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Abstract G-protein coupled receptors (GPCRs) are a
protein family of outstanding pharmaceutical interest.
GPCR homology models, based on the crystal structure
of bovine rhodopsin, have been shown to be valuable
tools in the drug-design process. The initial model is
often refined by molecular dynamics (MD) simulations,
a procedure that has been recently discussed contro-
versially. We therefore analyzed MD simulations of
bovine rhodopsin in order to identify contacts that could
serve as constraints in the simulation of homology
models. Additionally, the effect of an N-terminal trun-
cation, the nature of the membrane mimic, the influence
of varying protonation states of buried residues and the
importance of internal water molecules was analyzed.
All simulations were carried out using the program-
package GROMACS. While N-terminal truncation
negatively influenced the overall protein stability, a
stable simulation was possible in both solvent environ-
ments. As regards the protonation state of titratable
sites, the experimental data could be reproduced by the
program UHBD (University of Houston Brownian
Dynamics), suggesting its application for studying
homology models of GPCRs. A high flexibility was
observed for internal water molecules at some sites. Fi-
nally, interhelical hydrogen-bonding interactions could
be derived, which can now serve as constraints in the
simulations of GPCR homology models.
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Introduction

G-protein coupled receptors (GPCRs) are a protein
family of outstanding pharmaceutical interest and
comprise important members such as dopamine, sero-
tonin, muscarinic, histamine or opiate receptors, just to
name some examples. More than half of the therapeu-
tically used drugs target these transmembrane proteins
[1], all of which share a common mechanism of action
transducing an extracellular signal into an intracellular
response. Sequence analysis led to the assumption that
the human genome could code for approximately 1000
GPCRs [2], a large number of which are still orphan
receptors. A major breakthrough in the understanding
of this receptor family was achieved in 2000, when the
crystal structure of bovine rhodopsin was resolved [3],
and for the first time detailed structural insights were
gained.

The main obstacles in the crystallization of other
members of this protein family are the usually low-
expression levels, and consequently the problems in
generating sufficient protein material for a crystalliza-
tion procedure as well as the difficulties in the crystalli-
zation process itself [4]. Thus, it cannot be expected that
crystal structures of many other GPCRs will become
available in the near future.

Sequence analysis of GPCRs has shown that all
members of this family share a 7-helix bundle as well as
certain motifs (e.g., D(E)RY in helix 3, NPXXY in helix
7) and numerous highly conserved amino acids at the
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transmembrane level [5]. The conserved fold of GPCRs
represents the basis for applying the approach of com-
parative (homology) modeling, and the generation of a
number of meaningful models of other members of this
protein family stresses the success of this strategy [1, 6—
8]. Initially, these rhodopsin-derived models were mainly
limited to the study of antagonist-receptor interactions
as bovine rhodopsin was crystallized in its inactive state,
while the success of such models for studying agonist-
receptor interactions has been discussed controversially
[6]. However, increasing knowledge of the activation
process of bovine rhodopsin has also led to new strate-
gies in the generation of activated-models, taking into
account structural changes that supposedly occur near
the binding pocket of rhodopsin-like receptors upon
activation, e.g., the anticlockwise rotation of helix 6 [6].

The initial model generation is often followed by
molecular dynamics (MD) simulations of the receptor—
ligand complexes in order to study the dynamic proper-
ties and to allow for structural adaptations resulting in
energetically favorable models of the receptor studied.
The gain in computational power has resulted in
increasingly sophisticated simulation systems with ‘“‘nat-
ural” lipid bilayers [e.g., dipalmitoylphosphatidylcholine
(DPPC), palmitoyloleoylphosphatidylcholine (POPC),
or dimyristoylphosphatidylcholin (DMPC)] being cur-
rently the state of the art. A membrane model is char-
acterized by a set of force-field parameters that has to be
carefully adapted in order to observe realistic physical
properties during an MD-simulation. Parameter sets for
a hydrated DPPC membrane models as used in this study
were published recently [9] for the figmx force field or for
derivatives of the ffG43al force field [10, 11], both
implemented in the GROMACS package [12, 13].

The scope of the work presented here was to compare
the influence of different simulation setups on the final
outcome using the crystal structure of bovine rhodopsin
as a prototype of GPCRs. The variations applied to the
starting structures were thereby carried out in order to
later rationalize the simulation setup of GPCR homol-
ogy models. Thus, the influence of factors such as
N-terminal truncation, simulation environment, choice
of protonation states for titratable sites and the position
of internal water molecules was analyzed. Although for
the structure of bovine rhodopsin, the conformation of
the N-terminal ending, the protonation states and the
position of a number of internal water molecules are
known, it is interesting to evaluate the effect of these
parameters on the structural stability during an MD-
simulation. The variations considered in this study were
chosen because of the difficulty usually related with the
proper incorporation of these factors into a homology
model.

Many homology models of GPCRs, which are often
generated automatically, account only for the trans-
membrane helices [14]. Inspection of the rhodopsin
structure and mutation studies have, however, shown
that residues, especially from the second extracellular
loop, can be involved in ligand binding [7, 15] or are

responsible for receptor-subtype specificity [16, 17].
Thus, neglecting the second extracellular loop is gener-
ally not advisable. Recent publications [18] have shown
that loop generation is a time-consuming error-prone
process. For long loops, such as the third intracellular
loop of many rhodopsin-like receptors that can comprise
more than 100 amino acids, no reliable procedures exist
currently, so that a truncation of this loop to the cor-
responding length of the bovine rhodopsin structure is
the only practicable strategy. Since the intracellular loop
region is the site of G-protein interaction, which is not
essential in the design of agonists/antagonists that bind
in the extracellular part of the helix bundle, this sim-
plification of the model seems to be justified as long as
care is taken to avoid distortions of the position of the
helices upon loop construction. Until recently, various
residues located in the intracellular loop region could
not be resolved in the crystal structure of bovine rho-
dopsin due to their high flexibility. In the structure
1U19, which was published recently by Okada et al. [19],
co-ordinates could also be determined for this region.
Still, it remains unlikely that this part of the protein has
a defined structure. The construction of the extracellular
loop region in proximity to the binding pocket, however,
is more challenging, as this part is potentially involved in
ligand binding and has a defined conformation that
remains highly stable under simulation conditions. The
N-terminal ending comprising 33 residues in the bovine
rhodopsin structure presents a challenging task during
the generation of homology models because of its length
and low-sequence homology. In the case of, e.g., biogen
aminergic receptors, the N-terminal ending has not been
reported to be involved in ligand binding so that the
importance of an explicit consideration is not known.
Thus, the effect of an N-terminal truncation upon the
overall protein integrity was tested in order to assess the
possibility of potential neglecting this region.

Another question that has to be addressed is the
nature of the simulation system chosen. In the most
simplified case, a simulation in vacuum will be carried
out. In order to account for the neglected solvent envi-
ronment, the dielectric constant can be adjusted in most
simulation packages. However, it is usually not possible
to apply different dielectric constants as would be re-
quired for a transmembrane protein that interacts with
both an aqueous and an apolar core-membrane envi-
ronment. As described by Mehler et al. [18], there is a
strong tendency in vacuum that polar or charged resi-
dues on the protein surface do not exhibit extended
conformations as can be expected for these residue types
in contact with water and ions, but fold back on the
protein surface, producing artifacts in the hydrogen-
bonding pattern. In order to consider a more realistic
environment of transmembrane proteins explicitly, sev-
eral strategies have been published using a CCly/water
[20], an octane/water [21], or a phospholipid/water [21,
22] environment. Given that the proper function of a
protein often requires a specific lipid composition, the
use of CCly, octane, or saturated lipid molecules as



membrane mimics will apparently represent a simplifi-
cation of the real circumstances. Still, a CCly/water and
a saturated phospholipid/water system were chosen to
simulate a model of bovine rhodopsin in order to ana-
lyze the influence of membrane mimics of different
complexity and dissimilar physical properties.

A further point to be considered is the state of pro-
tonation of the buried residues in a protein, as the pKa
of titratable residues can shift remarkably when exposed
to the protein interior of considerably lower dielectric
constant. The calculation of pKa-shifts for a protein is
inseparable from an investigation of the presence of
internal water molecules due to the possible interde-
pendence. In the simulations described here, the choice
of an inappropriate state of protonation had a pro-
nounced effect on the structural integrity of the protein
and resulted in an overall distortion of the hydrogen-
bonding pattern, including distortions in the backbone
regions. Regarding the water molecules located in the
protein interior, an explicit consideration did not nec-
essarily result in an improvement of the structural
preservation, as will be described in the results section.

Several long simulations of the structure of bovine
rhodopsin have been published recently by several
groups [23, 24]. In the work of Woolf et al., the main
focus was set on a postulated correlation between con-
formational changes of retinal and surrounding amino
acid residues and a larger scale conformational change
of the entire protein structure. It was speculated that
fluctuations observed during a simulation of the dark-
adapted rhodopsin (with retinal in its 11-cis conforma-
tion) could be part of the pathway to the light-adapted
state. Additionally, interactions of the protein structure
with the surrounding lipid and water environment were
analyzed during the course of the simulation. Huber
et al. investigated the complex interactions between the
rhodopsin structure and the lipid environment using a
POPC membrane mimic. Additionally, the dynamic
behavior of internal water molecules and structural
fluctuations of the entire rhodopsin structure were ana-
lyzed. Interestingly, Huber et al. did not report a change
in the hydrogen-bond pattern after 10 ns of simulation
period that was observed in the simulation of Woolf
et al. A possible explanation could be the different sys-
tem setups, which varied in the number of water mole-
cules taken into consideration or protonation states for
titratable groups in the protein interior. Because of the
chaotic behavior of MD-simulations, small variations in
the setup can result in different pathways through the
energy landscape, thus, resulting in different conforma-
tions sampled during the course of an MD-simulation.

Although simulations of bovine rhodopsin already
exist, the main focus is usually set on rhodopsin-specific
questions such as activation or interaction with the lipid
environment. In the present work, the simulations car-
ried out are seen from the viewpoint of a homology
modeler using the structure of bovine rhodopsin as a
template structure. Thus, the main interest was to eval-
uate as to which circumstances lead to the most stable
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simulation and the consequence of simulation setups
differing from this “optimal setup.” The most stable
simulation was also analyzed with regard to the interh-
elical contacts that seem to be necessary for retaining the
rhodopsin protein in its inactive state. Identification of
amino acids participating in this off-state hydrogen-
bonding pattern could facilitate the generation of GPCR
homology models. Namely, if an amino acid is likely to
be involved in an interhelical contact, this will narrow
down the conformational space accessible for this resi-
due and favor side-chain conformations fulfilling these
requirements. This strategy is apparently based on the
assumption that the off-state hydrogen-bonding pattern
is conserved within the rhodopsin-like GPCR family.
This seems, however, likely due to the large number of
highly conserved residues within the transmembrane
region. Flohil et al. have suggested that unconstrained
molecular-dynamics techniques might not be an appro-
priate method for homology model refinement and they
propose constraining those parts of the model that have
a high likelihood to be modeled correctly [25]. However,
this strategy might be problematic when applied to
GPCR homology models as there is evidence that some
helices are devoid of kinks present in the template
structure. Although individual helices are modeled cor-
rectly, the helix bundle might still change its topology,
which would be impeded by position restraints. Thus, an
alternative might be to restrain only interhelical contacts
that occur at high frequency during a simulation of the
template protein and are either highly conserved
throughout the protein family or can be mapped easily
in the target protein structure. For the identification of
these interhelical contacts, the simulation was only
analyzed up to a point where significant deviations from
the crystal structure occurred. Apparently, the crystal
structure does not represent a native structure due to
packing effects and crystallization adjuvants. However,
packing effects due to protein—protein interactions will
be restricted mainly to loop regions and residues on the
protein surface, which is supported by the low-structural
rearrangements that have been observed at sites where
heavy-metal ions had been localized previously in the
simulation presented here and in Ref. [24]. It can
therefore be expected that the interhelical hydrogen-
bond pattern is not drastically influenced during a
crystallization procedure, which is further supported by
the low-structural rearrangement within the transmem-
brane regions reported in all simulations of bovine
rhodopsin published and the persistence of hydrogen
bonds observed during simulations with low-structural
deviations from the crystal structure. Besides, structural
rearrangement due to the removal of crystallization
constraints has been reported to occur rather fast during
an MD-simulation [25]. For the sake of completeness, it
must be mentioned that in some cases where uncon-
strained MD-simulations were used for homology model
refinement, a significant improvement could be achieved
[26]. The required time-scales were, however, quite large
(10-100 ns) and the focus was set to ab initio protein
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models that tended to rearrange structurally during the
simulation.

Materials and methods
Generation of model structures of Opsin—Retinal

The co-ordinates of the crystal structure 1HZX [27] of
bovine rhodopsin with a resolution of 2.8 A were used
as a starting point for all simulations described. No N-
terminal acetylation, glycosylations, or a C-terminal
palmitoyl moiety were considered. Missing residues
(Fig. 1) in the A-chain (236240, 331-333) localized in
the third intracellular loop and the C-terminal ending,
respectively, were added using the Loop Search and
Splice Repair utilities of the Insight 2000 Homology
module [28], where residues were added following a
distance-matrix approach. Compared to the recently
published crystal structure 1U19, where co-ordinates for
the entire rhodopsin structure could be resolved [19], the
modeled residues showed only small deviations from the
experimental structure. All further calculations were
carried out with the GROMACS simulation package
using the ffG43al force field. In order to generate the
protonated Schiff base that links the retinal with lysine
296/7.43," the predefined retinal parameters (RTOL) in
the ffG43al.rtp file were adjusted and a new residue type
(LYX) was defined in analogy to the predefined lysine
(LYS) residue so that a covalent linkage could be set.
Several models were generated that varied in their se-

"Numbering scheme corresponding to Baldwin et al. [5]: the most
conserved residue in each transmembrane segment is assigned po-
sition 50 (Fig. 1). The first number refers to the helical segment

quence length, the protonation state of the residues D83/
2.50, E122/3.37, and E181/4.70 (E2-loop) and a poten-
tial consideration of internal water molecules as resolved
in the crystal structure 1L9H [29].

Molecular dynamics simulation of Opsin—Retinal in a
CCly/water box

Two CCly/solvent boxes with dimensions 8.56 X 6.45 x
8.09 and 8.56 X 6.45 x9.01 nm were generated to
simulate the truncated and entire rhodopsin models,
respectively. Therefore, first, a CCly-box of the
dimensions 8.56 x 6.45 x 3 nm was generated and filled
with CCl; molecules up to the correct density of
1.596 ¢ cm > [20]. Then water molecules were added to
fill the box. After 5000 steps of steepest-descent mini-
mization, an MD-simulation was carried out for 1 ns
using the parameters listed in Table 1. Parameters for
the CCly molecule were predefined in the ffG43al.rtp
file. However, in order to preserve the tetrahedral
structure of the CCl, molecules, an additional ““virtual”
bond was set between chlorine atoms 4 and 5 (see
ffG43al.rtp file for atom numbering scheme). As an
application of the Particle Mesh Ewald (PME) method
[30] for calculation of Coulomb-interactions requires
the system to be neutral, sodium ions were added to
yield an uncharged system. Additionally, sodium and
chlorine ions were added to yield a final concentration
of 156 mVal/l, as an explicit consideration of ions has
been shown to have beneficial effects on secondary-
structure stability [31]. Co-ordinates of the Opsin—
Retinal complex and the equilibrated box were merged
with the command genbox that automatically removes
solvent molecules whose van-der-Waals radius would
overlap with the protein structure. In all calculations,



Table 1 GROMACS parameters for the simulation setup of a
model of bovine rhodopsin in a CCly/water environment

dr=2/4 fs

Neighbor-searching parameters

nstlist 5
nstype Grid
pbc Xyz
rlist 0.9 nm

Parameters for calculation of
electrostatics and vdW interactions

Coulomb-type PME

vdW-type Cut-off (7: 0.9 nm)
T-coupling Berendsen (310 K, t: 0.1)
p-coupling No

Constraints Hydrogen bonds (LINCS)

the Opsin—Retinal complex was initially tethered with a
force of 1000 kJ mol~' nm™? in xyz directions. This
tether was reduced stepwise (each 100 ps) from 1000 to
500 to 200 to 100 kJ mol~' nm™2 [resulting in char-
acteristic plateaus of the root-mean- square-deviation
value (RMSD) at the beginning of each simulation].
This proceeding leads to superior results in terms of
lower RMSD-values compared to a procedure where
an unconstrained MD-simulation is carried out imme-
diately following the initial minimization. Subse-
quently, an unconstrained dynamics simulation was
carried out. No pressure coupling was applied in sim-
ulations using the CCly/solvent boxes; instead the right
density was adjusted and the volume kept fixed. This
strategy, which introduced artificially high values for
pressure, seemed, however, justified from preliminary
investigations where simulation of a CCly-box with
pressure coupling resulted in a 10.2% deviation from
the correct density. As deviations of the density are
expected to influence the simulation result in a more
pronounced manner than deviations of pressure, this
strategy was given preference. Table 1 gives an over-
view of the parameters used for the simulations.

Molecular dynamics simulation of Opsin—Retinal
in a DPPC/water box

As mentioned before, membrane models are character-
ized by the set of force-field parameters adjusted in order
to reproduce realistic physical properties. In order to
preserve the comparability of MD-simulations, we
adapted the figmx-DPPC parameters used by Tieleman
et al. [32] following the procedure described in Refs. [10,
11], resulting in lipid parameters optimized for applica-
tion of the ffG43al force field that we had previously
used for the simulations in the CCly/water environment.
Starting from a pre-equilibrated box of 128 DPPC and
3655 water molecules [33], the box was enlarged in the z
direction to yield the dimensions 6.56x6.59x9.21 nm,
resulting in a system of 128 DPPC and 7637 water
molecules. For the insertion of the Opsin—Retinal com-
plex, a modified version of the mdrun program [34] was
used to introduce a cylindrical hole of radius 2 nm (force
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constant for repulsive force: 50 kJ mol~' nm™' ; hx/hy/
hz = 3.3/3.3/4.6). Subsequently, the co-ordinates of this
box and of the Opsin—Retinal complex were merged and
the resulting system equilibrated for 1 ns in order to
allow for an adjustment of the box size to yield correct
values for density and pressure. Sodium ions were again
added to obtain a neutral system and, additionally, so-
dium and chlorine ions were added to yield a final
concentration of 156 mVal/l.

In all calculations, the Opsin—Retinal complex was
initially tethered with a force of 1000 kJ mol~' nm~?in
xyz directions. This tether was reduced stepwise (each
100 ps) from 1000 to 500 to 200 to finally 100 kJ
mol~! nm~2 until an unconstrained dynamics simula-
tion was carried out (see Table 2 for parameters).

Calculation of pKa-shifts of titratable amino acid
residues

pKa-shift calculations were carried out for the complete
Opsin—Retinal models in the absence and presence of the
internal solvent molecules resolved by Okada et al. [29]
using the program UHBD [35]. Additional residue types
for lysine 296/7.43 and retinal were defined and added to
the pkaS.dat database. All histidines were assigned with
the type HisA. Calculations were carried out at 310 K
and an ionic strength of 150 mM, setting the dielectric
constants to 80 for solvent and 20 for the protein interior
[36]. All cysteins (except for those involved in the
disulfide linkage) were included in the calculation. Four
grids (2.5, 65/65/65; 1.2, 40/40/40; 0.75, 40/40/40; 0.25,
40/40/40) were used and the maximum number of iter-
ations was set to 300.

Results
Simulation setup for the analysis of interhelical contacts

The positional RMSD from the experimental structure
was used as a measure for structural preservation. As
stated in Ref. [26], the exclusive use of the RMSD value

Table 2 GROMACS parameters for the simulation setup of a
model of bovine rhodopsin in a DPPC/water environment

de=2/4 fs

Neighbor-searching parameters

nstlist 5
nstype Grid
pbc xyz
rlist 0.9 nm

Parameters for calculation
of electrostatics and vdW interactions
Coulomb-type PME

vdW-type Cut-off (7: 0.9 nm)

T-coupling Berendsen (310 K, 1: 0.1)
p-coupling Berendsen (isotropic, 1 bar, t: 0.5)
Constraints Hydrogen bonds (LINCS)
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as an indicator of structural changes might be too vague.
Thus, similar to [26], the hydrogen-bond pattern was
analyzed during the course of the simulation. In order to
ease the survey of the hydrogen bonds, the contacts
analyzed were restricted to interhelical interactions,
which proved to be a good measure for structural
preservation. The simulation setup defined through the
following parameters resulted in a minimal deviation
from the original crystal structure during the first 5 ns.

— Consideration of the entire protein sequence.

— Residues D83/2.50 and E122/3.37 in the protonated
(neutral) state.

— No consideration of internal water molecules.

— DPPC/water environment.

— 2 fs time step.

One of the goals of this work was to retrieve a set of
interhelical contacts that could be used as constraints for
the simulations of GPCR homology models. The criteria
for an observed contact being appropriate for defining
such a constraint were that the contact must be stable
during a simulation that resulted in only minor devia-
tions from the experimental structure.

With the above setup, the RMSD within the helical
backbone region remained stable for approximately
4200 ps after the initial equilibration phase (Fig. 2, red
curve; Fig. 3a, b). The observed RMSD value of
0.15 nm, together with the high similarity of the side-
chain conformations compared to the crystal structure
can be considered sufficient to consider the model suit-
able for analyzing the dynamic behavior of interhelical
hydrogen bonds.

The RMSD within the entire backbone region
(Fig. 2, blue curve) of the bovine rhodopsin model was
considerably higher due to deviations that occurred
especially in the intracellular loop region. This flexibility
is in agreement with the experimental finding that this
part of the protein is difficult to crystallize due to its high
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Fig. 2 RMSD (root-mean-square deviation)-course within the
helical region (red curve) and the entire backbone region (blue
curve) during the simulation of a model of bovine rhodopsin
comprising the entire sequence in a DPPC (dipal-
mitoylphosphatidylcholine)/water environment. Residues D83/
2.50 and E122/3.37 were considered in their neutral state. Internal
water molecules were neglected

flexibility and other MD-simulations of bovine rho-
dopsin already mentioned. In contrast, the N-terminal
end and the extracellular loop region including the sec-
ond extracellular loop remained highly stable during the
simulation, which is again in agreement with Huber
et al. [24]. The largest deviation in this region consisted
in an inward shift of the loop connecting helices 6 and 7
with a maximal displacement of 5.4 A. Minor changes
also occurred within the initial stretch of 10 amino acids
of the N-terminal ending. After 4700 ps, a rise in RMSD
can be observed which is related to the formation of a
hydrogen bond between residues Y223/5.58 and R252/
6.35. Formation of a hydrogen bond between the highly
conserved residue Y223/5.58 [5] and different residues of
helix 6 has also been observed in other simulation set-
ups. In the crystal structure, Y223/5.58 is not involved in
any hydrogen bond and points towards residue E232
located in the third intracellular loop. When the MD-
simulation is prolonged up to 25 ns, Y223/5.58 becomes
permanently involved in hydrogen-bond interactions
with various residues from helix 6. Although changes in
the hydrogen-bond pattern were observed for residues of
helix 6, larger conformational changes of helix 6 were
not observed during the simulation, which could not be
interpreted as a partial activation, as reported by Woolf
et al. In any case, it is doubtful if the complex switch
from the off-state hydrogen-bond pattern to the acti-
vated state and larger conformational changes can be
studied at all reasonably by means of MD-simulation,
where neither the cis—trans isomerization of retinal nor
adaptations of protonation states can be accounted for.
Tyrosine 223 has been explicitly mentioned in the work
of Huber et al. Here, however, Y223 exhibited a move-
ment towards the lipid—water interface. This supports
the statement of Flohil et al. that sampling of the con-
formational space of a protein is too slow to allow suf-
ficient sampling at the time scale of 10s of nanoseconds.
If, however, the amount of configuration space sampled
cannot be estimated, it will be difficult to judge the sig-
nificance of the output of individual MD-simulations.
Additionally, it cannot be proven that configurations
observed during a simulation are at all of biological
relevance. Given that the bovine rhodopsin structure
might be present as a dimer and that there are several
indications for a G-protein precoupling for other GPCR
proteins, the possibility exists that simulations of a
simplified isolated rhodopsin structure will lead to arti-
ficial protein conformations. Given these uncertainties,
it seems justified to use the similarity to the experimental
crystal structure as a criterion for defining the time
period appropriate for an analysis of interhelical con-
tacts. The temporary equilibration phase can be seen
also when the potential energy is plotted as a function of
time (Fig. 4). Apparently, the formation of the interac-
tion between helices 5 and 6 is accompanied by a de-
crease in potential energy of the protein structure.
Although the lapse of potential energy has been used as
criteria to estimate equilibration, it has been discussed
whether total or group energies are a useful measure for



Fig. 3 Comparison of the backbone region of the crystal structure
of bovine rhodopsin 1HZX (light gray) and a model that was
simulated for 5 ns without constraints. a Side view; b helix bundle

the quality of a structure [25] or the end of the equili-
bration period required.

Figure 5 shows all interhelical hydrogen bonds de-
scribed by Teller et al. [27] and additional ones that
occurred at frequencies above 1% of the analyzed
frames, which were written out for every 2 ps. Table 3
shows the corresponding frequencies of occurrence.

The calculations imply that strong interhelical con-
tacts exist between helices TM3-TM7 that are on aver-
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Fig. 4 Lapse of potential energy of the entire system during the
simulation of a model of bovine rhodopsin, indicating a temporal
equilibration period from approximately 1-4.8 ns. The eventual
decrease of potential energy at the end of the simulation results
from an artificial hydrogen bond described in the text
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viewed from the extracellular space (loops are neglected for reasons
of clarity). Apparently deviations from the crystal structure are
small and predominantly limited to the intracellular loop region

age linked by 1.9 hydrogen bonds. These interactions are
produced mainly through the hydrogen bond reinforced
ionic interaction of residue E113/3.28 and K296/7.43.
Although in the crystal structure only a lateral interac-
tion of one carbonyl oxygen atom with the nitrogen
atom is observed, two simultaneous hydrogen bonds are
found in most frames of the MD-simulations due to the
fact that force-field methods favor a chelate-type inter-
action that is, however, rarely found for this kind of
interaction in natural protein-ligand complexes. TM1-
T™M7 (1.7), TM2-TM4 (1.5), TM3-TM5 (1.3), TM4-
TMS5 (1.0), TM2-3 (0.8), TM6-TM7 (0.7) are linked by
the average number of interactions indicated in brackets
(see Fig. 5 for detailed contacts). In this simulation
setup, an occasional hydrogen bond was also observed
between helices 2 and 7, which seemed, however, artifi-
cial due to the neglect of internal water molecules.
Consideration of an internal water molecule at a posi-
tion corresponding to site 1a [29] would especially affect
the hydrogen-bonding pattern around D83/2.50, as this
water molecule forms contacts with D83/2.50, N302/
7.49 and potentially G120/3.35, thus, cross-linking
helices 2, 3, and 7. The corresponding hydrogen-bond
pattern is described in a later section. Consideration of
internal water molecules also significantly reduced the
interactions between helices 6 and 7.

Further important hydrogen bonds within the extra-
cellular and intracellular loop regions were established
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between residues W175/4.64-S202/5.37 (92%) and R135/
3.50-E247/6.30 (47%) at the frequencies given in
brackets. Obviously, the ionic lock between helices 3 and

Table 3 Frequencies of interhelical hydrogen bonds observed
during the simulation of a model of bovine rhodopsin®

Interhelical Residues Frequency of
contact involved occurrence (%)
TM1-TM2 N55-A80 1.50-2.47 <1
TMI1-TM2 N55-D83 1.50-2.50 <1
TM1-TM7 Y43-F293 1.38-7.40 75
TMI1-TM7 Y43-F294 1.38-7.41 <1
TM1-TM7 N55-A299 1.50-7.46 95
TM1-TM8 Q64-T320 1.59-7.67 6
TM2-TM3 N78-S127 2.45-3.42 39
TM2-TM3 T94-E113 2.61-3.28 5
TM2-TM3 D83-G120 2.50-3.35 27*
TM2-TM4 N78-W161 2.45-4.50 61
TM2-TM4 N78-T160 2.45-4.49 92
TM2-TM7 D83-S298 2.50-7.45 10*
TM2-TM7 D83-A299 2.50-7.46 <1
TM2-TM7 D83-V300 2.50-7.47 <1
TM2-TM7 D83-N302 2.50-7.49 4*
TM3-TM4 W126-M163 3.41-4.52 <1
TM3-TMS5 E122-H211 3.37-5.46 91
TM3-TMS5 W126-H211 3.41-5.46 37
TM3-TM7 E113-K296 3.28-7.43 99
TM3-TM7 G120-5298 3.35-7.45 13*
TM4-TMS5 M163-H211 4.52-5.46 <1
TM4-TMS5 A166-H211 4.55-5.46 <1
TM4-TMS5 A166-Y206 4.55-5.41 97
TM4-TMS5 C167-Y206 4.56-5.41 2
TM4-TMS5 C167-H211 4.56-5.46 <1
TM5-TM6 Y223-R252 5.58-6.35 2
TM6-TM7 E249-M309 6.32-7.56 <1
TM6-TM7 F261-Y301 6.44-7.48 1
TM6-TM7 W265-Y301 6.48-7.48 18
TM6-TM7 M257-N302 6.40-7.49 1
TM6-TM7 W265-A295 6.48-7.42 3
TM6-TM7 W265-S298 6.48-7.45 40
TM6-TM7 A260-Y301 6.43-7.48 S
TM7-TM8 1307-R314 7.54-7.61 40
TM7-TM8 M308-R314 7.55-7.61 26

% Frames were written out every 2 ps. Not all of the spacially
possible interactions as derived from the crystal structure by Teller
et al. were observed during the simulation and seemed necessary
for upholding the protein conformation. An asterisk was added to
hydrogen-bond interactions that occur due to the neglection of
internal water molecules that would otherwise prevent these
hydrogen bonds

6, which was described previously by Shapiro et al., [37]
was not present continuously. However, it was never lost
during the course of the simulation.

Truncated versus entire protein models

In order to test the influence of the explicit presence of
the N-terminal ending on the overall protein integrity, a
model of bovine rhodopsin lacking the initial stretch of
33 residues was simulated. In bovine rhodopsin, helix 1
interacts via two hydrogen bonds with helix 7, the highly
conserved interaction of N55/1.50-A299/7.46 and
the hydrogen bond formed between Y43/1.38 and the
backbone oxygen of F293/7.40. Thus, it seems that the
N-terminal ending folding over the entire protein is not
necessary to anchor helix 1 to the remaining helix
bundle. However, N-terminal truncation introduced
undesirable side effects, as residues originally buried
were brought to the protein surface facing the aqueous
environment.

In the simulation of the truncated rhodopsin model
(D83/2.50 and EI122/3.37 protonated, internal water
molecules considered, DPPC/water environment), devi-
ations in the backbone region of the second extracellular
loop and deviations of the position of helix 1 compared
to the crystal structure were observed. While distortions
of the E2 loop were due to the direct contact with the
aqueous environment, artifacts in helix 1 were caused by
the intrusion of extracellular water molecules and dis-
ruption of the interaction Y43/1.38-F293/7.40 after
3500 ps of unconstrained simulation. As a consequence,
helix 1 separated with its extracellular part from helix 7,
leaving, however, the interaction N55/1.50-A299/7.46
unaffected. At the height of L1.38, the shift of helix 1
amounted to 1.83 A (measured from backbone L1.38:C
to L1.38:C’). When the simulation was repeated in a
CCly/water environment, the shift increased to 3.78 A.
The interaction N55/1.50-A299/7.46 was again unaf-
fected, whereas the interaction Y43/1.38-F293/7.40 was
lost after 2700 ps. In this simulation setup, the disrup-
tion of this hydrogen bond was, however, not caused by
the intrusion of water molecules but rather owing to the



increased flexibility of the N-terminal ending of helix 1
starting at residue G1.46. The significantly larger struc-
tural deviations in this simulation are a consequence of
the environment used, as will be discussed in more detail
in a later section (CCly/water versus DPPC/water envi-
ronment). Briefly, the DPPC/water environment has a
greater capability to preserve this imperfect (because
truncated) structure, whereas in the CCly/water envi-
ronment deviations from the crystal structure were more
pronounced as structural motions are less impeded by
this environment.

In conclusion, truncation of the N-terminal region
resulted in the deviations within the extracellular loop
region and of the position of helix 1, compared to the
crystal structure. Although helix 1 is anchored to helix 7
by hydrogen-bond interactions that were observed to be
highly stable when the entire protein structure was
simulated (Fig. 5), these interactions were disrupted in
the truncated model either by the intrusion of water
molecules or by the increased flexibility of helix 1 lacking
the N-terminal ending.

Rhodopsin-like GPCRs usually lack the proline kink
in helix 1 [38] and no hydrogen-bond linkage anchors
the extracellular part of helix 1 to the helix bundle.
During the simulation of homology models of bovine
rhodopsin, the bend in helix 1 will quite likely disappear.
In order to still anchor helix 1 to the helix bundle, an
explicit consideration of the N-terminal ending will be
essential.

Consideration of internal water molecules

In the crystal structure 1L9H of bovine rhodopsin (res-
olution 2.6 A), 11 internal water molecules have been
described by Okada et al. [29], of which seven are found
within the transmembrane region. In order to analyze
the dynamic behavior of these water molecules, we set
up a 25 ns MD-simulation of an entire bovine rhodopsin
model in a DPPC/water environment with D83/2.50,
E122/3.37, and E181/4.70 considered in their protonated
form using a time step of 2 fs. The 11 water molecules
were positioned corresponding to coordinates resolved
in 1L9H. In the structure 1U19, which became available
only recently, the position of most water molecules at
the transmembrane level is almost identical. A main
difference is, however, the presence of an additional
water molecule in the water cluster near residue D8§3.
The consequences of an additional water molecule at
this position on the output of the MD-simulation is
difficult to judge. In the paper of Crozier et al., the
simulation was carried out with structure 1F88, which
was the only available experimental structure at that
time. Although it had been argued that the simulation
should not depend on possible alternative starting
points—referring to the structure 1L9H with more water
molecules resolved—several factors analyzed from their
dynamics simulation, such as the interaction energy
of Glul81 with retinal or the amount of transition
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observed for this residue, could well be influenced by a
water molecule considered (1L9H) or neglected (1F88)
interacting with Glul81. Although the intrusion and
correct positioning of water molecules to the protein
structure can occur during an MD-simulation, the re-
quired timescales to ascertain correct placement of all
water molecules may be impracticably high.

In the simulation described here, the explicit consid-
eration or neglect of certain water molecules did have
effects on the hydrogen-bond pattern. This can also be
seen from an inspection of the RMSD within the helical
region as a function of time (Fig. 6, red curve). In Fig. 6,
three zones can be roughly discriminated. An initial
short plateau at 0.15 nm was formed during the first
2.5 ns, then the RMSD remained stable at 0.17 nm
within the next 10 ns and eventually rose to a value of
0.2 nm, which was observed until the end of this simu-
lation. When the RMSD curve is related to the interh-
elical hydrogen pattern, a potential reason for the
increase of the RMSD value from 0.15 to 0.17 nm could
be the loss of the interaction between Q64/1.59 and
T320/7.67. More obvious is the coincidence of the in-
crease of RMSD after 12 ns with the switch from
hydrogen bond N55/1.50-A299/7.46 to the linkage be-
tween D83/2.50-A299/7.46 (Fig. 7).

The consideration of internal water molecules thus
did not necessarily improve the quality of simulation.
Internal water molecules were able to provoke disrup-
tion of conserved hydrogen bonds due to their high
flexibility in regions rich in polar residues where changes
in the hydrogen-bond pattern could occur easily. Rather
than stabilizing the existing hydrogen-bond pattern,
internal water molecules tended to catalyze the switch to
alternatively possible hydrogen bonds. This is, of course,
quite likely the intended natural function. However, the
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Fig. 6 Course of RMSD within the helical region (red curve) and
the entire backbone region (blue curve) during the MD-simulation
of a model of bovin rhodopsin comprising the entire sequence.
D83/2.50, E122/3.35, and EI181/4.70 were considered in their
protonated state and 11 internal water molecules were placed
according to Ref. [29]. Simulation was carried out in a DPPC/water
environment with a time step of 2 fs. Although the simulation setup
is more realistic, artifact production still cannot be preverted due to
the high flexibility of the internal water molecules.Thus, an artificial
linkage between D83/2.50 and A299/7.46 is formed resulting in a
rise of RMSD after 12 ns
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original hydrogen-bond interaction pattern as observed
in the crystal structure was preserved better when the
disruption of a hydrogen bond could not be compen-
sated by a temporary interaction with a flexible water
molecule before a new interaction was established.
However, this holds true only for water molecules lo-
cated in protein-regions that were rich in polar residues.
Water molecule 2021 at site 2b (numbering scheme
referring to Ref. [29]) formed a stable interaction with
E113/3.28, maintaining the exact side-chain conforma-
tion for this residue as observed in the crystal structure
during the entire simulation. Molecule 964 (site 3) like-
wise did not substantially deviate from its original po-
sition. The reason for this persistence was that these
water molecules were trapped with their interaction
partner in an otherwise apolar environment.

For water molecules 2015, 2017, and 2020 at sites la,
1b, and Ic, respectively (cross linking helices 2, 3, and 7),
and 2024 at site 4 (linking helices 2, 3, and 7) on the
other hand, a great flexibility was observed. The best
example for this behavior was molecule 2020, which
hopped during the course of the simulation from its
original position Ic to the proximal position la on to
position 4 more than 12 A away from the original site.
Thus, there seems to exist a passage from the water
cluster near D83/2.50 to the intracellular space. As
mentioned above, an additional water molecule has been
resolved in the structure 1U19 [19] that forms part of the
water cluster la, 1b, and lc. It will be interesting to
analyze how the consideration of this additional mole-
cule will influence the simulation outcome and the flex-
ibility observed for the water molecules in this region.

Comparison of simulations in the presence and ab-
sence of internal water molecules showed that neglect of
water molecules 2027, 2028, 2000, and 2014 did not alter
side-chain conformation at the corresponding sites
substantially. When these water molecules were, how-
ever, considered, they moved away from their original
position, interfering with the existing hydrogen bonds
located nearby.

As a subsumption, only two (2021, 964) of the 11
water molecules resolved in Ref. [29] remained stable at
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their original position hydrogen bonding to E113/3.28
and Y268/6.51-C264/2.47, respectively. Three water
molecules (2015, 2017, and 2020) are described to form a
cluster in the proximity to the highly conserved residues
D83/2.50 and N302/7.49. These solvent molecules and
molecule 2024 close to the intracellular loop were highly
flexible, indicating a possible passage to the intracellular
space. Four water molecules (2027, 2000, 2014, and
2028) did not seem to be essential.

Apparently, internal water molecules play an essen-
tial role in stabilizing the local hydrogen-bond networks.
Unfortunately, the exact localization of internal water
molecules is extremely difficult and no reliable methods
exist to solve this task satisfactorily. Rarey et al. [39]
have, for example, described a method for water-mole-
cule placement during ligand docking. However, the
success of this strategy was limited; of the 200 PDB-
protein-ligand complexes in which water molecules were
involved in the active site, only 35% of the water loca-
tions could be predicted correctly. Alternatively, a
crystal structure lacking internal water molecules could
be scanned with a water probe, for example, as imple-
mented in the program GRID [40] that maps favorable
interaction sites for H,O molecules. However, here the
results are often quite difficult to interpret because of the
large number of indicated sites with small interaction
fields and depend strongly on the contour level used.
Using this program, the strongest interaction fields,
indicating favorable sites for water molecules, were
generated for the sites corresponding to the location of
water molecules 2020 (in contact with Y301/7.48 and
N302/7.49) and 2015 (in contact with D83/2.50, G120/
3.35, and N302/7.49).

In homology models, the exact localization of water
molecules will be even harder because of the uncertain-
ties regarding the side-chain conformation that are
usually added by programs such as SCWRL [41]. When
using the SCWRL algorithm on the rhodopsin back-
bone, many residues are predicted correctly. Deviations
were observed mostly for side chains facing the lipid or
aqueous environment, for which, however, a high flexi-
bility was observed under MD-conditions. Variations in



the side-chain conformations of residues facing the helix
bundle interior were observed for Y306/7.53, E113/3.28,
E181/4.70, and R135/3.50. Interestingly, the first three
residues mentioned are in contact with internal water
molecules; thus, a potential function for these water
molecules could be to restrain an otherwise suboptimal
side-chain conformation.

Although the results of applying the SCWRL algo-
rithm to the rhodopsin backbone are quite promising, it
must be held in mind that SCWRL places the side chains
in a backbone-dependent manner so that in the case of
backbone deviations occurring in the homology model a
correct placement will be problematic.

Even when the exact position of the H,O—oxygen is
known, the exact orientation of the water molecules is
still not, and anyway seems to be highly flexible within
regions of polar character, at least under MD-simula-
tion conditions. In order to avoid the described flexi-
bility that can cause the disruption of conserved
hydrogen bonds, a possible strategy would be the
introduction of distance restraints fixing the position
with respect to the interacting residues. In the case of
homology models, this would be an applicable strategy
for water molecules cross linking highly conserved
residues such as solvent molecule 2015 of the water
cluster near D83/2.50.

A stable simulation can be achieved even in the
absence of internal water molecules. However, the cor-
responding sites will then turn metastable. It is thus
possible that long-lasting unconstrained simulations of
GPCR homology models lacking internal water mole-
cules will introduce artifacts in the models simulated.

CCly/water versus DPPC/water environment

A typical phospholipid membrane such as DPPC/water
spans about 4.5 nm [42] of which the hydrocarbon
interior accounts for approximately 3.0 nm. Although
the lecithin headgroup is of zwitterionic nature, the
resulting charge distribution is almost completely can-
celled since the charge distribution of choline and the
phosphate atom overlap to a large extent and the
remaining charge is neutralized further by the distribu-
tion of water dipoles [43].

In a CCly/water simulation environment, the CCly
layer is adjusted to 3 nm, thus mimicking only the
hydrophobic core of the membrane. This simulation
system obviously lacks the DPPC-headgroup interface.
However, since this region is rich in water molecules,
replacement by an aqueous environment should not
introduce large errors.

In order to compare the suitability of the CCly/water
environments with the DPPC/water environments for a
GPCR simulation, we compared the simulation de-
scribed in “Introduction” section to a simulation in a
CCly/water environment.

Figure 8 shows the RMSD curve within the trans-
membrane region for both the DPPC/water (red curve)
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and a CCly/water (blue curve) environments. During the
simulation in the DPPC environment, a lower RMSD
value was maintained for about 4800 ps until the
hydrogen bond Y223/5.58-R252/6.35 previously de-
scribed occurred. In a CCly/water environment, the
same hydrogen bond was established at an earlier stage
(after 500 ps), resulting in a 0.02 nm upward shift of the
RMSD curve during the first 4800 ps of simulation until
the two curves eventually converged. Apart from the
interaction between helices 5 and 6, the interhelical
hydrogen-bond pattern was highly comparable within
the two simulation environments (Fig. 9). An exception
is the interaction between helices 2 and 7, which is an
artifact of simulation setups lacking internal water
molecules that would otherwise impede this interaction,
as described in the section “Consideration of internal
water molecules.” Thus, the only relevant differences in
the hydrogen-bonding pattern rather take place due to
local metastabilities resulting from the neglect of the G-
protein (that could be a potential reason for the for-
mation of the hydrogen bond between residues Y223/
5.58 and R252/6.35) or internal water molecules than
due to differences of the solvent environment used. In
both cases a stable simulation (resulting in a plateau of
the RMSD value) was possible and eventually the same
errors occurred.

The earlier onset of deviations from the original
structure in the CCly/water environment lets the DPPC/
water environment appear more suitable for maintaining
the model close to the experimental structure at first
sight. This result is, however, consistent with two pos-
sible interpretations. Either a DPPC/water simulation
system temporarily maintains smaller deviations due to
the more natural environment or due to a generally
decreased flexibility in a more viscous medium. In order
to test these hypotheses, we repeated the simulation with
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Fig. 8 RMSD curves within the transmembrane regions for a
simulation of a model of bovine rhodopsin in a CCly/water (blue
curve) and DPPC/water (red curve) environment. The upward shift
of the curve corresponding to the CCly/water environment is
caused by an artificial hydrogen bond. In the DPPC/water
environment, formation of this interaction is postponed but still
occurs resulting in the convergence of the curves towards the end of
the simulations
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Fig. 9 Comparison of the
average number of interhelical
interactions for the two
environments probed. Apart
from the differences in the
interaction of TM2-TM7 and
TM5-TM6 (see text),
comparable results were
obtained

2,50

2,00

1,00

0,50

average number of interhelical H-bonds

0,00

a truncated model of bovine rhodopsin with D83/2.50
and E122/3.37 in the deprotonated state—for which we
observed large deviations from the starting structure
when simulated in a CCly/water environment (Fig. 10,
blue curve)—in the DPPC/water environment (Fig. 10,
red curve). Apparently, a DPPC/water environment
seems to slow down adaptation of the protein structure,
even when they seem justified. This must be considered
as a drawback of this simulation system when used to
simulate homology models, where structural adapta-
tions are expected to take place during the course of a
simulation (e.g., in helix 1). Visual inspection of the
resulting protein structures reveals that local distortions
of the backbone regions occurred in both simulation
setups. However, these modifications were accompanied
by translocations of entire helices in the CCly/water
environment that seem to be impeded in the DPPC/
water environment.
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Fig. 10 Comparison of RMSD within transmembrane regions of a
model of bovine rhodopsin simulated in a CCly/water (blue curve)
and DPPC/water (red curve) environment. Choice of an incorrect
protonation state for DS83/2.50 and E122/3.37 resulted in a
pronounced increase of RMSD in the CCly/water environment,
whereas in the DPPC/water environment the slope is apparently
much smaller. This indicates that a DPPC/water environment slows
down adaptations of protein structures much more than the CCly/
water environment
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Choice of the correct state of protonation

Calculation of pKa-shifts using the UHBD program

At physiological pH of 7.4, acidic amino acids such as
aspartate and glutamate (pKa=4.4) are deprotonated/
negatively charged, while basic amino acids such as
lysine (pKa=10.0) and arginine (pKa=12.0) are pro-
tonated, thus positively charged. Histidine (pKa=26.5)
will be present in an equilibrium of protonated and
deprotonated states, while cysteins (pKa=38.5), and
tyrosines (pKa=10.0) are to a large extent neutral.
These pKa-values are, however, only true for an
aqueous environment with a dielectric constant of
€~80. In a protein environment with an estimated
dielectric constant of 2-20, the pKa values can con-
siderably shift from the values given. This shift is
mainly due to two factors: a desolvation of the residue
(that will favor the corresponding neutral forms of all
titratable sites) and stabilizing interactions between
close titratable residues within the protein (that can
stabilize a charge even in an apolar environment). The
UHBD program calculates pKa-shifts in proteins by
determining the differences in the electrostatic work of
altering the charge of a titratable group from the un-
protonated to the protonated state in the protein and
the work of making the same alteration for the residue
in aqueous solution (for details see the UHBD man-
ual). The program output consists of the calculated
state of protonation at various pH-values and
pKa-shifts for all titratable sites in the protein given.

Experimental findings obtained by Fourier-transform
infrared difference spectra (FTIR) analysis of rhodopsin
and metarhodopsin II [44] indicate the protonation of
D83 and E122, while Raman vibrational spectra de-
scribed in [45] support the view that E181 is also present
in its protonated state. However, for other rhodopsin-
like GPCRs, no such data exist and it was thus tried to
evaluate if analogous results could be implied from an
application of the UHBD program, MD-simulations
and multiple sequence alignments (MSA).



In Table 4, the state of protonation and the calcu-
lated pKa-shifts, as suggested by the UHBD program,
are listed for those residues that deviate significantly
from the pKa in aqueous solution. The calculations were
carried out twice, once for the Opsin—Retinal complex,
then also taking into account the water molecules as
resolved in the crystal structure 1L9H [29]. However,
pKa-shifts were identical so that only the results of one
calculation are given. The most striking pKa-shifts were
observed for the acidic residues D83/2.50, E122/3.37,
and E181/4.70 in the E2 loop, which were all predicted
to be in their neutral states.

D83/2.50 is a highly conserved residue throughout
the GPCR family and mutation studies reveal that this
residue is involved in the activation process. As de-
scribed in Ref. [29], D83/2.50 is stabilized by an inter-
action with water molecule la linking helices 2 (D83/
2.50), 3 (G120/3.35), and 7 (S298/7.45). Protonation of
this residue is also supported by the observation of the
existence of a sodium-binding site [46]. The presence of a
sodium ion would result in a compensation of the po-
tential negative charge of D83/2.50; thus, the existence
of the neutral form of D83/2.50 in the absence of ions
seems convincing.

If the protonated neutral forms of E122/3.37 and
E181/4.70 were considered, E122 could form a hydrogen
bond with the backbone carbonyl group of H211/5.46,
and E181 could be stabilized by an additional hydrogen
bond to Y268/6.51. The existence of E122/3.37 in its
protonated neutral form is also supported by a MSA
(ClustalW, default settings, identity matrix) of biogen
aminergic GPCRs around this site (Fig. 11). In most
sequences the corresponding position is occupied by a
threonine, serine or asparagine; thus, the hydrogen do-

Table 4 pKa-shifts for the titratable sites in the Opsin—Retinal
complex showing significant deviations from the expected proton-
ation state in aqueous solution

Residue Aqueous pKa Intrinsic pKa  Charge at pH=7.4
D83/2.50 4.0 9.8 0.0
E122/3.37 4.4 12.2 0.0
E181/4.70 4.4 12.1 0.0
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nor ability seems to be the key function of residues at
this location, rather than the introduction of a charge.
Finally, for residue E181/4.70, a potential implication as
a counterion switch for residue E113/3.28 has been dis-
cussed [43].

M D-simulations comparing different states of protonation
for residues D83/2.50, E122/3.37 and E181/4.70

In order to analyze the effect of different states of pro-
tonation of residues D83/2.50, E122/3.37, and E181/4.70
on the overall protein stability, MD-simulations with
models varying in these parameters were carried out.

If residue D83/2.50 was considered negatively charged
and no internal water molecules were considered, this
residue would disrupt the highly conserved hydrogen-
bond interaction between N55/1.50 and A299/7.46
(Fig. 12a). Residue D83, which was not involved in any
stabilizing interaction in the crystal structure, formed a
hydrogen bond with the backbone nitrogen of residue
V300/7.47 (Fig. 12b). Formation of this interaction was
accompanied with a pronounced relocation of the
backbone region of helix 7, resulting in deviations from
the ideal helix structure. Whereas consideration of D83
in its protonated state resulted in a conformation anal-
ogous to that observed in the crystal structure, where
D83 was not involved in any hydrogen-bond interaction
in simulations neglecting internal water molecules
(Fig. 12¢).

In one simulation setup with the consideration of
D83 in its charged state, we observed the intrusion of an
intracellular water molecule that moved up to the loca-
tion of the water cluster described in Ref. [29] during the
equilibration period. Under these conditions, residue
D83/2.50 interacted permanently with G120/3.35 and
S298/7.45 bridged by this water molecule, which pre-
vented the distortions previously described.

Of the four possible setups for residue D83/2.50, i.e.,
D83 protonated or unprotonated =+ internal water
molecules, the alternative D83(—) without any water
molecules consistently resulted in the distortion of the
protein backbone. The variant D83H in the absence of
internal water molecules temporarily reproduced the

Fig. 11 MSA of representatives

of the family of human biogene al-AA CNIWAAVDVLCCTAS

aminergic GPCRs and bovine B1-A CELWTSVDVLCVTAS

rhodopsin starting with the

highly conserved cysteins D1 CNIWVAFDIMCSTAS

residue in the El loop involved M2 CDLWLALDYVVSNAS

in the disulfide linkage. The _

corresponding position to E122 02-AA CEIYLALDVLFCTSS

in bovine rhodopsin is D2 CDIFVTLDVMMCTAS

highlighted and aligns with 5_HT2A CAVWIYLDVILTFSTA S

residues characterized by their

hydrogen-donor functions 5-HT1A CDLFIALDVLCCTSS
5-HT4 CLVRTSLDVLLTTAS
H3 CKLWLVVDYLLCTSS
rhodopsin | C NLEGFFATLGGETA
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Fig. 12 a Hydrogen-bond pattern around residue D83/2.50 as
observed in the crystal structure 1HZX. b Hydrogen-bond
interactions obtained after 1 ns unconstrained MD-simulation of
a model of bovine rhodopsin with the consideration D83 in its

circumstances in the crystal structure. It will, however,
represent a metastable system, as D83 is not involved
in any hydrogen-bond interaction. In the presence of
internal water molecules, both protonation states of
D83 are consistent with structural preservation. How-
ever, due to the high flexibility of internal water mol-
ecules in an unconstrained dynamics simulation, the
hydrogen-bonding pattern that was observed in the
crystal structure was only temporarily preserved
(Figs. 6, 7).

The situation for residue E122/3.37 was rather
straightforward. A MSA (Fig. 11) suggested that at this
position a hydrogen-donor function might be important.
This was supported by the MD-simulations that were
carried out. In the setup where E122 was considered
negatively charged, a distortion of the backbone region
of helix 4 could be observed, and residues in this region
deviated significantly from the conformation observed in
the crystal structure (Fig. 13a, b), whereas consideration
of E122 in its protonated state led to negligible devia-
tions from the crystal structure (Fig. 13c).

Similarly, protonation of residue E181 resulted in
smaller deviations from the crystal structure.

deprotonated state. ¢ Hydrogen-bond pattern observed after 5 ns
unconstrained MD-simulation of a model of bovine rhodopsin with
D83 in its protonated state compared to the reference structure
(light gray)

As mentioned before, experimental data available
for bovine rhodopsin has suggested that D83, E122,
and E181 are protonated within the natural structure.
This was also the conclusion that could be drawn from
the predicted pKa-shifts by the UHBD program, MD-
simulations and the analysis of MSA. This coincidence
of calculated values with experimental findings stresses
the usefulness of studying homology models of GPCRs
by means of MD-simulations and chemoinformatic
tools such as the program UHBD or MSA as these
methods have been shown to give valuable information
on the protonation states of buried residues [47, 48]. In
order to further assess the ability of the UHBD pro-
gram predicting pKa-values of buried residues in
GPCR proteins correctly, we calculated the proton-
ation state of D3.32 in a model of the human histamine
H; receptor. Residue D3.32 is conserved within the
family of biogen aminergic receptors and known to
interact with protonated moieties of numerous ligands.
In the case of a ligand-occupied or solvent-occupied
binding pocket, D3.32 was predicted to be in its de-
protonated form. However, although this result coin-
cides with the experimental observations, it must be



Fig. 13 a Hydrogen-bond pattern around residue E122/3.37 as
observed in the crystal structure 1HZX. b Hydrogen-bond
interactions obtained after 1 ns unconstrained MD-simulation of
a model of bovine rhodopsin with the consideration of E122 in its

considered that the calculated pKa shift will strongly
depend upon the exact side-chain conformation, which
is not provided by experimental data in the case of a
homology model.

Conclusions

The rational design of new drugs targeting GPCRs is
often hampered because no crystal structures are avail-
able for these target proteins. A potential workaround is
the approach of comparative modeling, and homology
models of GPCRs have been shown to be valuable tools
in the drug-design process, e.g., through their use in
database-screening or virtual de novo ligand-design
techniques. After the initial model generation, a sub-
sequent MD-simulation is often carried out in order to
study the dynamic behavior of the protein-ligand com-
plex and allow for structural adaptations. Uncon-
strained MD-simulation as a tool to refine homology
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deprotonated state. ¢ Hydrogen-bond pattern observed after 5 ns
unconstrained MD-simulation of a model of bovine rhodopsin with
E122 in its protonated state compared to the reference structure
(light gray)

models has, however, been reported to lead to models
that resemble the experimental structure less [49]. We
therefore analyzed an MD-simulation of bovine rho-
dopsin, which is used as template structure for most
GPCR homology models in order to identify contacts
that could serve as constraints in the simulation of
homology models. Additionally, the effect of an N-ter-
minal truncation, the nature of the membrane mimic,
the influence of varying protonation states of buried
residues and the importance of internal water molecules
has been analyzed. N-terminal truncation had a negative
effect on the structural preservation during MD-simu-
lations and although currently no reliable computational
procedures exist for determining the secondary structure
of this region, its explicit consideration seems to be
reasonable. Concerning the simulation environment, we
observed that protein flexibility in a DPPC/water envi-
ronment is significantly decreased compared to a CCl,/
water environment. Although the DPPC/water envi-
ronment emulates the natural circumstances more clo-
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sely, the increased viscosity of the medium will require
much longer simulation periods in order to observe
comparable deviations—when required. If the goal is to
rapidly compare alternative GPCR homology models
with respect to their structural stability, application of
the more artificial CCly/water environment might be
justified because of its significantly lower hindrance of
even large conformational changes. Regarding the
choice of protonation states for buried residues, calcu-
lated pKa-shifts by the program UHBD together with
the results from MD-simulations and the analysis of
MSA were able to reproduce experimental data avail-
able for the bovine rhodopsin structure, suggesting its
application for the analysis of rhodopsin-like GPCR
homology models.
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