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BACKGROUND AND PURPOSE

The histamine Hy4 receptor, originally thought to signal merely through Go, proteins, has recently been shown to also recruit and
signal via B-arrestin2. Following the discovery that the reference antagonist indolecarboxamide |NJ 7777120 appears to be a
partial agonist in B-arrestin2 recruitment, we have identified additional biased hH4R ligands that preferentially couple to Ga; or
B-arrestin2 proteins. In this study, we explored ligand and receptor regions that are important for biased hH4R signalling.

EXPERIMENTAL APPROACH

We evaluated a series of 48 indolecarboxamides with subtle structural differences for their ability to induce hH4sR-mediated
Ga; protein signalling or B-arrestin2 recruitment. Subsequently, a Fingerprints for Ligands and Proteins three-dimensional
quantitative structure—activity relationship analysis correlated intrinsic activity values with structural ligand requirements.
Moreover, a hH4R homology model was used to identify receptor regions important for biased hH4R signalling.

KEY RESULTS

One indolecarboxamide (75) with a nitro substituent on position R7 of the aromatic ring displayed an equal preference for
the Goi and B-arrestin2 pathway and was classified as unbiased hH.R ligand. The other 47 indolecarboxamides were
B-arrestin2-biased agonists. Intrinsic activities of the unbiased as well as B-arrestin2-biased indolecarboxamides to induce
B-arrestin2 recruitment could be correlated with different ligand features and hH.R regions.

CONCLUSION AND IMPLICATIONS

Small structural modifications resulted in diverse intrinsic activities for unbiased (75) and B-arrestin2-biased
indolecarboxamides. Analysis of ligand and receptor features revealed efficacy hotspots responsible for biased-B-arrestin2
recruitment. This knowledge is useful for the design of hH4R ligands with biased intrinsic activities and aids our understanding
of the mechanism of H4R activation.

LINKED ARTICLES
This article is part of a themed issue on Histamine Pharmacology Update. To view the other articles in this issue visit
http://dx.doi.org/10.1111/bph.2013.170.issue-1

Abbreviations
CRE, cyclic AMP response element; FLAP, Fingerprints for Ligands and Proteins; hHsR, human histamine H, receptor;
MIF, molecular interaction fields; TM, transmembrane

Introduction stabilize active GPCR conformations that can subsequently

provoke intracellular responses. Although the overall folding
GPCRs are attractive therapeutic targets. Their presence on of GPCRs has been known for quite a while, three-
the cell surface allows extracellular molecules to bind and dimensional (3D) structures of several family members have
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only recently been elucidated (Palczewski et al., 2000; Jaakola
et al., 2008; Warne et al., 2008; Wu et al., 2010; Rasmussen
et al., 2011b; Shimamura et al., 2011; Granier et al., 2012;
Haga et al., 2012; Manglik et al., 2012). This breakthrough
was one of the main reasons why the Nobel Prize 2012 for
chemistry has been awarded to Drs Robert Lefkowitz and
Brian Kobilka for their pioneering work on GPCRs. Knowl-
edge on ligand-receptor interactions and their downstream
effects is important to design specific compounds with less
side effects (Galandrin et al., 2007). Both inactive and active
GPCR structures are currently available but we are not yet
able to predict ligand efficacy on the design table. This pre-
diction is further complicated by the realization that multiple
active receptor conformations exist, which couple to multiple
downstream effector proteins and pathways with distinct
propensities (Kenakin, 2003; Bohn and McDonald, 2010;
Reiter et al., 2012). The idea that some ligands may preferen-
tially stabilize different conformation led to the identification
of biased ligands, in which an agonist in pathway A can be an
antagonist in pathway B (Violin et al., 2010). Biased GPCR
signalling clearly further complicates drug discovery efforts,
but also holds the promise to design specific biased ligands
that antagonize adverse signalling routes while stimulating
beneficial responses (Rajagopal etal.,, 2010; DeWire and
Violin, 2011; Kenakin, 2011; Reiter et al., 2012).

The human histamine H, receptor (hH4R) belongs to the
class A GPCR family and is considered an important receptor
in immune and inflammatory processes (Leurs et al., 2009;
Zampeli and Tiligada, 2009). Since its discovery in 2000, the
hH4R has been shown to signal via heterotrimeric Go; pro-
teins (Nakamura et al., 2000; Oda et al., 2000; Coge etal.,
2001; Liu et al., 2001; Morse et al., 2001; Zhu et al., 2001).
However, the reference antagonist JNJ 7777120 (Thurmond
et al., 2004) was recently identified as partial agonist in a
B-arrestin2 recruitment assay (Rosethorne and Charlton,
2011). Subsequent analysis of 31 known HyR ligands
revealed both Go; protein and B-arrestin2-biased ligands
that covered different chemical classes (Nijmeijer efal.,
2012). Interestingly, all five tested indolecarboxamides (JNJ
7777120 analogues) in that study were fully biased towards
the p-arrestin2 pathway and exhibited partial agonistic
activity.

Recently, we developed a series of JNJ 7777120 analogues
with subtle chemical switches to optimize their affinity for
the hH4R (Engelhardt et al., 2012). This set of compounds is
extremely useful to systematically investigate molecular fea-
tures responsible for biased hH.R signalling. In this study, we
therefore determined the intrinsic activity of 48 indolecar-
boxamides in B-arrestin2 recruitment and Go; signalling, fol-
lowed by a detailed structure-activity analysis. We were able
to identify molecular features that are positively or negatively
correlated with the ability of ligands to induce biased hH4R
signalling. The current study is one of the first to use com-
putational analysis (Sirci ef al., 2012; Wijtmans et al., 2012) to
correlate ligand structures with intrinsic activities. Moreover,
with a hH4sR homology model, we could identify receptor
regions important for biased hH4R signalling. This is a prom-
ising first step towards the identification of ligand efficacy
hotspots that may allow the rational design of ligands with
specific GPCR (biased) activity and that will aid the under-
standing of GPCR activation.

Biased signalling of hH4R

Methods

Materials

Cell culture media used for the HEK293T and U20S-H4R cells
were purchased from PAA (Pasching, Austria) and Invitrogen
(Carlsbad, CA, USA) respectively. Forskolin and histamine
were bought from Sigma-Aldrich (St. Louis, MO, USA). Syn-
thesis of the indolecarboxamide analogues was previously
described (Engelhardt et al., 2012).

Cell culture and transfection

HEK293T cells were cultured in DMEM supplemented with
10% FBS, 50 IU-mL™" penicillin and 50 ug-mL™" streptomycin
at 37°C and 5% CO,. Two million cells were seeded per 10 cm
dish 1 day prior to transfection. Approximately four million
cells were transfected with 5 ug of cDNA using the polyethyl-
eneimine (PEI) method. Briefly, 2.5 ug hH4;R ¢cDNA was sup-
plemented with 2.5 ug CRE-luc plasmid to a total of 5 pg cDNA
and mixed with 20 ug of 25 kDa linear PEI in 500 puL of
150 mM NacCl. This transfection mix was incubated at 22°C for
10-30 min and subsequently added drop-wise to a 10 cm dish
containing 6 mL of fresh culture medium. PathHunter™
U20S B-arrestin2 : EA cells stably expressing the human hista-
mine H, receptor (U20S-H,R) (Rosethorne and Charlton,
2011) were cultured in minimum essential media (MEM) con-
taining L-glutamine supplemented with FBS (10% v/v), penicil-
lin (100 IU-mL™), streptomycin (100 ug-mL™") G418 Geneticin
(500 pg-mL™) and hygromycin (250 ug-mL™) at 37°C, 5% CO..
On the day prior to the B-arrestin2 recruitment assay, 10 000
cells per well were seeded in a white, clear bottomed 384 well
ViewPlate (Perkin Elmer Life and Analytical Sciences, See
Green, Buckinghamshire, UK) in 20 uL MEM supplemented as
described previously and incubated at 37°C, 5% CO..

CRE (cyclic AMP response element) luciferase
reporter gene assay
Transiently transfected HEK293T cells were stimulated for 6 h
with indicated indolecarboxamides or DMSO (1%) in serum-
free DMEM containing 1 uM forskolin at 37°C, 5% CO,. Sub-
sequently, the medium was aspirated and 25 uL of luciferase
assay reagent [LAR, 0.83 mM ATP, 0.83 mM d-luciferine,
18.7 mM MgCl2, 0.78 uM Na,HPO,, 38.9 mM Tris-HCl
(pH 7.8), 0.39% glycerol, 0.03% Triton X-100 and 2.6 uM
DTT] was added to each well.

Luminescence (1 s per well) was measured in a Victor®
1420 multi-label reader (Perkin Elmer Life and Analytical
Sciences) after 30 min of incubation at 37°C, 5% CO..

B-Arrestin2 recruitment assay

U20S-H4R cells were stimulated with increasing amounts of
indolecarboxamides or DMSO (1%) for 2 h at 37°C, 5% CO, in
assay buffer (HBSS supplemented with 20 mM HEPES and
0.1% BSA). Directly after stimulation, 25 puL Flash detection
reagent (DiscoveRx, Fremont, CA, USA) was added and cells
were further incubated for 15 min at 22°C on a table shaker.
Luminescence was measured on a Lead Seeker imaging system
(GE Healthcare, Chalfont St Giles, Buckinghamshire, UK).

Data analysis and statistical procedures
All data were analysed with GraphPad Prism v5 software.
Functional concentration-response curves were fitted to a
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three-parameter response model. Intrinsic activity was deter-
mined from the fitted graph top values and normalized for
agonists to the full histamine response (100%) or for inverse
agonists to the thioperamide response (-100%). Statistical
differences (P < 0.05) between intrinsic activities of subseries
of compounds were determined using one-way aNova, fol-
lowed by Dunnett’s multiple comparison test.

Fingerprints for Ligands and Proteins
three-dimensional quantitative
structure—activity relationship (FLAP
3D-QSAR) model building

The dataset used for FLAP 3D-QSAR modelling contained 48
indolecarboxamides with intrinsic activity values ranging
from 13 to 100% B-arrestin2 recruitment towards the hHR. 3D
compound structures were generated from SMILES strings
using Sybyl-X v.1.3 (Sybyl-X, http://www.tripos.com, Tripos
International, St. Louis, MO, USA) with a maximum energy
threshold of 20 kcal-mol™. Protonated forms for each mol-
ecule at pH 7.4 were generated using an internal tool inte-
grated in FLAP (Baroni etal.,, 2007), based on the MoKa
algorithm (Milletti et al., 2007). Stereoisomeric forms were
considered for chiral compounds 44, 53, 65 and 73.
Subsequently, a FLAP database was instructed to generate a
maximum of 50 conformers with RMSD value between two
conformers of 0.3 A and an energy window of 20 kcal-mol™"
maximum. Molecular interaction fields (MIFs) were derived
from interaction energies with the ligands at specific grid
points, as determined by the H (shape), DRY (hydrophobic),
N1 (H-bond acceptor) and O (H-bond donor) probes defined in
the GRID force field (Goodford, 1985) with a grid spatial
resolution of 0.75 A. Partial least square analysis was used to
correlate the MIFs with the intrinsic activities of the different
indolecarboxamides. One latent variable (LV1) was set up for
the QSAR study as additional components did not lead to
either fitting (R?) or predictivity (Q%) improvement (data not
shown). This means that only one LV was capable of extracting
all the information contained in the GRID-MIF descriptors.

Construction of a hH,R homology model

The hH4R model was built in homology to the hH;R crystal
structure (Shimamura et al., 2011) and the binding pose of
compound 1 was described previously (Schultes et al., 2013).
We used the pose of compound 1 as initial binding mode for
the other ligands, which were rebuilt using MOE version
2011.10 [Chemical Computing Group (CCG) MOE (Molecular
Operating Environment), 2011.10 http://www.chemcomp.com/
software.htm]. The models were then subjected to energy
minimization using the MMFF94x force field with fixed posi-
tion of the protein backbone atoms.

Results

Evaluation of indolecarboxamides in a cAMP
reporter gene assay

Forty-eight indolecarboxamides (i.e. JNJ 7777120 analogues;
see Supporting Information Table S1) and the endogenous
agonist histamine were screened (n = 2) for their ability to
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modulate forskolin-induced Goj-dependent CRE activity in
hH.R-expressing cells (Figure 1A). One indolecarboxamide
(compound 75) surprisingly showed positive intrinsic activ-
ity of 82 = 4% compared with full agonist histamine (Eff.
100%). All other compounds including 1 (JNJ 7777120) (Eff.
-83 * 6%) were (weak) inverse agonists (Figure 1A). Full
concentration-response curves (n = 3) were performed for
compound 75 and histamine (Figure 1B). Compound 75 was
identified as full agonist (105 = 5%) with a potency value
(pECso = 6.4 = 0.1) that equals its affinity (pK; = 6.4 = 0.1)
(Engelhardt etal.,, 2012), but is lower than histamine
(pECso = 8.1 = 0.1) (Figure 1B). To confirm that the observed
full agonism of 75 is indeed mediated by the hH,R, we
added increasing concentrations of 1 (JNJ 7777120) to
concentration-response curves of 75. JNJ 7777120 progres-
sively shifted the curves of compound 75 to the right and
lowered the basal hH,R signalling, as can be expected from an
inverse agonist (Figure 1C). Schild analysis (slope =0.9 = 0.1)
showed that 75 and 1 (JNJ 7777120) interact with hH4R in a
competitive manner (Figure 1D). Moreover, the pA, (8.5) of 1
(JNJ 7777120) closely resembled its pK; (8.3) for the hH,R
(Engelhardt et al., 2012).

Activity of indolecarboxamides in a
B-arrestin2 recruitment assay

All indolecarboxamides were able to recruit B-arrestin2 to
hH4R. Within our dataset, we could identify compounds with
a wide range of potencies (pECso = 5.3 = 0.1-8.3 = 0.1) and
intrinsic activities (Eff. = 13 + 3%-95 + 4%). Compound 785,
identified above as the only indolecarboxamide that exhib-
ited agonism towards CRE activity, displayed the highest
intrinsic activity in recruiting B-arrestin2 to hH,R (75, Eff. =
95 *= 4%). Compound 44 is one of the less effective com-
pounds of the indolecarboxamide series (44, Eff. = 14 = 3%).
Substituents at specific positions (R4-R7) on the aromatic
ring showed diverse effects on the intrinsic activity of the
compounds (75 vs. 1 vs. 10), whereas changes in the basic
moiety (i.e. methylpiperazine) significantly reduced the
intrinsic activity (49 vs. 73) (Figure 2).

JNJ 7777120 (1) contains a chlorine atom at position RS,
which yields an intrinsic activity for f-arrestin recruitment of
62 *+ 4%. If this chlorine is replaced with a nitro group (28),
the resulting intrinsic efficacy (62 = 4%) is not significantly
changed compared with JNJ 7777120 (1), whereas moving
the nitro group to position R4 is not favoured (21, Eff.39 =
4%) (Figure 3). Interestingly, moving the nitro group to R7, in
combination with the chlorine of JNJ 7777120 (1) at RS,
results in a switch to full agonism in both the Go, (105 * 5%)
and the B-arrestin (95 = 4%) pathways (Figure 1A).

Identification of structural features

important for potency and intrinsic activity
of indolecarboxamides

The indolecarboxamide dataset allows for a detailed investi-
gation of the structural features that are correlated with
intrinsic activity to recruit B-arrestin2 to the hH,R. First, we
compared different positions (R4, RS and R6) of the chlorine
atom on the aromatic ring of the indolecarboxamides to the
compound without aromatic ring substituents. Addition of a
chlorine atom at position RS is the most favourable in terms
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Intrinsic activities of indolecarboxamides in a hH4;R-mediated CRE-luciferase reporter gene assay. hH4;R-mediated inhibition of 1 uM forskolin-
stimulated CRE activity in HEK293T cells. HEK293T-hH4R cells were stimulated with indolecarboxamides (Supporting Information Table S1) (A,
10 uM; B indicated amounts). Intrinsic activity is plotted as percentage of maximal histamine (HA) response. (A) Affinity versus intrinsic activity
plot. Structures of agonists are plotted. (B) Concentration-response curves of HA and compound 75. (C) Concentration-response curves of
compound 75 in the absence and presence of increasing amounts of 1 (JN) 7777120) used to calculate concentration ratios for Schild plot shown
in (D). Data shown are pooled data from at least two experiments performed in duplicate. Error bars indicate SD (n = 2) or SEM (n = 3) values.

of intrinsic activity (1, Eff. = 62 * 4%), whereas a chlorine
substituent at position R4 (18, Eff. = 53 = 1%) was compara-
ble to the unsubstituted aromatic ring (10, Eff. = 47 = 4%).
Although R4 is not the optimal position for the chlorine
atom, it does not appear to interfere with the chlorine at RS,
with the doubly (R4, RS) substituted compound 48 (Eff. = 63
+ 4.5%) having comparable intrinsic activity to JNJ 7777120
(1). However, addition of a chlorine atom at position R6
results in a significant decrease in efficacy (31, Eff. = 30 = 1%)
(Figure 4A). The chlorine atom at position RS displayed the
highest potency (1, pECso = 8.0 = 0.1) and the chlorine at
position R6 the lowest potency (31, pECso = 6.8 = 0.1) in this
subseries.

Next, different substituents were evaluated at position RS.
A chlorine atom (1, Eff. = 62 = 4%) or a nitro group (28, Eff. =
62 * 4%) showed the highest intrinsic activity and an amine
group (29, Eff. = 57 = 3%) was also tolerated. Larger substitu-
ents at position RS, such as a methoxy group, were less
favourable and showed a significant loss in intrinsic activity
(26, Eff. = 44 = 6%) and moreover a 400-fold decrease in po-
tency compared to 1 (Figure 4B). In addition, potency values
for 28 (pECso=7.0 = 0.0) and 29 (pECso=7.4 = 0.1) decreased
more than fourfold compared to 1 (pECso=8.0 £ 0.1).

We have previously demonstrated (Figure 3) that addition
of a nitro group into R7 results in a significant increase in
intrinsic activity compared to the unsubstituted compound
JNJ 7777120 (1). When we further explored this position, we
found that substituting this nitro group with either methyl
(50, Eff. = 63 = 4%), amine (51, Eff. = 58 = 4%) or a fluor
atom (49, Eff. = 57 = 2%), resulted in activity comparable to
JNJ 7777120 (1), demonstrating that there is very steep SAR at
this position and only the nitro group is able to increase
intrinsic activity. Interestingly, although the nitro group
resulted in higher intrinsic efficacy, this was coupled with a
loss in potency (75, pECso = 6.0 = 0.1) compared to the other
compounds in this subseries (pECso = 7.8-8.2).

Finally, we evaluated the effect of different basic side
chain structures on the intrinsic activity of indolecarboxam-
ides to recruit B-arrestin2. Compound 49 has a methylpipera-
zine side chain and demonstrated highest intrinsic activity in
this subseries (Eff. = 57 = 2%). Replacement of this methyl-
piperazine with a piperazine ring (74) had very little effect on
intrinsic activity (Eff. = 50 = 0%), whereas substitutions with
azetidin-3-yl pyrrolidine (71, Eff. =35 = 1%), 3-aminomethyl
azetidine (72, Eff. = 37 = 3%), 4-methyl-1,4-diazepane (69,
Eff. =36 £ 2%) or 3-aminomethyl pyrrolidine (73, Eff. =19 =
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5%), all resulted in a significant decrease in intrinsic activity
(Figure 4D). The methylpiperazine side chain (1, pECso = 8.0
+ 0.1) also resulted in the highest potency. Compound 71
has a 10-fold higher potency (71, pECso = 7.2 + 0.1) than 72
and 69 (72, pECso = 6.2 += 0.1 and 69, pECso = 6.2 = 0.1) to
induce B-arrestin2 recruitment to hH;R. In addition, when
other substituents were present on the aromatic ring (55, 63,
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46), changes in the basic side chain resulted in similar intrin-
sic activity decreases (Supporting Information Figure S1),
indicating an important role for this basic side chain of hH,R
ligands to induce B-arrestin2 signalling.

Potency values of all tested indolecarboxamides to stimu-
late B-arrestin2 recruitment to hH4R are linearly correlated
with their hH,R binding affinity values that we previously
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reported (Engelhardt et al., 2012) (slope=1.1 = 0.1, R*=0.89)
(Figure 5A). In contrast, no correlation was observed between
intrinsic activity and affinity values (Figure 5B).

Unravelling ligand interaction regions by
FLAP-3D-QSAR

The dataset presented in Figures 2-4 were analysed using
FLAP 3D-QSAR computational-based analysis (Baroni et al.,
2007). Four-point pharmacophores (quadruplets) derived
from MIFs (Goodford, 1985) were used to align JNJ 7777120
and its analogues 2-77 for the construction of a FLAP
3D-QSAR model (Figure 6A). MIF hotspots derived from this
analysis revealed essential molecular interaction features that
are either favourable or unfavourable for the intrinsic activity
of indolecarboxamides to recruit B-arrestin2 to the hH,R. The
correlation plot of experimental versus predicted intrinsic
activity values (R*=0.76; Q*=0.51) showed three outliers (i.e.
31, 35 and 75) (Figure 6B, red dots). These outliers can be
explained by the very low variability of the SAR space on
position R6 (31 and 35), while for compound 75, the cause
probably lies in the large efficacy gap between 75 and the
remaining dataset compounds, as well as the fact that this
compound is the only unbiased compound of the series. The
three outliers were therefore excluded from the analysis and
a new intrinsic activity model was computed (Figure 6B, blue
dotted lines) that displayed a better fit and higher predictive
performance (R*=0.89; Q*=0.71). 3D pictures of compounds
1 and 44 that display high (Eff. = 62 = 4%; Figure 6C) and
low (Eff. = 14 = 3%; Figure 6D) intrinsic activity, respectively,
were constructed to illustrate the intrinsic activity hotspots
by defining positive and negative ligand features (surfaces).
The longer basic side chain of 44 places the hydrogen bond
donor in a suboptimal position (Figure 6D). Substituents at
the R4 and RS position (1) are positively correlated (shape)
with intrinsic activity. Hydrophobic substituents are favour-
able at position RS (Figure 6C). However, substituents at posi-
tion R7 (44) are unfavourable (shape and hydrophobic) for
activity (Figure 6D).

Indolecarboxamide binding in the hH4R
binding pocket

We constructed hHsR models with unbiased compound 75
(Figure 7A), high biased B-arrestin2 activity compound 1
(Figure 7B) and low biased B-arrestin2 activity compound 44
(Figure 7C) in order to translate the identified ligand intrinsic
activity features to molecular interactions with the hH,R
binding pocket. We observed a clear interaction of the
basic nitrogen of the methylpiperazine (1 and 75) and
3-aminomethyl pyrrolidine (44) with D*** in TM3, which is a
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and intrinsic activity in a -arrestin2 recruitment assay. Data shown are pooled data from at least three experiments performed in duplicate. Error
bars indicate SEM values. HA, histamine.
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Figure 6

FLAP QSAR analysis of the indolecarboxamides intrinsic activity in B-arrestin2 recruitment. (A) Alignment of the 48 tested indolecarboxamides
based on molecular interaction fields. (B) Correlation plot between experimental and predicted intrinsic activity values. Regression lines were fitted
in the presence (red) or absence (blue) of outliers (see text for details). (C, D) FLAP 3D-QSAR models with high intrinsic activity compound 1 (C)
or low intrinsic activity compound 44 (D). Shown surfaces represent positive (solid) or negative (grating) effects of shape, H-bond donor or
hydrophobic ligand features. Arrows indicate the most remarkable differences between (C) and (D). HA, histamine.
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Figure 7

Three indolecarboxamides fitted in the hH4R binding pocket. (A)
Compound 75, (B) compound 1 (JNJ 7777120) and (C) compound
44. Compounds are depicted as ball-and-sticks. Important pocket
residues are shown as lines, whereas D332 and E*#¢ that both form
H-bonds with the ligands are also shown as ball-and-sticks. H-bonds
between the ligand and pocket residues are represented as black
dotted lines. The backbone TM helices 5, 6 and 7 (right to left) are
presented as yellow helices. For clarity, helix 3 is partly presented by
yellow ribbons.
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key for histamine and JNJ 7777120 binding, as determined in
previous studies (Shin et al., 2002; Jongejan et al., 2008). In
addition, an interaction between the indole nitrogen with
E>* in TMS is most likely to occur and consequently points
the aromatic ring towards the hydrophobic cavity at the
extracellular side of the hH,R (Jongejan et al., 2008; Lim et al.,
2010; Istyastono et al., 2011; Schultes et al., 2013). The nitro
group of compound 75 seems to be directed towards TMS
and the chlorine atom is pointing slightly more upwards
towards the extracellular side as compared to 1 (JN]
7777120). The distance from the positively charged nitrogen
in the pyrrolidine to the indole nitrogen (compound 44) is
longer than for the respective methylpiperazine derivatives
(e.g. 1), which resulted in a different positioning of the aro-
matic ring. Due to the hydrophobic methyl group at position
R7, the aromatic ring is pointed more upwards and less in
proximity to TMS than the nitro substituent of compound 75
at this position (Figure 7).

Discussion and conclusion

Despite the recent progress in GPCR structural biology and
the current availability of both inactive and active GPCR
structures (Palczewski et al., 2000; Jaakola et al., 2008; Park
et al., 2008; Warne et al., 2008; Wu et al., 2010; Rosenbaum
et al., 2011; Shimamura et al., 2011; Manglik et al., 2012), it is
still challenging to successfully predict ligand interaction
points and efficacy switches. The recent evidence for multiple
active GPCR states (Kahsai ef al., 2011; Kenakin, 2011) has
added additional complexity and the molecular understand-
ing of ligand-biased GPCR activation can be considered as
one of the challenges in the field. Previously, we identified
several biased ligands for the hH,R (Rosethorne and
Charlton, 2011; Nijmeijer et al., 2012). Although this biased
activity seemed to be spread among different ligand classes,
all five investigated indolecarboxamides showed a full bias
toward B-arrestin2 recruitment. In this study, we tested 48
indolecarboxamides with subtle structural differences in
aromatic ring substituents and in the basic side chain
(Engelhardt et al., 2012). The 47 B-arrestin2-biased indolecar-
boxamides displayed a wide variation in potencies and intrin-
sic activities. The potencies correlated with previously
published affinities (Engelhardt et al., 2012), which is in line
with earlier observations that B-arrestin2 signalling is corre-
lated with receptor occupancy and in line with the 1:1 stoi-
chiometry of receptor and B-arrestin2 interaction in an
enzyme fragment-based complementation assay (Granier
et al., 2012; Kruse et al., 2012; Riddy et al., 2012; Shoichet and
Kobilka, 2012). No correlation was observed between affinity
and intrinsic activities, making it worthwhile to identify the
structural requirements for intrinsic activity.

In a Go; protein-dependent reporter gene assay, com-
pound 75 was the only compound that displayed agonism.
Intriguingly, this compound exhibited also the highest
intrinsic activity in the B-arrestin2 recruitment assay and is
therefore classified as an unbiased ligand. Interestingly, the
polar nitro group at position R7 did not match with the
negative H (shape) MIF coefficient in the constructed
B-arrestin2-biased ligand intrinsic activity model. This could
be explained by the fact that compound 78§ is the only unbi-
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ased indolecarboxamide of this series and we hypothesize
that 75 recruits B-arrestin2 to hHyR by potentially stabilizing
a distinct receptor conformation as compared with the other
indolecarboxamides.

Using the binding mode of indolecarboxamides in the
hH.R that was previously proposed and validated with site-
directed mutagenesis data (Jongejan et al., 2008; Schultes
et al., 2013) as well as with the recently successfully applied
FLAP method [hH3;R, CXCR7 and calcium channel com-
pounds (Ioan et al., 2012; Sirci et al., 2012; Wijtmans et al.,
2012)] for 3D-QSAR, we now identified receptor regions
important for ligand efficacy. In the histamine H3R, it was
previously shown that the length between the charged
groups in the ligand is important for intrinsic activity
(Govoni et al., 2006). Because of the crucial interaction
between D*3*? and the basic nitrogen in the side chain of
the indolecarboxamides, the position of the aromatic ring
depends on the distance between this basic nitrogen and the
indole nitrogen. Besides the length, also the different substi-
tutions at the aromatic ring are responsible for this ring
placement in the binding pocket. The nitro group at position
R7 of unbiased indolecarboxamide 75 seems able to form
hydrogen bonds with threonine and serine residues in trans-
membrane (TM) 5, which is possibly a crucial step in hH4R
Goy activation. Notably, these polar interactions cannot take
place for 1 and 44. Interestingly, compound 51 that has
an amine group at R7 does not show agonism in the Go;
pathway, which could indicate that the polar interactions are
made via a hydrogen bond-accepting group in the ligand.

There are multiple theories for GPCR activation mecha-
nisms and most of them focus on the rearrangement of TM
helices such as 5, 6 and 7 in combination with aromatic side
chain rotamer switches (Ballesteros et al., 2000; Schwartz et al.,
2006). The efficacy of dopamine D; agonists for cAMP stimu-
lation has been correlated with ligand interactions with a
series in TMS (Chemel et al., 2012). For the B, adrenergic
receptor (ADRB2), interaction with D**? and an inward shift of
TMS was required for agonist activity as demonstrated by
strong polar interactions between ligand and residues in TM5
(Strader et al., 1989; Liapakis et al., 2000; Rasmussen et al.,
2011a; Zocher et al., 2012) as well as an interaction between
$%4% and N®*° (Katritch et al., 2009; Vilar et al., 2011). Interest-
ingly, these polar interactions with TMS5 could be confirmed in
the recent crystal structure models (Rosenbaum et al., 2011).
In contrast, no TMS movement was observed in the A\AR,
indicating that TMS interactions are not a general phenom-
enon (Katritch and Abagyan, 2010). We recently suggested
that agonist binding results in hH;R activation via $*3*¢, a
rotamer toggle switch that initiates activation via N’ result-
ing in conformational changes in helices 6 and 7 (Jongejan
et al., 2005). In addition, agonist binding disrupts the T**’
interaction with TMS5, which resulted in a P>*-induced
unwinding of the TM5 helix around the side chain I**° (Sansuk
et al., 2011). Shortly after the discovery of the hH,R, D*** and
E>*¢ were identified as key residues for ligand binding and
activation (Shin et al., 2002). The residues T>*? and S>* in TM5
of hH4R were not significantly involved in histamine binding
or activation, but N* and $°%? played a role in receptor
activation (Shin et al., 2002). More recently, N**” was shown to
play a role in the binding of clobenpropit analogue VUF5228
(Istyastono et al., 2011) and was identified as the key determi-
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nant for ligand binding to H4R orthologs through its influence
on the orientation of E**¢ (Lim et al., 2010). In addition,
mutation of this N**7 residue as well as $*** decreased the
affinity of JNJ 7777120. The possible interaction of 75 with
polar hH4R receptor residues is currently under investigation.

Based on our dataset, we observed that B-arrestin2 activa-
tion of the tested indolecarboxamides is less dependent on
such polar interactions than Goy protein signalling. In a pre-
vious quantitative structure—affinity relationship study, the
position R7 tolerated both lipophilic and polar moieties
(Engelhardt et al., 2012). Yet, in the present study, we show
that (hydrophobic) substituents at this position are less
favourable for biased B-arrestin2 recruitment. This illustrates
that there are specific intrinsic activity hotspots that do not
correspond with high affinity features. Substitutions (i.e.
halogens or hydrophobic groups) on positions R6 or R7 seem
to repulse the ligand from the TMS region in the hH,R
homology model, resulting in a lower intrinsic activity. Fur-
thermore, the replacement of methylpiperazine with other
basic side chains was found to be detrimental for intrinsic
activity. With our FLAP 3D-QSAR model, we could identify an
exact hotspot, namely the correct positioning of the H-bond
donor MIF generated by the positively charged nitrogen in
the basic side chain, which interacts with D*3? in the H,R
homology model. Consequently, variations in the basic side
chain resulted in a slightly different orientation of the aro-
matic ring. Based on the hH,R homology model, we observed
that the less effective compounds seem to point their aro-
matic ring more upwards to the extracellular side of hH4R and
less towards the TMS region, hence probably resulting in
decreased B-arrestin2 recruitment.

In this study, we have identified ligand and receptor fea-
tures responsible for biased hH4R signalling by testing 48
indolecarboxamides with subtle structural differences. We
discovered an unbiased indolecarboxamide (75) that is a full
agonist in both Go; protein and B-arrestin2 signalling. All
other compounds displayed a full bias toward B-arrestin2
recruitment. An extensive analysis of the ligand structures
and corresponding intrinsic activity via a FLAP 3D-QSAR
model revealed PB-arrestin2-biased activity hotspots, which
were subsequently projected in a hH4;R homology model to
identify receptor regions that play a role in biased signalling.
Importantly, while a hydrogen bond acceptor that points
towards the TMS region is crucial for Gos-protein signalling,
this polar interaction is not necessary to induce B-arrestin2
recruitment by fully biased ligands. In the latter case, intrin-
sic activity is probably dependent on subtle changes in ori-
entation of the aromatic ring in the hydrophobic sub-pocket.
Identification of molecular features that are essential for
(biased) ligands is important to predict compound intrinsic
activity and allows the rational design of biased and unbiased
hH,R ligands.
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Figure S1 Effect of different basic side chains influences
compound intrinsic activity in B-arrestin2 recruitment.
U20S-H4R cells were stimulated with indicated amount of
indolecarboxamides. (A) R5-Cl, R7-CH; (B) R7-F (C) R7-CHs.
Intrinsic activity is plotted as percentage of maximal hista-
mine (HA) response. Data shown are pooled data from at least
three experiments performed in duplicate. Error bars indicate
SEM values.

Table S1 Overview of potency and intrinsic activity values
in a B-arrestin2 recruitment and CRE-luciferase assay. Intrin-
sic activity is calculated as percentage of maximal histamine
(HA) response. Data shown are pooled data from at least three
experiments performed in duplicate. Error bars indicate SEM
values.



