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Abstract The recent resolution of G-protein-coupled recep-
tor (GPCR) structures in complex with Na“ bound to an
allosteric modulatory site has renewed interest of the regula-
tion of GPCRs by ions. Here, we summarise key data on ion
modulation of GPCRs, obtained in pharmacological, crystal-
lographic, mutagenesis and molecular modelling studies. We
show that ion modulation is a highly complex process, involv-
ing not only cations but also, rather neglected until now,
anions. Pharmacotherapeutic and toxicological aspects are
discussed. We provide a mathematical framework for the
analysis of ion effects. Finally, we discuss open questions in
the field and future research directions. Most importantly, the
in vivo relevance of the modulation of GPCR function by
monovalent ions must be clarified.

Keywords GPCR - Monovalent cations - Monovalent
anions - Modelling - Pharmacology

Introduction

Many G-protein-coupled receptors (GPCRs) exhibit sensitiv-
ity to modulation by monovalent cations, e.g. sodium ions
(Neve 1991; Martin et al. 1999; Schetz 2005; Ericksen et al.
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2009; Schnell and Seifert 2010). Table 1 summarises repre-
sentative studies for G-, Gj- and G4-coupled receptors. Most
studies were performed with cell or organ membranes. When
working with cell membranes, the experimentally given ion
concentration is the same for the intra- and extracellular side
of the analysed receptor, while this is not the case when
working with intact cells. In the latter case, Na' is the pre-
dominant cation extracellularly, while K dominates intracel-
lularly. Initially, the analysis of the effects of monovalent on
GPCRs in cell membranes was conducted without an a priori
mechanistic hypothesis but rather with the intention to
“optimise” experimental conditions for radioligand bind-
ing studies and G-protein assays, i.e. high-affinity
GTPase assays and [>>S]GTPyS-binding assays. With
regard to GTPase and [*>S]GTPyS-binding assays, the
major goal was to enlarge the signal-to-noise window
between “basal” G-protein activity and agonist-
stimulated G-protein activity.

The functional studies on ion effects are very heteroge-
neous in terms of the systems studied, parameters analysed
and results obtained. Particularly, the rank order of efficacy/
potency of cations is highly system-dependent, and in some
cases, anions have more influence than cations, pointing to a
highly complex modulation of GPCRs by ions (Table 1).
Because of the complexity of the effects of monovalent cat-
ions, for a long time, it was difficult to frame them into an
overarching pharmacological concept, although the differen-
tial effects of various salts clearly indicated that ion effects
exhibit some degree of specificity (see examples in Table 1).

The differential effects of various salts on receptor/G-
protein coupling suggested some sort of “binding site” for
ions on signalling proteins, a hypothesis that developed post
hoc based on experimental data. In the late 1980s and early
1990s, the concept of constitutive GPCR activity was devel-
oped. This concept assumes that receptors exist in an inactive
(R) and an active (R*) state and that they isomerize between
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these two states (Lefkowitz et al. 1993). The equilibrium
between these two states is different for any given receptor,
and when agonist-independent (constitutive) R to R* isomer-
ization is sufficiently high, measurable basal G-protein- and
effector activation emerges (Seifert and Wenzel-Seifert 2002).
This basal G-protein and effector activity can be reduced by
inverse agonists that stabilise the R state. Furthermore, it was
noted for several receptors including [3,-adrenoceptor and
chemoattractant receptors that in addition to inverse agonists,
Na" can effectively reduce constitutive GPCR activity (see
examples in Table 1) giving rise to the concept that Na" acts as
universal allosteric inverse agonist (Seifert and Wenzel-Seifert
2001). This pharmacological concept was confirmed by the
recent elegant studies showing crystal structures of GPCRs
bound to Na* (Liu et al. 2012; Fenalti et al. 2014; Miller-
Gallacher et al. 2014; Katritch et al. 2014). The crystal struc-
tures show that the Na™ binds in an allosteric binding site near
the highly conserved Asp>> (Liu et al. 2012; Fenalti et al.
2014; Miller-Gallacher et al. 2014; Katritch et al. 2014).
Based on the simulation data available in literature, so far it
can be assumed that the monovalent cations bind to the
allosteric binding site by coming from the extracellular side
(Selent et al. 2010; Yuan et al. 2013; Wittmann et al. 2014b).
In this binding trajectory, the cation has to pass the orthosteric
ligand binding site (Selent et al. 2010; Yuan et al. 2013;
Wittmann et al. 2014b). An entry of the monovalent cation
coming from the intracellular side has not been described until
now and is unlikely because the intracellular side of the
receptor is, compared with the extracellular side, more posi-
tively charged. For example, according to the amino acid
sequence, the extracellular domains of the hH4R exhibit an
elementary net charge of —5, whereas the intracellular do-
mains exhibit an elementary net charge of +22 (Brunskole
et al. 2011). Furthermore, it can be assumed that the binding
trajectory for monovalent anions to GPCRs starts from the
intracellular side of the receptor, anions ultimately binding
between the transmembrane domains at the intracellular side
of the hH4R (Wittmann et al. 2014b).

Molecular modelling approach

Based on crystal structures, e.g., the crystal structures of the
human H; receptor (Shimamura et al. 2011), human D3 re-
ceptor (Chien et al. 2010), human adenosine A, receptor
(A2aR) (Liu et al. 2012) or human 6-opioid receptor
(DOPR) (Fenalti et al. 2014), homology models of the GPCR
of interest can be modelled (Wittmann et al. 2014b). After
docking of monovalent ions to the allosteric binding site, their
interactions with the GPCR can be studied (Wittmann et al.
2014b). However, GPCRs, embedded in a lipid bilayer are not
rigid structures. Rather they show a distinct flexibility and
undergo dynamic processes. Thus, it is state of the art to
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perform molecular dynamic (MD) simulations with the GPCR
embedded in a lipid bilayer and surrounded by water mole-
cules and ions in order to observe its dynamics on a molecular
level (Selent et al. 2010; Yuan et al. 2013; Wittmann et al.
2014b). These simulations are of special interest, because they
allow observing the binding pathways from ions or the
binding and unbinding of water from outside of the
GPCR into an allosteric binding site. Another important
technique is to illustrate an energetical term, e.g. an
interaction energy, by a hypersurface (Wittmann et al.
2014b). Although such hypersurfaces represent intersec-
tions, often only considering two coordinates or two
courses of interest, valuable information can be obtain-
ed, e.g. preferred binding areas with similar energy can
be identified.

In the following, the methods used within this study are
described briefly: The simulations were performed according
to protocols, described previously (Wittmann et al. 2014b).
Briefly, the homology model of the inactive hH3R was con-
structed using the crystal of the hH;R (Shimamura et al. 2011)
as template, using establishes protocols (Wittmann et al.
2014b). Internal water molecules were included and the
monovalent cation (Li*, Na, K*, Rb", Cs") was docked
manually into its allosteric binding site according to Fenalti
et al. (2014), as described (Wittmann et al. 2014b). The
resulting receptor models were placed manually in a POPC
lipid bilayer, intra- and extracellular water molecules and an
appropriate number of cations and CI', solved in the extra-
and intracellular water were added, as described (Wittmann
et al. 2014b). For the monovalent cations, appropriate force
field parameters (Joung and Cheatham 2008) were used.
Subsequent to a 5-ns equilibration phase for each system
(force constants 250 kJ/(mol nm?) for the first 2.5 ns and
100 kJ/(mol nm?) for the second 2.5 ns were put onto the
backbone atoms of the TM domains of hH3R), the 50 ns
productive phases were performed. Each MD simulation
was performed at least three times using different seed values
(Wittmann et al. 2014b). During the 50-ns productive simula-
tion, the overall conformation of the hH3R and the cation in its
allosteric binding site remained stable. It should be noted that
the aim of the present simulations was to predict the
preferred area of the cation in its allosteric binding site
of hH;R. For this aim, the simulation time of 50 ns is
appropriate. It was not the aim to study the whole bind-
ing pathway of the cation from the extracellular water
into the allosteric binding site of hH3R. The standard
Gibbs energy of solvation of the cation for the transfer
from the orthosteric to the allosteric binding site (AAG?)
was calculated for each cation using a protocol, de-
scribed previously (Wittmann et al. 2014b). Each simu-
lation was performed for 9 ns and was repeated two
times, using a slightly different starting position of the
cation in the orthosteric or allosteric binding site.
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Impact of crystal structures and molecular modelling
onto understanding of ion sensitivity on a molecular level

For many years, an allosteric binding site near the highly
conserved Asp®>° was suggested as binding site for the mono-
valent cations (Neve et al. 1991; Ceresa and Limbird 1994).
This hypothesis was proven in mutagenesis studies by ex-
changing the aspartate for asparagines (Neve et al. 1991;
Ceresa and Limbird 1994; Schetz and Sibley 2001; Schnell
and Seifert 2010). The next milestone was the solution of the
crystal structures of the A,oR (Liu et al. 2012) and of the
DOPR (Fenalti et al. 2014), with a sodium ion bound in this
allosteric binding site. The crystal structures revealed insights
into the interaction of the Na" with the amino side chains in
the allosteric site, especially Asp>>® and Ser’~® (Liu et al.
2012; Fenalti et al. 2014). However, also the coordination of
the ion by water molecules was shown to be of relevance (Liu
et al. 2012). Although mutagenesis studies and crystal struc-
tures provided important insights into ion-sensitivity of
GPCRs, the picture on a molecular level has to be completed
by molecular modelling studies, especially MD simulations,
because with this technique, the dynamics of different pro-
cesses can be studied quite well (Selent et al. 2010; Yuan et al.
2013; Shang et al. 2014; Wittmann et al. 2014b). For the
dopamine D, receptor (D,R) and the p-opioid receptor
(MOPR), the complete binding of a sodium ion from the
extracellular side of the receptor via the orthosteric into the
allosteric binding site was shown, giving insights into the
entry of a monovalent cation and the time scale of the entire
binding process (Selent et al. 2010; Yuan et al. 2013). How-
ever, crystallographic studies have not yet addressed the ques-
tion how anions affect GPCR function. Last but not least,
structure-activity relationships for cations have not yet been
examined in the crystallographic studies.

Movement of monovalent cations and anions to their
binding sites

It was shown by MD simulations at the D,R (Selent et al.
2010) and opioid receptors (Yuan et al. 2013; Shang et al.
2014) and hH4R (Wittmann et al. 2014b) that a Na* can bind
from the extracellular side into the allosteric binding site of the
receptor. The overlay of snapshots at different time steps of a
MD simulation of hH4R shows the flexibility of the most
important amino side chains as well as the preferred areas
for Na" and CI” (Fig. la). A comparison of the simulation
results suggests that the cation is caught by negatively charged
glutamate or aspartate at the extracellular surface of the recep-
tor (Fig. la (I)). However, a comparison of the amino acid
sequences, forming the extracellular surface of GPCRs, sug-
gests that negatively charged amino acids are located in dif-
ferent areas on the extracellular surface of various receptors.

Thus, individual entry pathways for different GPCRs are
likely. In case of hH4R, Glu'®® catches the Na* whereas
Glu'® undergoes a conformational change and guides the
Na' into the orthosteric binding site (Wittmann et al. 2014b).
As illustrated, this part of the process is very fast, while the
cation remains for a longer period in the orthosteric binding
site (Fig. 1a (Ila, IIb); Fig. 1b). Because of the additional
negatively charged Glu>*®, the Na* also binds sporadically
there (Fig. 1a (ITa)). However, the preferred binding area in the
orthosteric binding site is near Asp>>? (Fig. la (IIb)). After-
wards, the Na" again binds very fast into the allosteric binding
site (Fig. 1a (IIT)), where it remains stable again for a longer

t ns]

Fig.1 Movement of monovalent cations and anions to their binding site.
a Binding pathway of Na* and CI” to hH4R as determined by MD
simulations (Wittmann et al. 2014b). b Time course of the distance of
Na to Asp>®® and CI” to Arg>>® at hH4R, observed during MD
simulations
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Table 2 Physicochemical properties of monovalent cations and anions

Monovalent cations Monovalent anions Refs.

Li* Na* K" Rb" Cs" Cl” Br T
Fion (A) 0.60 0.98 1.33 1.49 1.65 1.81 1.96 2.20
Thyd (A) 1.98 2.38 2.74 2.88 2.96 3.13 3.28 3.50 Joung and Cheatham (2008)
AGhyq (kJ/mol) —471.4 -369.9 -297.1 -274.5 -253.2 -373.7 —346.0 -311.3 Joung and Cheatham (2008)
Mhyd 4 5 6 8 8 6 6 7 Soper and Weckstrom (2006),

Varma and Rempe (2006),
Miéhler and Persson (2012)

period of time. In hH4R, a monovalent cation (Na") and
monovalent anion (C1") were observed to bind simultaneously
to the allosteric binding site or the intracellular part between
the TM domains, respectively. Whereas one and the same Na"
ion is stable in the allosteric binding site, a strong fluctuation
of the CI” regarding the distance to Arg®>" was observed
(Fig. 1a (IV)). These distinct pair configurations remain stable
for about 0.5 ns. However, due to the strong fluctuation of the
Cl', a CI” was observed to be in close contact to Arg*>°
during the complete simulation time. Similar to the Na", the
CI' is caught by positively charged amino acids at the intra-
cellular surface of the receptor. At hHyR, these are predomi-
nantly Arg®? and Arg®?? (Fig. 1a (V)).

Signature of the allosteric cation binding
site on a molecular level

In biophysical and physiological processes, ion-specific ef-
fects play an important role because biological systems are
affected when salt concentrations are varied or distinct ions
are replaced (Lo Nostro and Ninham 2012). Because of the
differences in size, interaction properties (e.g. Coulomb- or
Lennard-Jones interaction energies) and hydration shell of
monovalent cations (Table 2), those cations exhibit different
physicochemical properties and were ordered in the so-called
Hofmeister (1888) series. Additionally, anion and cation spec-
ificity was described for several biological systems, e.g. pro-
teins or even enzymatic activity by experimental techniques
and molecular simulations (Collins et al. 2007; Yang et al.
2010; Friedman 2011; Rembert et al. 2012; Lo Nostro and
Ninham 2012; Stepankova et al. 2013). Thus, differences in
interaction of monovalent cations with GPCRs in the allosteric
binding site are expected. To elucidate these differences on a
molecular level, different molecular modelling techniques can
be used. The interaction energy at an intersecting plane
through the channel between the ortho- and allosteric binding
site of a representative GPCR, the human histamine H3-recep-
tor (hH;R) shows that there are two preferred areas for cations,
first, around the highly conserved Asp®>? of the orthosteric
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239 around the

and second, around the highly conserved Asp
allosteric binding site (Figs. 2 and 3).

We considered Na“, Ka®, Li", Cs" and Rb". While only
Na'" and K" physiologically modulate GPCR function, the
latter three cations provide extremely valuable tools for the
analysis of ion effects on GPCRs because they differ from
each other in physicochemical properties (Table 2). Moreover,
Li" is unique in this series because this cation is highly
effective in the treatment of manic-depressive (bipolar) disor-
ders (Beaulieu et al. 2009; Marlinge et al. 2014; Tselnicker
et al. 2014) and there is recent interest in Li" as drug for the
treatment of neurodegenerative diseases (Forlenza et al.
2014). Although the concentrations at which the Li" affects
GPCR function in vitro are much higher than the therapeutic
plasma concentrations in patients (~1 mM) (Grandjean and
Aubry 2009), it cannot be excluded that Li" interacts with
GPCRs in vivo. One limitation of the studies conducted with
Li" on GPCRs in vitro is the fact that Li"” was only studied
alone but not together with Na* or K* (Gierschik et al. 1991;
Seifert 2001). With increasing size of the cation in the series
Li"—»Na"—K"—Rb"—Cs", the energetically favoured area
decreases (Fig. 2a). Additionally, in the same series, the

Fig.2 Signature of the allosteric cation binding site on a molecular level. P>
a Interaction energy (Coulomb- and Lennard-Jones) surface of a cation
(Li", Na*, K", Rb" and Cs") within the area of the orthosteric site,
allosteric site and the binding channel of hH3R; o position of the
Asp®*? in the orthosteric binding site, a position of the Asp>*° in the
allosteric binding site; purple and dark blue, energetically preferred areas
for a monovalent cation; yellow and orange, energetically disfavoured
areas for a monovalent cation. b Preferred areas for the cation (Li", Na™,
K', Rb" and Cs") around the orthosteric and allosteric binding site based
on an overlay of snapshots of a molecular dynamic simulation of the
corresponding cation in the hH;R. Red, position of the carboxy oxygens
of Asp™* and Asp>>*; grey, position of the oxygens of water molecules
(H,0). ¢ Overlay of Li", Na", K", Rb" or Cs" in the allosteric binding site
of hH;R; shown are representative snapshots of MD simulations; most
important amino acids are shown as sticks; representative water
molecules between the orthosteric and allosteric binding site are shown
as wireframe surface. d estimation of the change in standard Gibbs energy
of solvation of the cation for the transfer from the orthosteric to the
allosteric binding site (AAG®). All data shown within this
figure were obtained by calculations as described previously
(Wittmann et al. 2014a, b).
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a
b

cation in
orthosteric
binding site

Asp?50 % Asp?50 g; Asp?50 {%f Asp2-50 %
Asp3.32 Asp3.32 Asp3.32
2.50 Rb* Cs* ¥

cation in Asp™ o

allosteric Lit g o
binding site i Asp?%0 o Asp?30
c = d

TMII

T™MVII s o ‘ K*, Rb*, Cs*

transition of the cation through the connecting channel be-
comes energetically more and more disfavoured (Fig. 2a). It is
well known that also water molecules are an important key
player in interaction of a cation with the allosteric binding site
(Liu et al. 2012; Katritch et al. 2014). Furthermore, previous

AAGP for the transfer
of a cation from the
orthosteric to the
allosteric binding site

QT Q
@ o o 200
Cs* Rb* K* ® 25
gss
2=z
® o 3
2 Li* oo
Na %‘-':-}_un
9
e . T ST
30 15 0 -15 -30

AAG® [kJ/mol]

modelling studies showed that water molecules connect the
orthosteric and the allosteric binding site (Fig. 2b, c)
(Wittmann et al. 2014b). The interaction of a cation with a
GPCR is a dynamic process. The preferred areas of water
molecules and cations based on snapshots of MD simulations
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2.50 El
*
hAD2AR ILVATLVIPFSLANEVMGYWYFGKAWCEIYLAL
hD2R LLVATLVMPWVVY LEVVGEWKFSRIHCDIFVTL
hHIR LIVGAVVMPMNILYLLMSKWSLGRPLCLFWLSM
hH3R FLVGAFCIPLYVPYVLTGRWTFGRGLCKLWLVYV
hHAR FFVGVISIPLYIPHTLFE-WDFGKEICVEWLTT
mOPRM1R ALATSTLPFQSVNYLMGT-WPFGNILCKIVISI
hOPRD1R ALATSTLPFQSAKYLMET-WPFGELLCKAVLST
hAA2AR IAVGVLAIPFAITISTGF--CAACHGCLFIACF
hNPY2R LLVNTLCLPFTLTYTLMGEWKMGPVLCHLVPYA
hNPY4R FLMCLLCQPLTAVYTIMDYWIFGETLCKMSAFI
hFPR1 FCFTSTLPFFMVRKAMGGHWPFGWFLCKFVETI
hCXCR4 LLEVITLPFWAVDAVAN--WYFGNFLCKAVHVI¥YT
hCB1R FIGS LLGSVIFVYSFIDFHVF-HRKDSRNVFLFKLGGYT
hCB2R FIGS FLASVVFACSFVNFHVFHGVDSKAV-FLLKIGSWYT
E2.50
*
hAD2AR PPLISIEKKG------- GGGGPQPAEPRCEIN
hD2R PLLEGLNNA--—=--——-——=-——- BonEciia
hHIR PILG--WNHFMQQ------- TSVRREDKCETD
hH3R PAILS-WEYLSG-—----—- GSSIPEGHCYAE
hHAR PMILVSESWKD-----—————---- EcsBcerG
MOPRMIR  PVMFMATTKYR-——-—-=------= QGSIICTLT
hOPRDIR  PIMVMAVTRPR---————===-— DGAVVCMLQ
hAA2AR TPMLGWNNCGQ-———~~~ PKEGKNHSQGCGEG
hNPY2R PLAIFREYSLI------- EIIPDFEIVACTEK
hNPY4R PFLANSILENVFHKNHSKALEFLADKVVCTES
hFPR1
hCXCR4 PDFIFANVS—-——-—————--- EADDRYICDRF
hCBIR PLLGWN--——=--———=————- CEKLQSVCSDI
hCB2R PLMGWT-——=—--——=-=—==--— CCPRPCSEL
6.50
*
hAD2AR RONREKRFTFVLAVVIGV FFTYTLTAVGCSV
hD2R SQOKEKKATQMLAIVLGVEIIC FITHILNIHCECN
hHIR HMNRERKAAKQLGFIMAREILC FIFFMVIAF---
hH3R RLSRDRKVAKSLAVIVSIEGLC TLLMIIRAAC
hHAR ELLRARRLAKSLAILLGVEAVC SLFTIVLSFYS
mOPRMIR  KDRNLRRITRMVLVVVAVEIVC HIYVITIKALITI
hOPRDIR  KDRSLRRITRMVLVVVGAEVVC
hAA2AR TLOKEVHAAKSLAIIVGLEALC HIINCFTFFCPD
nNPY2R YHORRQKTTKMLVCVVVVEAVS HAFQLAVDIDSQ
hNPY4R RAGHMKQVNVVLVVMVVAEAVL HVFNSLEDWHHE
hFPR1 GLIKSSRPLRVLSFVARAEFLC
hCXCR4 KGHOKRKALKTTVILILAEFAC
hCBI1R QARMDIRLAKTLVLILVVEIIC LAIMVYDVFGKM
hCB2R RMRLDVRLAKTLGLVLAVLLIC LALMAHSLATTL

Fig. 3 Sequence alignment of different GPCRs, regarding amino acids
being important for sensitivity to monovalent cations and anions.
Asterisk, highly conserved amino acids according to Ballesteros-
Weinstein nomenclature; yellow boxes, highly conserved cysteine
residues, forming a disulphide bridge between the E2-loop and the
transmembrane domain 1II; green boxes, most important amino acids
forming the sodium binding channel between the orthosteric and the
allosteric binding site; red boxes, negatively charged amino acids,
observed in MD simulations to catch at Na" at the extracellular surface
and to guide the cation into the orthosteric binding site (Wittmann et al.
2014b; Selent et al. 2010; Yuan et al. 2013); red bold letters, negatively
charged amino acids at the extracellular surface which could be involved
in catching monovalent cations; cyan boxes, positively charged amino
acids, observed in MD simulations to interact with monovalent anions at
the intracellar part between the transmembrane domains of a GPCR
(Wittmann et al. 2014b); blue bold letters, positively charged amino
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HIFVIVWTLVDI------DRRDPLVVAALHLCIAL

3.50
*
IVHLCAISLDRYWSITQAIEY-NLKRT
ILNLCAISIDRYTAVAMPMLYNTRYSS
IFSVFILCIDRYRSVQQPLRY-LKYRT
FNIVLISYDRFLSVTRAVSYRAQQGD
YNIVLISYDRYLSVSNAVSYRTQHTG
IFTLCTMSVDRYIAVCHPVKA-LDFRT
IFTLTMMSVDRYIAVCHPVKA-LDFRT
IFSLLAIAIDRYIAIRIPLRY-NGLVT
TITLTVIALDRHRCIVYHLES---KIS
ILSLVLVALERHQLIINPTGW---KPS
FLIALIALDRCVCVLHPVWT-QNHRT
LILAFISLDRYLAIVHATNS-QRPRK
GSLFLTAIDRYISIHRPLAY-KRIVT
GSLLLTAIDRYLCLRYPPSY-KALLT

5.50

*

_________________ DQKWYVISSCIGSFFAPCLIMILVYVRI
__________________ NPAFVVYSSIVSEFYVPFIVTLLVYIKI
_______________ FYDVITWFKVMTAIINFYLPTLLMLWEYAKI
_____________ FEYNWYFLITASTLEFFTPFLSVTFENLSI
_______________ FFSEWYILAITSFLEFVIPVILVAYFNMNI
———————— FSHPTWYWINLLKICVFIFAFIMPVLIITVCYGLM
———————— FPSPSWYWDTVTKICVFLFAFVVPILIITVCYGLM
——————— QVACLFEDVVPMNYMVYFNFFACVLVPLLLMLGVYLRI
————————— WPGEEKSIYGTVYSLSSLLILYVLPLGIISFSYTRI
—————————— WPLAHHRTIYTTFLLLFQYCLPLGFILVCYARI
PVIIRVTTVPGK--——-—-——-——--— TGTVACTENFSPWTNDPKERINVAVAMLTVRGIIRFIIGFSAPMSIVAVSYGLI
____________ YPNDLWVVVFQFQHIMVGLILPGIVILSCYCII
_____________ FPHIDETYLMFWIGVTSVLLLFIVYAYMYI
_____________ FPLIPNDYLLSWLLFIAFLFSGIIYTYGHV

E3 7.50
*
PVI
IPPVLYSAFTWL PII
--CKNCCNEHLHMFTIWL PLI
HGHCVPDYWYETSFEFWL| PVL
SATGPKSVWYRIAFWL PLL
PITTFQTVSWHFCIAL PVL
PVL
PFI
PLL
PFI
PML
PIL
PII
PVI

Q

>

(=]

CSHAPLWLMYLAIVL
VLDLKEYKLIFTVFHII
ATIPICHGNLIFLVCHLL
QVVALIATVRIR---ELLQGMYKEIGIAVDVTSAL
YIGISIDSFILLEIIKQGCEFENTVHKWISITEAL
NKLIKTVFAFCSML
SDQVKKAFAFCSML

ERON=N

H e

acids at the intracellular surface between the transmembrane domains of
a GPCR which could be involved in interaction with monovalent anions;
grey boxes, amino acids which may be responsible for differences in Na*
sensitivity between hH;R and hH4R (Wittmann et al. 2014b).
(UniProtKB accession codes: human «,, adrenergic receptor
(hADA2AR), P08913; human dopamine D, receptor (hD,R), P14416;
human histamine H; receptor (hH;R), P35367; human histamine Hj
receptor (hH;R), Q9Y5N1; human histamine H, receptor (hH4R),
Q9H3NS; mouse p-type opioid receptor (MOPRM1R), P42866; human
S-type opioid receptor (h\OPRD1), P41143; human adenosine Aja
receptor (hAA2AR), P29274; human neuropeptide Y receptor type 2
(hNPY2R), P49146; human neuropeptide Y receptor type 4 (hNPY4R),
P50391; human N-formyl peptide receptor (hFPR1), P21462; human
chemokine receptor type 4 (hCXCR4), P61073; human cannabinoid
receptor 1 (hCB;R), P21554; human cannabinoid receptor 2 (hCB,R),
P34972)
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around the orthosteric and allosteric as well as the connecting
channel of the hH;R are shown for the series Li'—Na"—
K" —Rb"—Cs" (Fig. 2b). In both cases, the cation bound in
the orthosteric or allosteric site and water molecules are found
in the cation binding channel (Fig. 2b). While the preferred
binding area of the analysed cations is very similar for the
orthosteric binding site, there are obvious differences in the
preferred binding for Li” and Na” on the one hand and K",
Rb" and Cs" on the other hand: While Li" and Na" bind
deeper into the allosteric pocket, K*, Rb" and Cs" bind pref-
erably at the area between the binding channel and the upper
part of the allosteric binding site (Fig. 2b, c). Here, the hydra-
tion by water molecules or coordination by amino acid side
chains and the preferred hydration number (Table 2) play a
role. These differences lead to distinct signatures of cation
binding in the allosteric site. Consequently, binding of differ-
ent monovalent cations to the allosteric site may result in
distinct interaction networks within the receptor, and these
different interaction patterns may result in different receptor
conformations. This hypothesis is supported by the highly
heterogeneous cation effects in various systems (Table 1).
Thus, like for conventional GPCR ligands, GPCR-specific
structure-activity relationships for various cations are
emerging.

The cation signatures shown (Fig. 2a, b), may be similar
between aminergic GPCRs, but different to GPCRs with no
aspartate at position 3.32 (Fig. 3), e.g. the A,AR, because for
the latter receptor, the preferred region for cation binding in
the orthosteric binding site is missing. Furthermore, within the
family of aminergic GPCRs more subtle differences in amino
acids forming the binding channel are present (Fig. 3): for
example, the hH;R is highly Na" sensitive (Schnell and Seifert
2010), whereas the closely related human histamine Hy-recep-
tor (hH4R) shows no sensitivity regarding sodium ions
(Schneider et al. 2009), although Na* probably binds to the
allosteric binding site (Schneider et al. 2009). Molecular
modelling studies suggest that a reason for this may be the
differences in amino acid sequence between hH;R and hH4R
at positions 3.40 and 7.42 (Wittmann et al. 2014b). Addition-
ally, differences in the change in standard Gibbs energy for the
transfer of a monovalent cation from the orthosteric to the
allosteric binding site (AAG?) have to be considered, depen-
dent of the nature of the monovalent cation. In the series
Li"—Na"—»K"—Rb"—Cs", the standard Gibbs energy in-
creases (Fig. 2d). Based on this data, it can be suggested that
there is a rising preference for binding of a monovalent cation
in the series Cs"—Rb"—K"—Na"—Li". This trend regard-
ing the basal GTP hydrolysis was also shown previously by
experimental studies at hH;R for K'—Na"—Li" (Schnell
and Seifert 2010). The standard Gibbs energy for the transfer
from the orthosteric to the allosteric site strongly depends on
the nature of the monovalent cation. Furthermore, taking into
account the high similarity of the allosteric binding site

between different GPCRs (Fig. 3), this trend may be detected
for other GPCRs, considering the heterogeneous cation effects
in various systems. The calculations suggest that the binding
of Li" to the allosteric binding site is energetically strongly
favoured compared with Na" (Fig. 2d). This observation may
be of relevance for the therapeutic effect of Li", e.g. in therapy
of bipolar disorders (Beaulieu et al. 2009; Marlinge et al.
2014; Tselnicker et al. 2014). In this context, it may be
interesting to study the binding of Li" in the allosteric binding
site at different GPCRs by MD simulations or even to obtain
crystal structures.

Impact of monovalent ions onto GPCRs—a structural
perspective

As shown exemplarily for the hH;R by molecular modelling
studies, monovalent cations can bind stably into the
orthosteric and allosteric binding site of a GPCR (Wittmann
etal. 2014b) (Fig. 2¢). Furthermore, MD simulations revealed
that monovalent anions preferably bind between the intracel-
lular parts of the transmembrane (TM) helices (Wittmann et al.
2014a). However, in contrast to cations in the allosteric site, a
specific anion binding site was not yet identified in crystallo-
graphic studies. In case of hH3;R, monovalent anions bind
closely to Arg*®°, Arg®?® and Arg®3? (Wittmann et al.
2014a) (Fig. 1a). The analysis of the percentage of conserva-
tion of positively charged amino acids located at the intracel-
lular surface between the TM domains suggests that Arg*~°,
Lys/Arg®?? and Lys/Arg®>? (Fig. 3) are promising candidates
for an anion binding site. Moreover, due to the complete
conservation of Arg>>” in GPCRs, this amino acid may rep-
resent the anion binding site, whereas the other positively
charged amino acids in this region, which are not fully con-
served, e.g. Lys/Arg®?® and Lys/Arg®? may guide the anion
to the proposed allosteric anion binding site in a GPCR-
specific manner (Fig. 3).

The binding of anions in the intracellular part of the GPCR
may have two different consequences: First, the anion may
keep TM VI and TM 1I closely together by electrostatic
interaction so that opening of the intracellular part of the
receptor—equivalent to receptor activation—is suppressed.
Thus, anions bound in the intracellular part of the GPCR
may stabilise its inactive state. Second, the binding of the
anion may block binding of the G protein to the GPCR in
the active state. Thus, it may be worthwhile to analyse crystal
structures of GPCRs with regard to anion binding. As illus-
trated by the scheme (Figs. la and 4) and as shown by MD
simulations, a monovalent cation and monovalent anion can
bind simultaneously to the allosteric binding site and the
intracellular part between the TM domains, respectively. The
minimum distance between both monovalent ions is in the
~16-25-A range (Wittmann et al. 2014a). Clearly, this
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Na*: physiological
Li*: drug

® alo

/s
R* R .

Ga

Ga

Fig. 4 Impact of monovalent cations and anions on GPCR function:
possible pharmacological interventions. This scheme illustrates the
influence of monovalent cations and anions onto a GPCR in the
inactive (R) and active (R*) state and onto the Go subunit of a
G-protein. Monovalent cations, e.g. Na* were shown to bind into the
orthosteric and allosteric site of several GPCRs (Selent et al. 2010; Liu
etal. 2012; Yuan et al. 2013; Fenalti et al. 2014; Wittmann et al. 2014b),
while monovalent anions were detected in MD simulations to bind in the

distance is too large for a direct electrostatic interaction.
However, binding of the cation and anion may result in
changes of the interaction network and consequently influence
each other, e.g. result in a more favoured stabilization of the
inactive receptor. In support for an anion binding site in
GPCRs are data showing that in several cases, anions exhibit
a much more pronounced effect on receptor/G-protein cou-
pling than cations (Table 1). However, to this end anions have
not yet been systematically analysed at GPCRs. By analogy to
cations, anions with different physiochemical properties (Cl ,
Br, I') (Table 2) can be used as pharmacological tools to
analyse anion binding sites. It is possible that some of the CNS
effects observed in bromide intoxication (James et al. 1997,
Baird-Heinz et al. 2012) are the result of altered GPCR func-
tion. The assumed interactions of anions with GPCRs at the
intracellular side are intriguing in the light of the fact that
anions can also modulate the function of G-proteins
(Higashijima et al. 1987). Thus, it is conceivable that anions
act as allosteric modulators of receptor/G-protein coupling.
However, there were only very few follow-up studies on the
seminal work of Higashijima and colleagues (Seifert 2001).
While it will be very difficult to achieve exquisite specific-
ity in the effects of ions for a given receptor, the development
of allosteric modulators, either positively or negatively
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coop.
effect?

R* -

Cl-: physiological
Br-: poison

intracellular part of the R and active R* state of GPCRs, e.g. the hH;R

(Wittmann et al. 2014a). Additionally, the scheme demonstrates that also
an interaction of monovalent cations or anions with the Go subunit of a
G-protein has to be considered. The 7TM-topology of GPCRs and the
globular shape of Gx as evident from X-ray crystallography is
intentionally not depicted here to focus on the monovalent ion binding
sites in these proteins

modulating ion-receptor interaction, is feasible. With regard
to cation entry to the orthosteric site, it should actually be quite
easy to obtain such modulators because cation entry sites at
the extracellular domains of GPCRs are very heterogeneous
(Fig. 3), offering an unique allosteric opportunity for achiev-
ing receptor selectivity. Likewise, the intracellular domains,
where the tentative anion binding site is located (Fig. 1a), is
highly heterogeneous. However, since this domain is located
at the intracellular site of the membrane, allosteric modulators
must be more hydrophobic to reach this target. The same
considerations apply to modulators of anion interactions with
G-proteins. In principle, G-proteins are less suitable targets
than GPCRs because they couple to many GPCRs, increasing
the probability of side effects.

Monovalent ion mediated impact on binding
and signalling—a mathematical description

In order to understand the influence of ligand binding onto
signal transduction by GPCRs, the concept of an equilibrium
between inactive R and active receptors R* was developed
(Seifert and Wenzel-Seifert 2002). Assuming, efficacy is pro-
portional to the concentration of the active receptor—G-protein



Naunyn-Schmiedeberg's Arch Pharmacol (2015) 388:363-380

377

complex, an analytical description of the receptor function
becomes possible. A first extension of this quantitative model
dealing with the impact of sodium ions on GTP hydrolysis
induced by the hH;R was established (Wittmann et al. 2014a).
Experimental evidence for an impact of anions on the GTP
hydrolysis was shown for some GPCRs including the hH;R
(Schnell and Seifert 2010). In order to establish a quantitative

description of the influence of monovalent cations and anions
on the efficacy an extension of the classical model regarding
the GPCR-ion interaction is presented in Fig. 5a. The resulting
equation for the efficacy £, shown in Fig. 5b, is a complex
equation, including all equilibrium constants. Because the
concentration of cations C is present in the enumerator and
denominator, an increase in concentration of cations can lead

CRaIIoA CRalIo CR—»UHWUG
J of °|
A Kg
RorthoA _ CRorlho CR*Ortho _ CR*OI‘thOA

A Ky
C, K1\\

Ko ,
RA =—— R —= R* —= R*A
A, Ks “
R*G
mass action laws
*
K, = R* K, = R4
R © R-A4,
~ portho R* A
- CR K= R4
R-C, 4, R
CR" CR *ortho
2= CR"™ 7 R *'Co
B C Rurl/m A B C R scortho A
3 Au .C Rnrthn 8 An .CR sortho
3 CRnIInA
4 C Ror//m A

conservation of matter

R, =R+ R*+CR™™ + CR™ 4+ CR”™ 4 + CR™ A + RA+ R* A+ CR*"™ +CR*™ 4

Ay=A+RA+R* A+ CR"™ A+ CR™ A+ CR*""" 4

Co =C+CR ortho +CR allo +CR u/‘lhuA +CR ulIuA +CR sortho +CR sortho A

final equation for the efficacy

E=f'Ro'

Kn'(]+Cn'K7)

Fig. 5 Mathematical model to describe the sensitivity of a GPCR to
monovalent cations or anions. a Schematic presentation of the different
binding processes; R inactive receptor without any ligand or ion, R*
active receptor without any ligand or ion, C monovalent cation, CR”"
inactive receptor with a monovalent cation in the orthosteric binding site,
CR*" inactive receptor with a monovalent cation in the allosteric binding
site, 4 monovalent anion, CR”"°4 inactive receptor with the monovalent
cation in the orthosteric binding site and the monovalent anion between
the intracellular transmembrane domains, CR*"4 inactive receptor with
the monovalent cation in the allosteric binding site and the monovalent
anion between the intracellular transmembrane domains, R4 inactive
receptor with the monovalent anion between the intracellular
transmembrane domains, R*4 active receptor with the monovalent
anion between the intracellular transmembrane domains, CR*” active
receptor with the monovalent cation in the orthosteric binding site,

14K, +Cy (K, + Ky Ky + K, - K, )+ Ay (K + Ky - K )+Cy - Ay (K, - Ky + Ky K, - Ky + K, - Ky - K,)

CR**"™ 4 active receptor with the monovalent cation in the orthosteric
binding site and the monovalent anion between the intracellular
transmembrane domains; grey shaded, these equilibriums are not
considered in the calculations under (b). b For the equilibriums,
described under (a), the corresponding mass action laws and
conservation of matter are given; considering the approximation that
each active receptor-ion complex without an anion between the
intracellular part of the TM domains (R*, CR*°™) interacts with a G-
protein, the efficacy can be calculated as described (Wittmann et al.
2014a); the given efficacy E represents the absolute efficacy of G-
protein activation and is not calculated relative to a full agonist; f°
represents a proportional factor (Wittmann et al. 2014a); the binding of
agonists to the GPCR, as already described (Wittmann et al. 2014a) is not
included within the mathematical model shown here; the mentioned terms
for all species represent the molar concentrations
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to an increase as well as a decrease in efficacy. In contrast, an
increase of the anion concentration always leads to a decrease
in efficacy (Fig. 5b).

In general, the quantitative analysis of the impact of mono-
valent cations and anions onto GPCRs, as already performed
for the hH3;R (Wittmann et al. 2014a), and consequently the
calculation of the corresponding equilibrium constants will
provide a more detailed insight into the interaction between
ions and GPCRs on a molecular level. However, the quanti-
tative treatment of the experimental data in order to evaluate
binding constants regarding the different cation and anion
complexes requires large experimental data sets with high
precision.

Remaining questions and future directions

The combination of pharmacological, mutagenesis, molecular
modelling and crystallography techniques has provided sig-
nificant insights into the high complexity of the interactions of
monovalent cations and anions with GPCRs. However, there
are still many open questions: MD simulations indicate that
monovalent ions, like Li" and Na" compared with K, Rb"
and Cs", bind into different parts of the allosteric binding sites
of GPCRes, resulting in structural differences in the allosteric
site. Thus, more crystal structures of different GPCRs show-
ing sensitivity to monovalent cations in experimental studies
should be solved, paying special attention to binding of Li"
because of its pharmacological relevance. As exemplarily
shown for the hH3R, MD simulations provide hints that an-
ions bind preferably between the intracellular parts of the TM
domains in the inactive as well as in the active state of a
GPCR. Whereas MD studies showed that the cation binding
area in the allosteric site of a GPCR is more focused, the anion
binding site is much wider. Although no single amino acid
could be identified to be important for anion binding until
know, there are some strong candidates, e.g. Arg>>" and
positively charged amino acids at the positions 6.29 or 6.32
that can be probed by mutagenesis. Additionally, crystallo-
graphic studies should examine possible anion binding sites in
the intracellular GPCR portions between the TM domains.
Furthermore, synergistic cooperative effects of cation and
anion binding sites in GPCRs need to be studied. As an
important next step towards understanding the effects of an-
ions on GPCRs, it will be necessary to systematically analyse
various anions in the presence of a fixed cation. Based on the
highly heterogeneous effects of cations and anions on various
GPCRs, it is reasonable to assume that any given GPCR
interacts with cations and anions differently. Future studies
should also examine various anions and cations in combina-
tion, an aspect that has not yet been fully recognised. In vitro
studies will remain the backbone of future research in mono-
valent ion research because precise manipulation of cation and
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anion concentrations in intact cells is hardly possible. One
should be aware of the fact that the variations of ion concen-
trations under pathophysiological in vivo conditions are not as
large as under experimental in vitro conditions. Thus, one
should be careful by transferring experimental results to path-
ophysiological conditions. However, despite this discrepancy,
such experimental studies substantially increase our under-
standing of the impact of monovalent cations and anions on
GPCRs on a molecular level.

It should be emphasised that both extra- and intracellular
monovalent ion concentrations are not static. Specifically,
both hyperosmolarity and hypoosmolarity syndromes are
known (May and Jordan 2011; Lombardo et al. 2013). Over-
all, very little research has been performed so far on the impact
of changes of extracellular monovalent ion concentrations on
GPCR function in intact cells. In one notable study, it was
observed that the constitutive activity of the luteinizing hor-
mone receptor in transfected COS-7 cells as assessed by
cAMP accumulation was markedly enhanced by removal of
NaCl from the extracellular medium, sucrose serving as iso-
tonic substitute (Cetani et al. 1996). Similar studies can be
readily performed for any given GPCR, and we anticipate that
such studies will reveal substantial differences in the mono-
valent ion modulation of GPCRs. During the past 20 years,
such studies were probably not performed because they were
perceived as “descriptive”, but in light of the recently resolved
GPCR crystal structures in complex with Na®, such studies
will gain mechanistic momentum. Moreover, intracellular Na*
and CI” concentrations are dynamically regulated by multiple
mechanisms and change in numerous diseases including car-
diovascular diseases and pulmonary diseases (Coppini et al.
2013; Simon Bulley and Jaggar 2014). Furthermore, GPCRs
can activate Na' entry into cells (Krautwurst et al. 1992).
Hence, it is conceivable that changes in extra- and intracellular
monovalent ion concentrations modulate GPCR functions in a
subtle manner in health and disease.
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