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Abstract

Binding of histamine to the G-protein coupled histamine H; receptor plays an important role in the context of allergic
reactions; however, no crystal structure of the resulting complex is available yet. To deduce the histamine binding site, we
performed unbiased molecular dynamics (MD) simulations on a microsecond time scale, which allowed to monitor one
binding event, in which particularly the residues of the extracellular loop 2 were involved in the initial recognition process.
The final histamine binding pose in the orthosteric pocket is characterized by interactions with Asp1073-32, Tyr1083-33,
Thr194°43, Asn198%46, Trp4286'48, Tyr43 1651 Phe432952 and Phe435%5%, which is in agreement with existing mutational
data. The conformational stability of the obtained complex structure was subsequently confirmed in 2 us equilibrium
MD simulations, and a metadynamics simulation proved that the detected binding site represents an energy minimum. A
complementary investigation of a D107A mutant, which has experimentally been shown to abolish ligand binding, revealed
that this exchange results in a significantly weaker interaction and enhanced ligand dynamics. This finding underlines the
importance of the electrostatic interaction between the histamine ammonium group and the side chain of Asp1073-32 for
histamine binding.

Keywords G-protein coupled receptors (GPCRs) - Histamine - Molecular dynamics simulations - Metadynamics -
Receptor-ligand interactions - Ligand binding - Allergic reactions

Introduction

Histamine is an endogenous tissue hormone and a key
molecule for the regulation of arousal, inflammatory, and
allergic reactions [1, 2]. Being extensively studied by medi-
cal research [1], it has been shown to stimulate lymphocyte
activity, to facilitate the migration of immune cells, and
to influence the behavior of granulocytes and mast cells
[3, 4]. Histamine is known to be directly involved in the
genesis of key symptoms observed in the context of aller-
gic reactions such as an excessive production of mucus,
sneezing, and pruritus [4]. The detection of histamine by a
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cell is mediated via four different G-protein coupled recep-
tors (GPCRs): Hy, H», Hz, and H4. All of them belong to
the family of class-A GPCRs [5]. The histamine H; recep-
tor is expressed in many different cell types, e.g., immune
cells, neurons, as well as the smooth muscle cells of respira-
tory or intestinal epithelium as well as vascular endothelial
cells [2]. It has been described to play a major role in type
I hypersensitivity reactions: histamine released from mast
cells binds to the receptor and leads to its activation [6],
which is followed by a signal transduction via a G, protein
[5]. The activated heterotrimeric G-protein hydrolyses GTP
to GDP and dissociates into its & and a dimeric (8 + ) sub-
unit. The o subunit binds to the enzyme phospholipase C
(PLC), which is thereby triggered to catalyze the reaction of
phosphoinositide-3,4-bisphosphate (PIP;) to diacyl glycerol
(DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 leads to a
release of the second messenger Ca>* from the endoplas-
matic reticulum, whereas DAG activates the protein kinase
C (PKCO) [7]. Both mechanisms convey changes in cellular
metabolism and behaviour, which occur in the context of
allergic processes. Due to its particular role for hypersensi-
tivity reactions, the histamine H; receptor is a main target
for anti-allergic drugs [8], which are used for the treatment
of hay fever, conjunctivitis, allergic rhinitis, or anaphylactic
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shock [9]. The most relevant substances applied in therapy
are inverse agonists of the H; receptor such as loratadine,
olopatadine, or cetirizine [8].

In 2011, Shimamura et al. published a crystal structure
of the histamine H; receptor bound to the small antagonist
doxepin (PDB code 3RZE) [10]. However, there is to date
no structure of a complex with the physiological ligand
histamine available. The binding mode of histamine is so far
more or less known due to a site-directed mutagenesis study
by Ohta et al., which indicates that the residues Asp1073-32,
Thr194°43, and Asn19834® (superscript numbers indicate
Ballesteros—Weinstein numbering [11] of the respective
residues) might be involved in ligand binding [12]. Before
the crystal structure of the H; receptor became available,
a first computational prediction for the histamine binding
pocket was proposed based on a homology model [13].
Besides the three residues proposed by Ohta et al., this
work suggested an involvement of Tyr108333, Ser1113-3,
and Lys191540 After the crystal structure was published,
Panula et al. performed a docking study and suggested
interactions of histamine with Asp1073'32, Ly51915'40,
Thr194°43, Asn198346, Tyr4313!, and Phe435%3 [14].
Taken together, these findings suggest that histamine binds
to the orthosteric pocket of the H; receptor in a similar
fashion like the antagonist doxepin.

To obtain further details of the histamine-H; receptor inter-
action, we applied a set of different molecular dynamics
simulations: For the initial deduction of the histamine binding
site, we performed three unbiased molecular dynamics
(MD) simulations starting from an unbound ligand, one
of which succeeded in placing the ligand in the orthos-
teric pocket. The obtained binding pose was subsequently
validated by 2 s equilibrium MD simulations and by a ther-
modynamic analysis based on metadynamics simulations.
These simulations demonstrate the conformational stabil-
ity of the detected binding mode, which also represents a
minimum in the energy landscape. Moreover, we conducted
analogous simulations of a D107A mutant, which reveal the
role of a saltbridge between Asp1073-3% and the histamine
amino group for a stable binding position. Taken together,
the results from our simulations allowed to refine the his-
tamine binding mode and to identify the key interacting
residues of the Hj receptor. In the future, this information
may be helpful for drug development or further functional
studies of histamine receptors.

Methods
Simulations performed

To elucidate the binding site of histamine in the H; receptor,
three simulations of at least 1 us were performed, in which
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a single histamine molecule was placed ~ 10 A above the
GPCR. The binding mode was afterwards verified by two
independent 2-us MD simulations. In addition, a D107A
mutant was generated from the same starting structure and
also simulated in two 2-us simulation runs. An overview of
the systems investigated is given in Table 1.

Preparation of histamine for MD simulations

Coordinates for histamine were downloaded from the
PubChem database [15]. For the correct physiological
protonation state (pK,;=9.7 for amino group, pK,=5.8 for
imidazole ring [16]), a third hydrogen atom was added to the
amino group using Avogadro 1.1 [17]. gaff [18] atom types
were assigned with the AmberTool antechamber. Partial
charges for histamine were derived from a RESP/ESP
fit with the RESP/ESP Charge Derive Server [19] using
Firefly 7.1 [20, 21] and the base set RESP-C2 (HF/6-
31G*//HF/6-31G*). The resulting final prep file is provided
as the supplementary information of this paper (Online
Resource 5). With tleap from AmberTools 17 [22],
Amber coordinate and topology files for histamine were
generated and then converted to the respective Gromacs
formats with amb2gmx . p1l as described in [23].

Preparation of the Hq receptor starting structure

The structure of the histamine H; receptor was taken
from PDB entry 3RZE [10]. The ligand doxepin and the
T4 lysozyme used for crystallization were removed. The
resulting gap between Cys221 and Leud405 was closed
by an eight-residue spacer (sequence GSGSGSGS) using
ModLoop [24, 25]. Additionally, the unresolved residues
between His167 and Argl75 were completed with the native
sequence. Since there were some missing terminal residues,
an N-terminal acetyl and a C-terminal N-methyl capping
group were added to the structure using Sybyl7.3 [26] to
avoid artificial charges at the termini. The setup of the
structure for the subsequent MD simulations was performed
with tleap. Missing hydrogen atoms were added, the
disulfide bridges mentioned in the PDB file were created,
and ff99SB [27] parameters were assigned to the protein.
The structure was then temporarily solvated in a TIP3P [28]
waterbox (capped octahedron, minimum distance of 8 A
from the solute to the borders) with C1~ counter ions for
electrical neutralization. This was done to perform an initial
energy minimization prior to membrane embedding in order
to reduce steric tension in the starting structure. The energy
minimization was conducted with sander from Amberl7
and comprised 500 steps of steepest descent as well as 4500
steps of the conjugate gradient algorithm. Afterwards, water
and ions were removed and tleap was run to generate
new Amber coordinate and topology files for the minimized
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Table 1 Overview of the unbiased MD simulations performed

System Histamine ff runs Simulation time ft DOPC # HyO # Cl™ #f atoms
WT (initial binding) unbound 3 1 s, 3 us, 3 us 235 20,347 17 98,075
WT bound 2 2 s, 2 us 235 20,347 17 98,075
DI07A bound 2 2 s, 2 us 235 20, 346 18 98,071

All systems consist of either the wild-type (WT) or the mutant D107A histamine H; receptor, embedded into a dioleoylphosphatidylcholine
(DOPC) bilayer and solvated in SPC water. The table contains the initial position of histamine, the number of independent runs performed, the
simulation time per run, the number of DOPC and water molecules, the number of CI~ ions for electrical neutralization, and the number of overall

atoms in the respective system

protein structure using again parameters from the ff99SB
force field. As described for histamine, the resulting
files were then converted into Gromacs file formats with
amb2gmx .pl. Based on the entry 3RZE from the OPM
database [29], the structure was then overlaid with a pre-
equilibrated dioleoylphosphatidylcholine (DOPC) bilayer
(gaff force field) [30] and solvated in SPC water [31]. This
was done using an in-house Perl script, which minimized the
sum of the squared z distances between the DOPC C1 atoms
and the pseudoatom entries from the OPM entry by which
the position of the extracellular and intracellular membrane
layer are coded. Coordinates and topology of the solvated
bilayer and the protein were then combined and the resulting
structure was embedded into the membrane using the gmx
membed [32] functionality of Gromacs 2016.5 [33]. An
electrical neutralization of the system was performed by
addition of C1~ ions with gmx genion.

Then, a three-step energy minimization of the system was
conducted, which comprised three steps in total. First, only
water molecules and ions were minimized whereas all other
atoms were restrained by the use of harmonic potentials
with a force constant of 1000 kJ-mol~!-nm~2 in x, y, and
z direction. In the second step, the DOPC membrane and
most of the H; receptor were minimized as well, only
the Co atoms were still restrained with the same force
constant. Finally, the complete system including the Cu
atoms was kept unrestrained. Every minimization phase was
subdivided in a first part with the steepest descent algorithm
and a second part with the conjugate gradient algorithm.
The minimization was performed using gmx mdrun and
terminated as soon as machine precision reached (= a few
thousands of steps).

In order to equilibrate the GPCR in the mem-
brane, a series of 300 consecutive MD simulations (see
Section “Molecular dynamics simulations” for details) of
100 ps length was performed. After each simulation, water
molecules that had diffused between receptor and mem-
brane were deleted using a self-written Perl script. During
these equilibration simulations, position restraints with a
force constant of 1000 kJ-mol—!-nm~2 in x, v, and z direc-
tion were imposed on the protein backbone. After the 300

restrained simulations, an additional 2 us free equilibration
simulation of the system was performed to remove struc-
tural artifacts that might be due to the co-crystallization
with the T4 lysozyme and the antagonist doxepin. For the
histamine binding simulations, a single histamine molecule
was added about 10 A above the receptor on the extracel-
lular side and an additional C1~ ion was added to ensure
electrical neutrality.

For the simulation of the D107A mutant, the Asp1073'32
residue was exchanged for alanine with the Chimera
swapaa command. Then, a new topology was created
with tleap and converted into the Gromacs file format as
described above.

Molecular dynamics simulations

All unbiased MD simulations were performed with Gro-
macs 2016.5 [33]. Periodic boundary conditions were
applied in x, y, and z direction. The simulations were run
at constant pressure and temperature (NpT ensemble) with
surface-tension coupling. The reference surface tension was
set to 1.1 nm-bar and the reference z pressure to 1 bar. The
temperature was constantly held at 310 K with temperature
coupling being achieved by a Berendsen thermostat [35] in
three separate coupling groups for (i) solvent and ions, (ii)
protein and ligand, and (iii) the DOPC membrane. A time
step of 2 fs was used because bonds involving hydrogen
atoms were constrained with the LINCS algorithm [36].

The analysis of the simulations was performed with
cpptraj [37] from AmberTools 17. Contacts were defined
between any atom pair (including hydrogen atoms) with
a maximum distance of 5 A, as described previously
[38]. Plots were created with gnuplot [39], structure
visualization was done with UCSF Chimera [34].

To assess the energy landscape of the obtained binding
mode and to investigate the energetic effect of the D1I07A
mutant, a well-tempered multiple walker metadynamics
simulation was performed for both wild type and mutant
according to a strategy established by Saleh et al. [40-
42]. The metadynamics simulation was conducted using
Gromacs 2016.3 [33] with the plumed 2.3.1 plugin [43].
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As a collective variable (CV), we chose the z component
of the distance between the conserved Trp428%4® Ca
atom at the bottom of the orthosteric binding pocket and
the histamine amino nitrogen atom. Methodical details
are given in the supplementary information to this paper
(Online Resource 1). Briefly, we initially conducted two
metadynamics runs (one run for the wild type and one for
the D107A mutant), which started from the bound state
of histamine, in order to obtain a rapid ligand unbinding.
From these initial simulations, 32 starting conformations
were selected that were equidistantly distributed between
the bound and the totally unbound state of histamine.
Subsequently, for both wild type and mutant, multiple
walker metadynamics simulations with a simulation time of
~ 1500 ns (32x48 ns) were conducted. The integration of
the free energy landscape was performed with the plumed
shell command.

Results and discussion
Determination of the histamine binding site

Molecular dynamics (MD) simulations, either in combi-
nation with enhanced sampling methods such as metady-
namics or adaptive biasing force calculations or without
external bias, have been successfully applied in the past
in GPCR research to investigate ligand binding [41, 42,
44-47]. Therefore, we decided to use microsecond unbi-
ased MD simulations for the identification of the histamine
binding site in the present study. We performed a total
of three simulations (1 us each), in which histamine was
placed above the H; receptor. Since only one of these
simulations led to successful binding, the other two runs
were extended to 3 us. However, no binding event could
be observed in those simulations despite this prolongation.
Therefore, we will only discuss the successful run in more
detail. As a measurement for the progress of binding, we
chose two different parameters: (i) the z component of
the distance between the histamine amino nitrogen atom
and the Trp428%*® Co atom (Fig. l1a), which is located
directly below the binding pocket as described by Saleh et
al. [40], and (ii) the number of contacts between histamine
and the receptor (Fig. 1b). The binding process (movie
in Online Resource 2) started after a simulation time of
600 ns and was complete at about 900 ns, taking 300 ns
in total. As can be seen from Fig. 1b, it may be subdi-
vided into three consecutive steps (visible as three plateaus).
First, a small number of initial contacts (< 100) was estab-
lished mainly with charged residues of the ECL2 (Glul77,
Aspl78, Lys179, Glul81) (Fig. 1c). Then, a rapid increase
to an intermediate phase of 300—400 contacts occurred when
the ligand moved to the vestibule of the binding pocket.
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During this second step of the binding process, the ligand
maintained interactions with residues of the ECL2 (Asp178,
Lys179, Thr182, Tyr185) that form a kind of lid over the
pocket (Fig. 1c). In addition, it contacted residues (such as
Leul0432°, Lys191°4°, His4507-3*, and Ile4547-3%), which
belong to the outer parts of the transmembrane helices 3,
5, and 7. At about 900 ns of simulation time, the lig-
and descended further into the deep orthosteric binding
pocket and established stable interactions with Asp107°-32,
Tyr108333, Thr194>43, Asn19834¢, Trp428648 Tyr4316-51,
Phe432%52, and Phe435%% (Fig. 1c).

This final binding mode (Fig. 2a, PDB file in Online
Resource 6) is especially characterized by a saltbridge
between one of the Aspl07°-32 O8 atoms and the his-
tamine ammonium group. Moreover, a hydrogen bond to
Tyr4316! was observed. Besides electrostatic interactions
with the different tyrosine residues, hydrophobic interac-
tions of the two phenylalanines Phe432°2 and Phe435%°
with the carbon atoms of the imidazole ring of histamine
play a role as well.

When we analyzed the pathway from our initial binding
simulation, we detected that especially the residues of
the ECL2 formed contacts with histamine in the first
phase of the binding process (Fig. 1c). This finding is
in good agreement with the fact that this loop is already
known to be particularly relevant for ligand recognition and
ligand selectivity of class-A GPCRs [45, 48]. The entry of
histamine happened through the crevice between the ECL2
and the transmembrane helices 5, 6, and 7 in a manner quite
comparable to a binding pathway that was elucidated in an
MD study for alprenolol at the 8, adrenergic receptor [45].

Having reached the vestibule of the binding pocket,
histamine interactions with the residues of the ECL2
remained important for a certain period of time until the
ligand moved further inward into the orthosteric binding
site (Fig. 1c). One role of the ECL2 for ligand binding
is thus to catch the free ligand by means of a variety
of charged residues and then to guide the ligand to the
binding site as described in previous publications [49]. Such
a role of the ECL2 as an enclosure for bound ligands has
been discussed before [50]. Thus, our study is in line with
previous publications [45, 48, 50] demonstrating that the
ECL2 can be of high functional relevance and that its role
is not limited on simply connecting two transmembrane
helices with each other.

In summary, the comparison with the experimental data
suggests that the present binding MD simulation has sam-
pled a plausible entrance pathway to the orthosteric binding
pocket. However, we are aware that a comprehensive inves-
tigation of ligand binding pathways, which will allow to
assess the detailed role of individual residues in the bind-
ing process, requires the observations of more successful
binding events. For example, Dror et al. performed 82



J Mol Model (2018) 24: 346

Page50f16 346

Fig.1 Histamine binding to the
H; receptor in an unbiased MD
simulation. a Distance between 25
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the Trp428%48 Cqr atom at the
bottom of the orthosteric binding
pocket and the histamine amino
nitrogen atom as a function of
simulation time. b Number of
contacts between histamine and
the H; receptor as a function of
simulation time. ¢ Structure of
the upper part of the H; receptor.
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simulations with 21 binding events to get a statistically
sound data basis for such an analysis [45]. Thus, we con-
sider our approach mainly as an alternative strategy to dock-
ing or enhanced sampling simulations to obtain a candidate
binding mode for the ligand, which requires subsequent
verification. We have performed this further verification
by performing extended equilibrium MD simulations
(Section “Stability of the histamine binding mode and role
of D107 for the interaction”), by thermodynamic anal-
yses (Section “Thermodynamics of the receptor-ligand
interaction”), and by a comparison to previous experimen-
tal and computational data for the H; receptor (Section
“Conclusions™).
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Comparison of the histamine binding mode
with the doxepin-bound crystal structure

To date, the only available crystal structure for the H;
receptor is a complex with the antagonist doxepin [10]. To
investigate if our obtained binding mode involves similar
interacting residues as this crystal structure, we performed
an overlay of both structures (Fig. 2b). The result shows
that the overall ligand position within the binding pocket is
the same for histamine and doxepin. The two ligands have
a similar orientation with their amino/amine nitrogen atom
directing towards Asp1073-32. To further characterize the
similarities between the two binding modes, we compiled a
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Fig. 2 Binding mode of histamine to the H; receptor from the last
frame of the binding MD simulation. The H; receptor is shown
from the extracellular side. a Overview of main interacting residues.
The backbone is colored in white and the main residues which
interact with histamine are displayed as grey sticks. Histamine is
visualized as black sticks. The saltbridge between Asp1073-32 and
the histamine ammonium group as well as a hydrogen bond with
Tyrd31031 are illustrated as dashed red lines. b Overlay of the
histamine binding mode and the doxepin-bound crystal structure of
the histamine H; receptor (PDB code 3RZE) [10]. The backbone of
the crystal structure is colored in blue, doxepin (Z isomer from PDB
3RZE) and Aspl107332 are displayed as violet sticks. The backbone
of the histamine-bound structure is colored in green, histamine and
Asp1073-32 are shown as orange sticks

table (Table 2), which lists all interacting amino acids for
the two ligands.

Besides Asp1073'32, common interactions occurred with
Tyr108333, Ser1113-36, Lys191°40, Thr194°43, Ala195>44,
Asn198346, Trpd2848 Tyr43161, the two phenylalanines
Phe432%9% and Phe435%%5 as well as with Ile4547-38
and Tyr458742. Just one single residue, Alal10%3, was
found to interact exclusively with histamine and not with
doxepin. However, there were a couple of residues that were
contacted by doxepin, but not involved in the binding of
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Table2 Comparison between the histamine binding mode obtained in
the initial binding MD simulation and the doxepin binding mode from
the crystal structure (PDB code 3RZE)

Residue Histamine Doxepin GPCRdb mutations with effect
on histamine/doxepin binding

Asp1073'32 v v D107A (histamine: abolished or
highly reduced [12, 52, 53], dox-
epin: 275x | [53]), DI07E/N
(histamine: abolished [12])

Tyr108333 v —

Alal1033% — —

Ser11133¢ v S111A (histamine: 13x { [13]),
SI111C (histamine: 2x 1 [13]),
S111T (histamine: no effect [13])

Thr112337 — v —

Ile115340 — v —

Trpl58+37 — v —

Lys179 — v —

Lys191340 v v K191A (histamine: 3-16x |} [52,
54])

Thr194>4 v T194A (histamine: 2-5x | [12,
54-57])

Alal95>% v v —

Asn19834 v N198A (histamine: 16-775x |
[12, 52, 55-57])

Phe199547 — v —

Phe42464 v —

Trp428548 v v —

Tyrd31051 v —

Phe432052 v F432A  (histamine: abolished
[521)

Phe43505% v F435A (histamine: 3-40x |} [52,
58])

le454738 v —

Tyr45874 v Y458A (histamine: 17x | [58],

1.3x v [52])

Residues were considered as interacting with histamine (v') if a
significant number of contacts was detected during the wild-type
equilibrium simulations. For doxepin, all residues located in the crystal
structure within 5 A of the ligand were defined as binding. The
fourth column contains information about the effect of experimental
H; receptor mutations in the respective positions on histamine/doxepin
binding. It is based on entries from the GPCRdb [51]

histamine (e.g., Thr112337, Tle115%4°, Trp158*37, Lys179,
Phe199°47, and Phe424%#*). This is most probably due
to the fact that doxepin is larger compared to histamine,
allowing it to reach residues that are located more distant
from the center of the binding pocket. We also added
information about mutagenesis studies with an effect on
histamine or doxepin binding to Table 2 based on the
information available from the GPCRdb [51]. These data
will be discussed in more detail in Section “Conclusions”.
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Fig.3 Stability of the detected
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Stability of the histamine binding mode and role
of D107 for the interaction

In order to test if the obtained binding mode remains stable
and to investigate the relevance of the observed saltbridge
(Fig. 2a), we performed subsequent 2 pus simulations of
the wild-type receptor and a D107A mutant, in which the
saltbridge is absent (two runs for each system). In case of
the wild-type trajectories, we found that histamine remained
constantly deep inside the binding pocket (movie in Online

Fig.4 Histamine flexibility
within the binding pocket.
Structure of the upper part of the
H; receptor with an overlay of
the histamine position for every
200 ns of simulation time. The
backbone of the receptor is
colored in white, and the
residues Asp107332/A1a107 are
shown as yellow sticks.
Histamine is shown as black
sticks with nitrogen atoms
colored in blue. The three
protons of the NH;’ group are
highlighted in violet to allow for
an easier recognition of the
orientation within the binding
pocket. a Wild type, runl. b
Wild type, run2. ¢ D107A
mutant, runl. d D107A mutant,
run2

a

Resource 3, final structures from the two MD runs as
PDB files in Online Resources 7, 8). This is also visible
from the fact that the z distance between the histamine
amino nitrogen atom and the Trp428%*% Co atom remained
constant over the entire trajectory (Fig. 3a). The number
of contacts changed only slightly over the simulation time
apart from some fluctuations and a small increase, which
indicates a further enhancement of binding (Fig. 3b). In
contrast, the runs of the D107A mutant showed both a
lot more flexibility in the z distance of histamine from

b
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Fig.5 Dynamics of histamine in the wild-type equilibrium MD simu-
lations over time. a Saltbridge between the Asp107332 O8 atoms and
the histamine amino nitrogen atom. To take into account the chemi-
cal equivalency of the two aspartate O§ atoms, for every frame, the
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Fig. 6 Number of contacts between histamine and the H; receptor,
dissected into individual amino acid residues. Averages per frame =+
standard deviations. The diagrams contain all side chains of residues
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the bottom of the binding pocket (Fig. 3a). In run2, there
was already at the beginning of the simulation (from about
150 to 400 ns) a phase where histamine moved from the
orthosteric binding pocket towards the vestibule, which is
visible as a plateau at about 10—15 A. The ligand returned
then into its initial position. However, in this second run, the
z distance increased again at about 1 s of simulation time
reaching the same plateau before a complete dissociation
of histamine occurred after about 1600 ns (movie in Online
Resource 4). This becomes also evident from the fact
that the number of contacts between histamine and the
receptor decreased to zero at this point of simulation time
(Fig. 3b). Subsequently, the unbound ligand moved through

Fig.7 H; receptor residues con- a
tacted by histamine. Structure of

the H; receptor shown from the
extracellular side. The backbone

is colored in white. Histamine is

shown as black sticks, all

residues that interact with his-

tamine are also depicted as sticks

and colored according to the

number of contacts they formed

during the MD simulations:
magenta>orange>yellow>green>cyan.
For a better orientation, the

backbone of the ECL2 is

highlighted in light green.

a Wild type, average over both

runs. b D107A mutant, average

over both runs

the solvent very quickly, forming only transient contacts
with the protein (predominantly with the ECL2) until a re-
association took place about 100 ns later. In the simulated
time range, histamine went only back into the vestibule and
did not re-enter the deep orthosteric region of the binding
pocket although the remaining simulation time was longer
than the time span observed for this descent in the initial
binding simulation with the wild-type receptor.

The different dynamics of histamine between the wild-
type and the mutant Hj receptor can be visualized by
an overlay of snapshots at different time points of the
trajectories (Fig. 4). For the two wild-type runs (Fig. 4a,
b), the general orientation of the ligand remained always
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the same with the amino group directing towards the side
chain of Asp1073-32. A distance analysis revealed that the
saltbridge between both charged groups persists over the
majority (87 %) of the simulation time (Fig. 5a). The
pronounced conformational stability becomes also apparent
from a plot of the histamine root mean square deviation
as a function of simulation time (Fig. 5b). In contrast, in
case of the D107A mutant (Fig. 4c, d), histamine sometimes
completely reversed its orientation, so that the amino group
pointed towards the extracellular direction even if the ligand
stayed within the orthosteric binding site (runl, Fig. 4c). In

Fig.8 Number of contacts

run2, there were because of the dissociation of histamine
also snapshots in which the ligand was located in the
vestibule or in the solvent outside the binding pocket.

To investigate the differences in histamine binding
between wild-type and D107A mutant receptor in more
detail, we performed an analysis of the average number
of contacts between histamine and all protein residues, as
shown in Fig. 6. Their localization in the 3D structure of
the receptor is visualized in Fig. 7 with a color code for
the relevance of the individual residues. The two wild-type
runs (Fig. 6a, b) are very similar to each other regarding
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Fig. 9 Free energy of histamine binding as a function of the
binding collective variable (z component of the distance between
the Trp428%4% Ca atom and the histamine amino nitrogen atom).
Result from multiple walker well-tempered metadynamics simulations
(1500-ns cumulative simulation time per system)

the involved residues. Similar to the results from the end of
the binding simulation (Fig. 2a), most contacts are observed
with Tyr108333, Asp107332, Tyr431631, Trp428%43 at the
bottom of the binding pocket, and the two phenylalanines
Phe4326% and Phe435%%. The sum of all occurring
interactions yields between 580 (run2) and 590 (runl)
contacts per frame. For the D107A mutant runs (Fig. 6c,
d), the main contacts are formed with the same residues.
The alanine residue, by which Asp1073-3? is replaced, forms
about 40 contacts with the ligand compared to about 70
that were detected for the wild type. In fact, the numbers
of contacts per residue are in general slightly lower for the
mutant runs leading to a sum of 490 contacts in runl and
only 440 contacts in run2 where the transient dissociation
occurred. Moreover, it becomes apparent that histamine
interacts in case of the mutant receptor with a larger variety

Fig. 10 Root mean square a
deviation of the H; receptor

of different residues due to its higher flexibility within the
binding pocket. This includes some minor interactions with
the residues Val109334, Phe184, and Phe190°3° in runl.
For run2, there are some contacts with side chains from the
ECL2 (residues 177-185, depicted in Fig. 7b), which arise
when histamine leaves the orthosteric binding pocket, e.g.,
during the dissociation from the receptor and the subsequent
re-association to the vestibule.

To verify if the contacts between histamine and the H;
receptor remained stable for the wild-type simulations, we
plotted the contact numbers as a function of the simulation
time (Fig. 8a, b). The graphs demonstrate that there is only
very limited variability: Most interactions are constantly
present from the beginning until the end of the trajectory.
For the D107A mutant, the same kind of analysis (Fig. 8c, d)
shows that the contacts are much less stable. There are more
breaks indicating that the ligand is not as tightly bound as
in the wild-type receptor. For run2, it can be seen in Fig. 8d
that the contacts, which occur with the residues of the ECL2,
were not exclusively formed during the dissociation and re-
association processes after 1500 ns of simulation time. In
fact, there was already at the beginning (about 150-400 ns)
a phase where the ECL2 was frequently contacted because
histamine moved upward into the direction of the vestibule
(Fig. 3a). Then, the ligand re-entered the orthosteric binding
site so that no contacts with the ECL2 were formed for about
1 ws until the second movement to the vestibule and the
consecutive dissociation took place. Interestingly, the ECL2
was not only contacted directly before the dissociation but
also in an earlier phase followed by a return of histamine
to the orthosteric binding pocket (Figs. 8d and 4d). This
observation suggests that the ECL2, which forms a lid
over the binding pocket, hampers the dissociation process
holding the ligand back inside. The ECL2 was also impor-
tant for the following re-association, especially Aspl78
and Lys179. Besides these residues, the re-association was
characterized by several predominantly hydrophobic inter-
actions with the outer parts of transmembrane helix 6 and

b
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7 such as Phe432052, Phe434634, Phe43563, I1e4386-58
and His45073*. Together, these results indicate that the his-
tamine amino group is strongly bound to Asp1073-32 which
also explains that the overall orientation of histamine in the
binding pocket remains stable compared to the much higher
dynamics in case of the D107A mutant (Fig. 4).

Thermodynamics of the receptor-ligand interaction

After the analysis of purely structural properties, we
performed a complementing metadynamics simulation to
investigate whether the binding mode from our unbiased
MD study represents an energetic minimum. In order to
explore how the energy landscape of the binding process
is influenced by the D107A mutation, both the wild-
type and the D107A mutant were studied. As a collective
variable (CV), we chose in accordance with Saleh et
al. [40] again the z component of the distance between
the conserved Trp428%4% Ca atom at the bottom of the

Fig. 11 Histamine H; receptor
dynamics. Overlay of eight
frames from equidistantly
distributed time points in the
trajectory in chronological order
from white over blue, cyan,
green, yellow, orange, and red to
magenta. The receptor is shown
in two different perspectives.

a WT, runl. b D107A mutant,
runl
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orthosteric binding pocket and the histamine amino nitrogen
atom. Using the multiple walker technique with 32 different
starting conformations between the bound and the totally
unbound state (for details see methods section and Online
Resource 1), we reached a cumulative simulation time
of approximately 1500 ns (48 ns per walker) per system
(wild-type or D107A mutant).

As shown in Fig. 9, the free energy landscape of the
wild type has a pronounced global minimum at a CV
value between 0.4 and 0.5 nm. This result is in good
agreement with the distance observed in our long unbiased
MD simulations (Fig. 3a), which suggests that the obtained
binding position actually represents an energetic minimum.
The D107A mutant, in contrast, displays only a weak
local minimum at this CV value. This effect can most

probably be attributed to the loss of electrostatic interactions
between histamine and the charged Asp1073-3? residue. The
difference in the energy landscape of the D107A mutant also
offers an energetic explanation for the higher dynamics of
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histamine within the binding pocket of the mutant GPCR
and the observed dissociation in one of the two unbiased
MD runs.

Conformational stability of the Hq receptor

Since the crystal structure we used for our MD study is
stabilized by an antagonist and thus represents an inactive
conformation, we also investigated the type of structural
changes that occur upon histamine binding. In addition,
we checked whether the DI07A mutation has effects on
the structure of the Hj receptor. Therefore, we performed
an analysis of the backbone root mean square deviation
(RMSD) for the initial binding simulations (Fig. 10a) and
the 2 us simulations with bound histamine (Fig. 10b). The
RMSD was generally rather low with about 2-3 A at the
end of the simulations. The final RMSD values for the
D107A mutant are only marginally increased compared to
the wild type (Fig. 10b), suggesting that no large structural

Fig. 12 Changes in the
wild-type histamine H; receptor
structure upon histamine
binding. Structural overlays of
the doxepin-bound crystal
structure (white) and the final
structures of the 2 us wild-type
MD simulations with bound
histamine (cyan and orange).

a Structural overlay for the
whole receptor from two
different perspectives.

b Structural overlay of helix H7
demonstrating the downward
rotation of the Tyr4687-33 side
chain

rearrangements are triggered by the exchange of Asp1073-32

for alanine. A structural overlay of frames at different time
points of the trajectory (Fig. 11) shows that the general
position of the transmembrane helices is rather stable for
both wild type and mutant whereas the loops (especially the
artificially constructed ICL 3) are more flexible.

In the context of agonist binding to an inactive GPCR,
the question arises if there should be signs of receptor
activation. Some activation mechanisms, which have been
reported for class A GPCRs in the literature, include the
disruption of the so-called ionic lock between helices 3
and 6, an outward rotation of transmembrane helix 6, as
well as a downward movement of the Tyr’>3 side chain
(belongs to the NPxxY motif) [59-61]. The histamine H;
receptor, however, lacks the ionic lock already in its inactive
crystal structure [10], which makes it impossible to use
it as an indicator for activation. From a structural overlay
of the crystal structure and the two final structures of
the wild-type MD runs with bound histamine (Fig. 12a),
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only a very slight outward rotation of helix 6 can be
seen. However, we observed a downward movement of
Tyr4687-3 in helix 7 (Fig. 12b), which might be a first
sign of a beginning activation process. The fact that there
is no stronger evidence for receptor activation in our MD
study can likely be explained by the time scale of the
simulations or the absence of a bound G-protein. Data from
the literature suggest that GPCR activation may rather take
place on a millisecond than on a microsecond time scale
[62]. Moreover, a full activation is at least for some GPCRs
thought to require the stabilizing effect of a bound G-protein
[46], which was not present in our simulations.

Conclusions

In this work, we used MD simulations to investigate
histamine binding to the H; receptor. The following section
is intended to set our observations in context with results
from previous research. A comprehensive compilation of
all residues that have been reported in the GPCRdb [51] to
influence histamine binding is provided in Table 2.

In agreement with site-directed mutagenesis studies
performed by Ohta et al. [12], we saw that the residues
Asp1073'32, Thr194°43, and Asn198°4® formed extensive
contacts with histamine (Fig. 6). The saltbridge between
Asp1073-3? and the histamine amino group was particularly
relevant for a stable binding mode because simulations
of the D107A mutant showed much more flexibility for
histamine and even a complete dissociation in one of two
runs (Fig. 3, 4, Online Resources 3, 4). This result fits
to an experimental investigation of D107A, D107N, and
D107E mutations leading all to a complete abolishment of
histamine binding [12]. Further studies have shown that the
well-conserved Asp>-? residue in transmembrane helix 3 is
of general importance for the binding of both agonists and
antagonists to the whole group of biogenic amine receptors
[53, 63, 64]. For the histamine H; receptor, this particular
residue is known to be involved not only in interactions
with histamine but also in the binding of doxepin from the
crystal structure by Shimamura et al. [10], and several other
antagonists such as KW-4679, acrivastine, or cetirizine
[53, 65].

Besides residues Asp1073'32, Thr194%43, and Asn198°-40,
a computational study, which was performed on a homology
model before the H; receptor crystal structure became
available, suggested a role of Tyr108%33, Ser1113-3¢, and
Lys191340 for histamine binding [13]. In our simulations,
we observed that especially the first two of these residues
formed a high number of contacts with the ligand (Fig. 6).
For Lys191°4°, there exist also data from experimental
studies indicating that a mutation to alanine leads to a
moderate loss in histamine binding affinity [52, 54]. This is
in line with the observation that this residue also contributed

@ Springer

to binding in our MD trajectories, albeit only to a minor
extent. Further residues, which were contacted in our MDs
and for which experimental evidence is available, are the
two phenylalanines Phe4329% and Phe435%° [52, 58].
Especially Phe432%2 seems to be of vital importance since
a mutation of this residue was shown to abolish histamine
binding [52]. Phe435%%3 and additionally Tyr4316!, were
also proposed as interacting residues in a later docking
investigation by Panula et al. [14]. Our simulations revealed
a high number of interactions with both of them.

Taken together, it can be concluded that the binding mode
from our unbiased MD study is in rather good agreement
with the results from previous investigations. We feel that
the insights from our work may be useful for a better
understanding of ligand binding at the H; receptor. In the
future, this knowledge could be valuable for drug design
given that the H; receptor plays an important role in the
context of allergic reactions.
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