also con-
sistent with the thought of rigid body helix
motions for the transition to the M-II state.

It is interesting to speculate on the possible
structural changes that might underlie the M-II
transition from our calculations. The results are
consistent with an opening of the cytoplasmic
domain and with rigid body motion of the helices.
This is especially true for helix VI, where we see
broad interaction distributions and evidence of a
different class of mobility relative to the other
helices. It is possible that the M-II transition

involves changes in the cytoplasmic accessibility,
and in the tilt of helix IV, as well as in the tilt of
helix III, the most tightly coupled of the helices.
Recent work from the Yeagle group” is also con-
sistent with these ideas.

A further point of comparison is with the large
number of other class A GPCRs. It appears that
many of the most conserved residues in these
primary sequences have important roles in
rhodopsin function. Furthermore, the details of
coupling to G-proteins through changes in the
cytoplasmic loops and C-terminal region seem to
be conserved.”"* It will be interesting to see if the
regions from the extracellular loops interacting
with the retinal chromophore will also be involved
with transitions and binding in other GPCRs.>***

Conclusions

This is an exciting time for those interested in
GPCRs and G-protein mediated signaling systems.
The recent X-ray structure of bovine rhodopsin
and the large amount of primary sequence infor-
mation suggests that we may soon be able to
understand the molecular events that drive signal
recognition and signal amplification at a molecular
level. The current simulations should be viewed as
an initial step towards the fuller connection of mol-
ecular structures with molecular function through
a detailed understanding of the range of motions
that are available to the system. While we do not
claim to have understood the full details of light-
driven isomerization and the coupling of that
motion change to eventual signaling and amplifica-
tion, the simulations do provide an initial view of
the types of conformations available to dark-
adapted rhodopsin within a lipid bilayer setting.
We feel that the calculations elucidate the possible
types of coupling seen between local and large-
scale protein change that may be important for the
light-driven coupling underlying visual function.

Methods

We aimed to examine the effects of the lipid environ-
ment on rhodopsin structure and motion and thus built,
from the start, a system to include all-hydrogen, all-
atom representations of protein, lipid, and water. For
this, it was important to use a consistent force-field that
balanced the energies between each of these types of
molecules. We elected to work with the CHARMM all-
hydrogen force-field (version 22 for protein and version
27 for lipids, both released in August of 1999)'%'° and
used the parameters defined for retinal within the
CHARMM force-field."” Furthermore, we designed a
system that included at least two lipid molecules sur-
rounding the protein in the planar xy-directions. Periodic
images were used in the z-dimension to represent a
multilayer system such as studied experimentally by
NMR methods.”” The total system size (41,623 atoms)
consisted of protein, 99 DOPC lipids, 100 mM salt con-
centration (14 sodium, 16 chloride), palmitoylated lipids
attached to Cys322 and 323, and 7441 TIP3 water
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molecules. All calculations started from the first X-ray
structure of rhodopsin (1F88).* The CHARMM program
was used for the initial construction of the starting point
and for the relaxation of the system to a production-
ready stage. A modified version of the LAMMPS'® code
using the CHARMM force-field was verified to produce
exactly the same energies as the CHARMM code for the
initial conformation. Production then occurred at Sandia
National Labs taking full advantage of the parallel com-
putation environment provided by the code and the
machines. For comparison, a 1ps simulation takes
312 minutes on the Beowulf cluster at Hopkins using
four processors and takes just 2.1 minutes on the Cplant
computer at Sandia using 84 processors, or a factor of
150 faster.

Starting conformation

At the time the simulations were started (August
2000), the only available structure was the 2.8 A 1F88
structure of the original Science paper.” Near the end of
the simulation time a second structure (1HZX) with simi-
lar resolution (2.8 A), but an improved R-factor was
available from the Rutgers Protein Data Bank.*> Even
more recently, a slightly higher resolution (2.6 A) struc-
ture became available (1IL9H).* A visual comparison of
these structures shows that many of the features of the
initial 1F88 structure remain in the other two structures.
The changes are more significant with the later (1L9H)
structure, where more water molecules are resolved.*®
While we cannot evaluate the effect of the structural
changes in starting point on our calculations, we expect
that many, if not all, of the general trends reported in
this calculation are not strongly dependent on the
possible alternative starting points. In the X-ray structure
of rhodopsin (1F88) a few regions were not well defined.
In particular, we used the CHARMM code to build in the
regions of the third cytoplasmic loop (236-239) and the
C-terminal tail (328-333) for the starting point of
the simulation. In addition, considerable time was spent
estimating possible charge states for side-chains in the
structure. All solvent-exposed titratable groups were
selected in their default ionization state. Less immedi-
ately clear is the region surrounding the binding site.
Through our initial calculations, we believe that His211,
near the binding site should be doubly protonated (+1).
This reflects the arrangement of other atoms in the bind-
ing site of the 1F88 structure. Similar to a study of
rhodopsin in a bilayer mimetic environment, we find
that Glu181 is most likely charged.** Our charge assign-
ments are at least reasonable, judged by the stability of
the structure during the simulation.

Building the lipid bilayer around the protein

The X-ray structure does not reveal where the lipid
bilayer is best placed, nor does it reveal the details of
interaction between a lipid bilayer and the protein mol-
ecule. We used a method that has been applied in the
past to gramicidin and alpha helical systems with
success.'™ 1% Two ingredients are needed for our
method to achieve success. The first is a decision as to
the appropriate cell dimensions for the system that we
will simulate. This requires a trade-off between the
ideals of a very large system that is run for a very long
time and the realities of a limited amount of CPU time
that scales (roughly) with the square of the number of
atoms. We elected to choose a unit cell that has approxi-

mately two layers of lipids surrounding the central
protein. This is not an infinitely dilute system where the
lipid will reach a bulk (lipid) limit, but at more than
40,000 atoms total, this reflects the largest system that
we felt could be built and run with reasonable efficiency.
Furthermore, there are arguments that this type of
system is that studied experimentally under the concen-
trations of protein and lipid usually used.'” A second
assumption is the appropriate algorithm for the
dynamics. Ideally, a constant normal pressure and con-
stant surface tension approach would be used that
adjusts the cell dimensions throughout the simulation to
match experimental values. Unfortunately, current
molecular dynamics practice has not converged on
appropriate methods for constant surface tension or
defined the appropriate value for the surface tension in
such a simulation. We thus elected to perform the calcu-
lation using a constant cross-sectional area with constant
normal pressure. This means that the effective (time-
averaged) surface tension is determined by the choice of
our lateral cell dimensions. Thus, a second ingredient is
the optimal choice of cross-sectional area for lipid and
rhodopsin molecules. We elected to use the values
collected in a recent review of the lipid experimental
area (for pure lipid systems)'® and to estimate the
cross-sectional area of rhodopsin using the CHARMM
program. This led to a value of 722 A> per DOPC
molecule and lateral cell dimensions of 55 A by 77 A for
the total unit cell. Given this starting point, the approach
continues with an assumption that the experimentally
measured thickness of a DOPC bilayer is near to that
adopted for matching to the rhodopsin system. Since
experimental work has shown functional activity of
rhodopsin in a pure DOPC system, this initial assump-
tion seems reasonable. Then a series of vdW spheres are
defined with a rough size near the polar headgroup
dimensions of a DOPC. The spheres are placed within
the unit cell dimensions of our simulation and are
restricted to a planar motion regime. Dynamics is run
with the rhodopsin protein fixed and the vdW spheres
then adjusting throughout the simulation to pack well
within the confines of the rhodopsin protein and the
images. After the vdW spheres have defined starting
points for lipid headgroups, the lipid bilayer is con-
structed with sampling of lipid conformations from a
pre-defined lipid library containing states representative
of the liquid crystalline state. We randomly select lipids
from the library and place them with headgroup at the
center of a vdW sphere. This creates a starting point
with chains, on average, containing the appropriate
ratio of gauche to trans conformations. It also creates a
system with a large number of clashes between the
alkane chains. To remove this strain on the system, a
series of minimizations is then run to slowly relax the
alkane chains to a better starting point. After this stage
the water is added into the system and the solvent
(water and lipid) is then relaxed through a series of mini-
mization and dynamics calculations. In addition to the
construction of water and lipid for the system, we
elected to add neutralizing salt and excess salt to provide
an electrically neutral system that was similar to exper-
imental work for a salt concentration of 100 mM. In
addition, after initial equilibration, we converted one
DOPC molecule into the two fatty acids covalently
linked to the protein through Cys322 and Cys323.'”
Note that a recent molecular dynamics simulation of
rhodopsin used a bilayer mimetic rather than explicit
lipid as performed here.**
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Relaxation to equilibrium state

Starting from a system with lipid molecules, water,
salt, and palmitylated protein, we wanted to slowly
relax the solvent (lipid and water) to the optimal state,
consistent with the X-ray structure of the protein. Clearly
there are a number of ways to do this and we describe
our approach for this simulation. First we wanted to
relax the protein only slowly, so as to let all other degrees
of freedom adjust as much as possible before the protein
started to move. Towards this end we started with the
protein fixed and ran dynamics cycles with electrostatic
cutoffs (12 A) and constant temperature (Nose—Hoover)
to relax the solvent. This was performed for 50 ps of
dynamics. Then we performed a series of relaxation
steps on the system with the protein harmonically
restrained to values near to the X-ray starting point. For
this step we started at 100 kcal/mol A*> and stepped
down in steps of 10 kcal/mol A? till the value 50 kcal/
mol A was achieved This allowed for small adjustments
to the protein position to further optimize the solvent
starting point. The system was then shifted to constant
temperature and pressure with Ewald electrostatics (real
space cutoff of 12 A, sixth order with kappa of 0.320).
We started with harmonic restraints on the backbone of
100 kcal/mol A%, for 20ps, then 50 kcal/mol A> for
20 ps, 25 kcal/mol A for 20 ps, 5 kcal/mol A for 10 ps,
2.5 kcal/mol A*> for 50 ps, 1.0 kcal/mol A*> for 50 ps,
0.5 kcal/mol A? for 50 ps, and 0.1 kcal/mol A? for 50 ps.
For these calculations, Nose—Hoover heat-bath coupling
was used for constant temperature at 307 K and when
used, the pressure was coupled to 1 atm. An additional
250 ps was performed with no restraints on the protein
before production ensued.

Production run and analysis

Initial production was performed with CHARMM on
a Beowulf cluster. Performance on the 41,623 atom
system was reasonable, but not outstanding. Final pro-
duction was performed at Sandia National Labs using
LAMMPS on a CPlant computer''® and the performance
was roughly two orders of magnitude better. At peak
performance (100 processors), throughput of 1ns/day
was achieved. Analysis was performed in CHARMM
using the abilities to interrogate trajectories and/or sets
of coordinate files.

Surface area and Voronoi analysis

The accessible area is calculated by use of the
CHARMM program where a probe radius is assigned
for either a lipid molecule or a water molecule of those
regions of the protein that are accessible to a particular
type of environmental (solvent) molecule. Voronoi analysis
used the C-program routines of Gerstein.”” In this analysis
the hydrogen atoms are ignored and the full effective
volume due to the heavy atoms is calculated.
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