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Abstract: G-protein-coupled receptors (GPCRs) are impor-
tant targets for treating severe diseases. However why certain
molecules act as activators whereas others, with similar
structures, block GPCR activation, is poorly understood
since the same molecule can activate one receptor subtype
while blocking another closely related receptor. To shed light
on these central questions, we used all-atom, long-time-scale
molecular dynamics simulations on the k-opioid and p-opioid
receptors (kKOR and uOR). We found that water molecules
penetrating into the receptor interior mediate the activating
versus blocking effects of a particular ligand—receptor inter-
action. Both the size and the flexibility of the bound ligand
regulated water influx into the receptor. The solvent-accessible
inner surface area was found to be a parameter that can help
predict the function of the bound ligand.

The known crystal structures of ligand-free and ligand-bound
G-protein-coupled receptors (GPCRs), as well as their
ternary complexes with G proteins, show a large number of
structural details''!. Based on static crystal structures and
molecular dynamics simulations, some common elements in
the activation mechanism of GPCRs have been found,
including side-chain microswitches, movement of transmem-
brane helices, and rearrangement of internal water mole-
cules.” Herein, we concentrate on the question of whether
specific properties of GPCR ligands can be predicted from
the structural features of the corresponding ligand-receptor
complexes obtained from computer simulations.
Levallorphan is a morphine-like drug that is widely used
as an antidote and opioid modulator.® It acts as an agonist for
K-opioid receptors (kORs) but as an antagonist for p-opioid

receptors (WORs).”! As a result, it blocks the effects of
stronger agents with greater intrinsic activity, such as mor-
phine or endogenous B-endorphin.!"”! To address the different
effects of levallorphan on kORs and pORs, we first per-
formed all-atom molecular dynamics (MD) simulations on
the crystal structures of both the KOR (pdb: 4DJH)!'! and
HOR (pdb: 4DKL)! (Table 1).

Table 1: Ligand—receptor systems used for MD simulations.

Receptor kOR KkOR-jdt KOR-lev UOR-lev HOR-mor
Ligand - JDTic levallorphan  levallorphan  morphine
Function apo  antagonist agonist antagonist  agonist

t [us] 0.5 3 3 3 3

Levallorphan

Morphine

Our previous work(® indicated that a Na™ ion from bulk
water can diffuse into the allosteric site of pOR, bind to the
highly conserved D114**°, and thereby influence receptor
function. To determine whether this finding would pertain to
kOR, we performed 0.5 us MD simulations for apo-kOR
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(Figure S1 in the Supporting Information). As expected,
a Na* ion penetrated into the inner space of kOR through the
same three stages (Figure S1A,B) observed with apo-pOR."!
We even found that the final position of this Na* ion inside
KOR was similar to that in both the MD simulation structure
of wOR! and the crystal structure of A,,R"! (Figure S1C).
Because Na* ions play a crucial role in GPCR activation,*®
we placed a Na* ion at the allosteric site in all subsequent MD
simulations.

Next, we examined conformational fluctuations in the
ligand-receptor complexes. For the complex between kOR
and its antagonist JDTic (kOR—jdt), two particular hydrogen
bonds between JDTic and D138** were monitored over time
(Figure 1): N1IH-OD1 and N2H-OD2. These interactions
were stable during the whole 3 ps MD simulation. A similar
stability was observed for the complex between nOR and the
antagonist levallorphan (WOR-lev), although only one hydro-
gen bond linked the ligand to D147, By contrast, the
interactions in the receptor—agonist complexes kOR-lev and
POR-mor were less stable and dissociated during the MD
simulations (Figure 1). In the case of kOR-lev, the interaction
between the ligand and the receptor was already completely
disrupted at 1.3 ps. For morphine, it flipped between OD1 and
OD2.

Penetration of water molecules into the receptor interior
has been found to be a hallmark of GPCR activation."™
Compatible with this theme, we observed a distinct difference
in the number of water molecules inside the receptor after the
binding of an agonist or an antagonist (Figure 2 and Fig-
ure S2). The final structures obtained from MD simulations
showed fewer water molecules at the ligand-binding and
allosteric sites of pfOR-lev (Figure 2C and Figure S2), with
levallorphan acting as an antagonist, than in kKOR-lev (Fig-
ure 2B and Figure S2), with levallorphan acting as an agonist.
A similar characteristic was found for the binding of agonist
and antagonist to the same receptor: in the antagonist-bound
complex kOR-jdt, far fewer intrinsic water molecules were
detected ((N) =3 £ 1) than in agonist-bound kOR-lev ({(N) =
9+2; Figure 2A,B and Figure S2), and similarly for the
antagonist complex pOR-lev and the agonist complex pfOR-
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Figure 2. Water inside kOR (top) and pOR (bottom) at the end of the
3-us MD simulations. Red dots =water molecules; blue dots =Na*
jons. A) KOR with bound antagonist |DTic (purple carbon atoms).

B) kOR with bound agonist levallorphan (orange carbon atoms).

C) uOR with bound antagonist levallorphan (orange carbon atoms).
D) uOR with bound agonist morphine (blue carbon atoms). For both
receptors, the average number of water molecules in the ligand
binding pocket was (N) =3+ 1 for the antagonist complexes and
(N)=9+2 for the agonist complexes.

mor (Figure 2 C,D and Figure S2). Interestingly, in pOR-lev,
the ligand levallorphan fits tightly into the receptor binding
site. Besides the formation of a hydrogen bond with D147>%,
the hydrophobic tail of levallorphan at the protonated
nitrogen interacts with Y320"* to form o-m stacking that
blocks water penetration. Although a similar interaction was
observed for the bound antagonist in the kKOR—jdt complex
(Figure 2 A), this was missing for the bound agonists in the
kKOR-lev and pOR-mor complexes. This implies that the size

of the ligand in the binding
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Figure 1. Lengths of the hydrogen bonds between the ligand and D**? in the receptor binding pocket during
3-us MD simulation. Purple stick model =)DTic; orange stick model =levallorphan; blue stick model =mor-
phine. Plots of hydrogen-bond lengths are depicted in black (KOR-OD1-jdt; OD1 is one oxygen atom of the
carboxylic group in the side chain of D138), red (KOR-OD2-jdt; OD2 is the second oxygen atom of the

carboxylic group in the side chain of D138), green (kOR-OD1-lev), blue (WOR-OD1-lev), and orange (LOR-

ODT1-mor).
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activation.*®) By contrast,
antagonists occupy a compa-
ratively larger portion of the
binding pocket space,
thereby blocking the
entrance of water molecules.
The residue Y’*#, which is
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bound tightly by antagonists, also fluctu-
ates in agonist-bound complexes. The
hydrogen bond between D*** and Y™*
breaks and re-forms, which facilitates the
influx of water and rearrangement of the
hydrogen bond network. The role of the
Y’ residue was found to be important for
the activation of opioid receptors in our
earlier studies,'" even without its role in
water influx. The transient movements of
Y’# are in line with movements of the
WO residue, which opens a gate for
water.’! Here, Y’ forms another gate, so
the pipeline of water can participate in
activation of the receptor.

To identify the relationship between
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Figure 3. Solvent accessible surface areas (SASA) values for agonist-bound kOR (left panel)
and antagonist-bound kOR (right panel). Error bars represent standard deviations obtained
from statistical evaluation of 200 snapshots extracted from the final parts of the MD
simulations. Values were calculated based on the final 2 ns of 35 20-ns MD simulations.
SASA values for kKOR with agonists are in the range of 450-700 A%, with a mean value of

ligand properties and the formation of
a water pathway, we calculated the solvent
accessible surface area (SASA) of the
receptor in its extracellular binding
pocket based on our final 5 ns MD simu-
lations. We found that the SASA values for
the antagonist-bound complexes kOR-jdt (350 A%) and
uOR-lev (450 A?) were distinctly smaller for particular
receptor types than those for the agonist-bound complexes
KOR-lev (480 A% and wOR-mor (590 A?), respectively. To
confirm this conclusion, we performed 20 ns MD simulations
for each of 69 compounds (Figure S3-6), including 16 kKOR
agonists, 19 kOR antagonists, 18 pOR agonists, and 16 pOR
antagonists from a GPCR-ligand database.'”) The receptor
starting structures for HOR and kOR were the same in all
cases. The final 2 ns MD simulations showed that the SASA
values for most of the kOR agonists were in the range of 450
700 A? (Figure 3), whereas the SASA values for the kOR
antagonists were in the range of 300-460 A Following the
same pattern, the SASA values for agonist-bound nOR
(Figure S7) were in the range of 600-750 A% while those for
antagonist-bound pOR were in the range of 400-650 A%
These differences are statistically significant with a two-tail p-
value of 1.30 x 10~° for kOR and 1.45 x 10~> for pOR. We thus
conclude that the SASA values of the receptor binding pocket
are larger for complexes with agonists than with antagonists.

Helix bending is another hallmark of GPCR activa-
tion.">1%1 This was also evident in the final 60 ns period of
each of our MD simulations: both agonist-bound complexes
KkOR-lev and pOR-mor underwent characteristic helix
bending in TM6 (Figure S8) and TM7 (Figure S9), which
was missing in the antagonist-bound complexes kOR—jdt and
UOR-lev. The D/ERY ionic lock between TM3 and TM6 has
been considered to play a crucial role in GPCR activa-
tion.'"”"¥ We also observed a D/ERY ionic lock switch
(Figure S10). The ionic salt bridge between D** and R** in
the agonist-bound complexes kKOR-lev and pOR-mor was
broken at approximately 1.0 us and 0.6 ps, respectively. By
contrast, this salt bridge was stable during the whole MD
simulation for both antagonist-bound complexes KkOR-—jdt
and pOR-lev.

In conclusion, our MD simulations revealed the structural
basis of agonist/antagonist sensing for both kOR and pOR
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560+ 65 A? (left horizontal line); whereas for kOR with antagonists, the values are in the
range of 300-460 A2, with a mean value of 415 443 A? (right horizontal line). Distributions
of data points for the two ligand sets are presented by box-and-whisker plots: a box
represents the 25%-75% distribution range of the corresponding data points depicting the
median inside; the whisker represents the 10%-90% distribution range. The chemical
structures of the compounds are shown in Figures S3 and S4.

(Figure 4). Levallorphan behaved as an agonist for kKOR by
inducing unstable binding with D*** and subsequent water
penetration owing to the large SASA of the kOR-lev
complex. By contrast, levallorphan was stabilized in the
binding site of WOR by hydrogen bonding to D** and a o—n
interaction with Y. This combination blocked the entry of
water molecules from the bulk environment because of the
comparatively smaller SASA of the pOR-lev complex
relative to kOR-lev. Owing to differences in the structures
of the binding sites of receptors that differ more than closely
related subtypes, a direct comparison of their SASA values
may be risky. Considering the same receptor type, the binding
of antagonists generally results in smaller SASA values for the

levallorphan
ist as g
353} %nis[

v

extracellular,

KOR-lev WOR-lev

Figure 4. Schematic representation of ligand binding in kKOR and pOR.
Levallorphan (yellow-green carbon atoms) acts as an agonist in kKOR
owing to the large SASA of KOR-lev, which allows the penetration of
water molecules (yellow dots) required for receptor activation. In
contrast, levallorphan acts as an antagonist in pOR because the
decreased SASA value of pOR-lev leads to blocking of water entry into
the receptor.
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receptors binding pocket than those for agonist-bound
complexes. This characteristic property may be useful for
computational screening of GPCR ligands, however, the
involvement of MD simulations means that it is presently not
arapid screening method. The movement of water, along with
a simultaneous rearrangement of the internal hydrogen-bond
network, could be the major driving force of receptor
activation. In this interpretation, the action of molecular
switches would be derived from the ligand-receptor match
and the ability of water to enter the receptor.

Experimental Section

Our membrane system was built by a membrane embedding tool in
Maestro,'”! with each receptor crystal structure pre-aligned in the
OPM (Orientations of Proteins in Membranes) database.’™?"! Pre-
equilibrated 154 POPC lipids coupled with 12000 TIP3P water
molecules in a periodic box of 80 x 80 x 104 A were used to build the
protein/membrane system. Proteins, lipids, water molecules, and ions
were modeled with the CHARMM36 force field?? parameter set; the
ligands were modeled with the CHARMM CGenFF small-molecule
force field.™ All ligands were submitted to the GAUSSIAN09
program® for structure optimization at the B3LYP/6-31G* level
prior to force field parameter generation. All bond lengths to
hydrogen atoms in each protein/membrane system were constrained
with M-SHAKE.”! Van der Waals and short-range electrostatic
interactions were cut off at 10 A. The long-time-scale MD simulations
were performed in Desmond®! at the specialized supercomputer
ANTON.”"! Results obtained from the MD simulations were
analyzed in Gromacs® and VMD.?! The bending of helices was
calculated in Bendix®" with default settings.

Keywords: GPCRs - molecular dynamics - protein models -
receptors - signal transduction
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