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Abstract

Histamine receptors belonging to the superfamily
of G protein-coupled receptors (GPCRs) mediate
the diverse biological effects of biogenic
histamine. = They are classified into four
phylogenetically distinct subtypes H; - Ha, each
with a different binding affinity for histamine and
divergent downstream signaling pathways. Here
we present the evolutionary history of the
histamine receptors using a phylogenetic
approach complemented with comparative
genomics analyses of the sequences, gene
structures, and synteny of gene neighborhoods.
The data indicate the earliest emergence of
histamine-mediated GPCR signaling by a H» in a
prebilaterian ancestor. The analyses support a
revised classification of the vertebrate Hs-Ha
receptor subtypes. We demonstrate the presence
of the Hy across vertebrates, contradicting the
currently held notion that Hs is restricted to
mammals. These non-mammalian vertebrate Hy
orthologs have been mistaken for Hs;. We also
identify the presence of a new Hj subtype (H3B),
distinct from the canonical H3 (H3A), and propose
that the H3A, H3B, and Hy likely emerged from a
Hs progenitor through the 1R/2R whole genome
duplications in an ancestor of the vertebrates. It is
apparent that the ability of the H;, H», and Hs.4 to
bind histamine was acquired convergently. We
identified genomic signatures suggesting that the
H, and H3-H4 shared a last common ancestor with
the muscarinic receptor in a bilaterian
predecessor whereas, the H, and the a-
adrenoreceptor shared a progenitor in a

prebilaterian ancestor. Furthermore, site-specific
analysis of the vertebrate subtypes revealed
potential residues that may account for the
functional divergence between them.
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1. Introduction

Histamine, a biogenic neurotransmitter, plays a
crucial role in several cellular processes,
including inflammatory responses and gastric
acid secretion, among others (Hill, 1990; Jones
and Kearns, 2011; Kitakaze, 2016; Thurmond et
al., 2008). In vertebrates, the diverse
physiological effects of histamine are mediated
by activation of four metabotropic histamine-
specific G protein-coupled receptor (GPCR)
subtypes Hi-Ha, each having a different binding
affinity for histamine and divergent downstream
signaling effects (Arrang et al., 1983; Ash and
Schild, 1966; Black et al., 1972; Nakamura et al.,
2000). These receptors have distinct expression
patterns with both unique and overlapping
functions and display constitutive activity as well
(Bakker et al., 2000; de Esch et al., 2005; Gantz
et al., 1991; Leurs et al., 2005; Liu et al., 2001;
Lovenberg et al., 1999; Morisset et al., 2000;
Morse et al., 2001; Nguyen et al., 2001; Oda et
al., 2000; Smit et al., 1996; Yamashita et al.,
1991; Zhu et al., 2001). H, and H, receptors are
expressed in a wide variety of cells, including the
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brain and cardiovascular system. The H3 receptor
is found primarily in the central nervous system
(CNS) and enterochromaffin cells (Panula et al.,
2015). The most recently identified H4 receptor
shares high sequence identity with Hs, but its
expression is limited to specific subsets of
immune cells (Panula et al., 2015; Zhang et al.,
2007). All four subtypes are significant drug
targets with highly selective inhibitors for H; and
Ho, in particular, available for therapy of several
disease conditions (Berlin et al., 2011; Leary et
al., 2016; Nault et al., 2002; Potnuri et al., 2016;
Schneider and Seifert, 2016; Thurmond et al.,
2008; Yoshihisa et al., 2017; Zeng et al., 2014;
Zhang et al., 2007).

Unlike most aminergic receptor
subtypes, the sequence identities between the
histamine receptor subtypes are lower, indicating
significant divergence. For example, the overall
sequence identity between human H; and H, is
about 31 %, while H; shares sequence identity in
the range 24 — 27% with the Hz and H4 receptors.
However, H; and Hi receptors share ~42%
identity. A search of the human proteome using
human the H; protein sequence as a query
recovered several other aminergic receptors with
muscarinic acetylcholine receptors (mAChRs)
among the top hits. In contrast, the H, receptor hit
has a significantly lower E value. Similar results
were obtained with the other histamine receptor
subtypes. A previous phylogenetic study of Hi,
H, and Hj3 subtypes proposed that these subtypes
probably acquired the ability to recognize
histamine through convergent evolution (Leurs et
al., 2000). It was presumed that invertebrates, in
general, lack metabotropic histamine receptors
and signal through ionotropic histamine receptors
and that metabotropic histamine receptors
evolved independently after the divergence of
vertebrates from the invertebrates (Roeder, 2003;
Steel et al., 1997). However, experimental and
gene prediction studies report the presence of
putative histamine responsive GPCRs in several
invertebrate lineages including snail (Aplysia
californica) (Carpenter and Gaubatz, 1975),
eastern oyster (Crassostrea virginica) (Harrison
et al.,, 2015), sea urchin (Strongylocentrotus
purpuratus) (Leguia and Wessel, 2006; Sutherby
et al, 2012), acorn worm (Saccoglossus
kowalevskii) (Krishnan et al., 2013) and lancelet
(Branchiostoma floridae) (Burman et al., 2007).

One molecular characterization study reports a
novel class of histamine receptors unique to the
flatworm Schistosoma mansoni (El-Shehabi and
Ribeiro, 2010; Hamdan et al., 2002). It is
interesting to note that protostomal histamine
receptors were earlier documented only in
Lophotrozhozoa (Carpenter and Gaubatz, 1975;
Harrison et al., 2015), although, more recent
reports predict their presence in the Ecdysozoa
as well (Buckley et al., 2016; Chen and Qian,
2017).

The most recent update on the molecular
evolution of the biogenic amine receptors
comprised histamine receptors among others but
was limited to homologs from the vertebrates
(Spielman et al., 2015). The phylogenetic
reconstruction carried out by Speilman et al.
showed that while the Hs sequences are broadly
distributed across vertebrate taxa, the Hs clade
contained only mammalian sequences. It was
proposed that the Hs subtype is mammalian-
specific and arose from a Hs duplication
concurrent with the emergence of the mammals.
Given the poor support for the orthologous and
paralogous relationships, the presence of multiple
paralogous subtypes, and the rapid accumulation
of metazoan genomes, the origin and evolution of
the histamine receptors require reexamination.
Here, we have identified histamine receptor
homologs across several metazoan genomes and
investigated the molecular evolution of the
receptors using a phylogenetic approach
combined with gene structure and gene
neighborhood synteny analysis. The study
provides a revised classification of extant
subtypes and a new model of evolution that
involves duplications, multiple gene losses and
convergence from ancestral amine receptor
homologs.

2. Materials and methods

2.1 Identification of histamine receptors
Annotated histamine receptor sequences were
first obtained from the GPCR database
(GPCRdb) (Munk et al., 2016) and the UniProt
protein knowledgebase (UniProtKB). These
sequences were used to build and calibrate a
hidden Markov model (HMM) profile using
HMMBUILD and HMMCALIBRATE
programs, respectively, with default parameters.
The HMM profile was used as a query (E-value
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=0.001) in the HMMSEARCH program to search
the 224 proteome datasets downloaded from
Ensembl, Joint Genome Institute (JGI) and NCBI
genome databases. HMM based programs were
run locally using the HMMER suite of programs
(Eddy, 1998). An HMM profile built from
combining sequences of all four subtypes failed
to pick up histamine receptors subtypes as top hits
in several cases.

Similarly, BLAST searches using single
subtype sequences against the NCBI non-
redundant protein database also did not yield
histamine subtypes as top hits. For example,
using H; receptor from human (NP_000852.1) as
search seed recovered histamine H;, mAChR,
dopamine, 5-hydroxytryptamine, tyramine and
adrenoceptor aminergic receptors, but not all
histamine receptor subtypes. In several cases,
homologs of other aminergic receptors scored
higher than histamine receptors. Hence, separate
HMM profiles were built for each subtype and
used as search queries and this process yielded
putative histamine orthologs as top hits in all
searches. A total of 562 sequences from 163
organisms were identified. The total number of
entries was refined by removing redundant
sequences using CD-hit program at 99% identity
(Li and Godzik, 2006). The sequences were also
scanned for transmembrane helices using the
TMHMM program (Krogh et al., 2001). The
sequences that had >6 and <7 transmembrane
helices were retained while the remaining were
treated as fragmentary and removed. The
assignment of histamine receptor orthology for
putative hits obtained from our searches was
considered only if it had known histamine
receptors as top hits in a reciprocal BLAST
search. The final data set containing a total of 516
sequences from 162 organisms is provided in
Table S1. The percentage identity matrix for all
paralogs  was  calculated using  SIAS
(http://imed.med.ucm.es/Tools/sias.html) server
with PID; option (Table S2). Isoforms, which are
an outcome of alternate splicing events, have
been excluded from this study.

2.2 Multiple sequence alignment and
phylogenetic tree construction

A protein multiple sequence alignment was
generated for the data set that included
representatives from histamine and other

aminergic receptors using the MAFFT program,
with BLOSUMS62 as the default scoring matrix
and the option E-INS-I was enabled for better
accuracy for a data set with multiple conserved
domains and long gaps (Yamada et al., 2016).
The length of the protein sequences in the
multiple sequence alignment ranges from 275 to
705 residues. Most TMs were about 22 residues
long. A long third intracellular loop between
TMS5 and TM6 found in H;, Hs and Hs receptors
is relatively short in H receptor subtype (Hill et
al., 1997). The N terminal, C terminal and intra-
extra-cellular loops (IL/EL) regions show
substantial variations, while the seven TM helices
are mostly conserved. Phylogenetic trees were
constructed using Maximum likelihood (ML) and
Bayesian methods. Each tree was run as three sets
consisting of (i) full-length alignment (ii) N and
C terminal loop regions deleted and (iii) only the
7 TM regions. The TM tree, which had best
bootstrap support among the three, was chosen
for further analysis. Maximum likelihood
approach used to infer phylogeny is as
implemented in RAXML 8.2.9 (Stamatakis, 2014)
and IQ-TREE (Nguyen et al, 2015;
Trifinopoulos et al., 2016). The evolutionary
model and parameters for  phylogeny
implemented in RAXML 8.2.9, containing the
sequences in Fig. 1A, B were determined using
ProtTest based on the Akaike Information
Criterion (minAIC) (Darriba et al., 2011). The
best model to determine the evolution of the data
set used in this study was determined as Jones-
Taylor-Thornton amino acid substitution matrix
(Jones et al., 1992) with frequency model along
with gamma-distributed (Yang, 1994) for rate
among sites (JTT+F+G). Robustness of the tree
was tested with 500 bootstrap samplings.
Topology of the tree was assessed with bootstrap
values mapped on to the initial true tree as
implemented in RAXML 8.2.9. The evolutionary
model and parameters for sequences in Fig. 1C
were determined in IQ-TREE using ModelFinder
(Kalyaanamoorthy et al.,, 2017) based on
Bayesian Information Criterion (BIC). The best
fit model was determined as JTT+R6, where JTT
is the general matrix and R6 represents the
FreeRate model with six categories (Soubrier et
al., 2012; Yang, 1995). The tree topology was
tested using 1000 replicates of ultrafast bootstrap
(Minh et al.,, 2013). FigTree version v1.4.3



software was used to visualize the trees
(http://tree.bio.ed.ac.uk/software/figtree/).

Bayesian approach for phylogenetic
analysis was performed using MrBayes 3.2.6
(Ronquist and Huelsenbeck, 2003; Ronquist et
al., 2012) with gamma-distributed rate variation
with frequencies, using JTT model. Posterior
probabilities of the trees were approximated
using Markov Chain Monte Carlo MCMC), and
analysis was run for 1 x 107 generations, and
every hundredth tree was sampled. A stop value
was applied to terminate the MCMC generations
and convergence of MCMC was assessed until
the average standard deviation of split
frequencies dropped below 0.01 (stop value). The
first 25% of sampled trees were disregarded as
the burnin period so that parameter estimates
were only made from data drawn from
distributions  derived after MCMCs had
converged. A consensus tree was built from the
remaining 75% of the sampled trees with sumt
command using 50% majority rule method. The
sump command was used as a control so that an
adequate sample of posterior probability
distribution was reached during the MCMC
procedure.

2.3 Analysis of gene structure and gene order
The gene structure analysis was carried out using
the Gene Structure Display Server 2.0 (GSDS2.0,
(Hu et al., 2015). Genomic sequence and the
corresponding coding sequence were submitted
for generating the exon-intron map with the
intron phase information. The results from the
server were checked for compatibility with the
information present in Ensembl and JGI
databases from where the protein sequences are
obtained. A total of 384 sequences for which the
gene structures compatible with the databases
were considered for analysis. Intron positions and
phases (GGG phase0, G/GG phasel, and GG/G
phase2) were mapped onto the protein sequence
alignment. Intron positions were deemed
conserved across the alignment for small changes
in intron positions (£ 10 amino acid residues)
(Betts et al., 2001). Distribution of exon-intron
length and intron position/phases are given (Data
S1 and S2). Synteny analysis was carried out by
examining the genes using Genomicus (Louis et
al., 2013) for genes retrieved from ensemble
database and by manually examining and

comparing chromosomal loci using genome
browsers for genes obtained from NCBI
database.

2.4 Estimation of functional divergence and
docking studies

Tests for functional divergence between
paralogous subtype groups were performed using
the DIVERGE program (Gu et al., 2013). The
program was used to identify sites that display
Type I and Type II functional divergence. The
paralogous groups contain members as annotated
in the earlier phylogenetic analysis and are
provided in the supplementary file (Tree S1).
Statistical strength of Type I and Type I
functional divergence was based on the relevant
coefficient of divergence (0), which corresponds
to the posterior probability (PP) that a specific
site in the alignment had undergone Type I or 11
divergence (Gu, 1999). These tests for divergence
establish whether the 6 value is significantly
greater than zero, which is an indication of
functional divergence. We conducted all possible
pairwise comparisons between the major groups
to estimate coefficients. The cut-off value of PP
was determined by consecutively eliminating the
highest scoring sites in the alignment until the
coefficient value dropped to zero. Docking
studies were carried out using Autodock 4.2.6
(Morris et al., 2009). Histamine was docked with
the crystal structure of H; histamine receptor
(PDB: 3RZE) and the modelled structures of the
active form of Hy 4 available in GPCRdb (Munk
et al., 2016). The four structures were
superimposed and the side chains of residues
interacting with histamine were oriented with
respect to H; structure. It should be noted that this
docking exercise is with rigid groups and aimed
at visualizing the binding of histamine and the
differences in the binding sites between subtypes.

2.5 Comparison of substitution rates

Pairwise comparison of substitution rates
between histamine receptor subtypes was
performed using the codon alignment obtained
from RevTrans server. RevTrans server converts
a multiple sequence alignment of proteins and the
corresponding DNA sequences into a codon
alignment (Wernersson and Pedersen, 2003). The
phylogenetic tree was constructed for the codon
alignment in RAXxML 8.2.9 (Stamatakis, 2014)
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using a generalized time-reversible substitution
matrix along with gamma-distributed and
invariant sites (GTR+I+G) as obtained by
ProtTest (Darriba et al., 2011). The selection was
measured by dN/dS ratio (®), where dN
represents the rate of nonsynonymous
substitutions per nonsynonymous site,and dS is
the rate of synonymous substitutions per
synonymous site. When a coding sequence is
under negative selection, nonsynonymous
substitutions were constrained with respect to the
neutral evolution due to their deleterious effect,
and therefore @ < 1. Under neutrality, the rate of
synonymous substitutions was approximately
equal to rate of the nonsynonymous substitutions
(o= 1). Alternatively, if the sequence is evolving
under positive diversifying selection, dN >
dS and o > 1. Using the codon alignment and its
corresponding tree, we estimated « using Markov
codon models by ML approach as implemented
in the CODEML program from
PAML 4 software  package (Yang, 2007).
Optimized log likelihood (InL) values for both
null (fixed ®, InLO) and alternate model
(calculated w, InL 1)) were calculated. Likelihood
ratio tests (LRTs) were performed and
significance of the tests was evaluated using the
LRT statistic 2*(InL1-InL0) = 2AL, which was
compared with a chi-square distribution to test
whether there is a statistical difference between
the null (0) and the alternative (1) models (Yang
et al., 2005). We considered a sequence as
evolving under positive selection when the LRT
for the ® is significant with P-value <0.05. The
run mode for alternate model (1) was set as
model=2 which enables dN/dS ratio calculation,
NSsites=2, fix_omega=0, w=1 and for null model
(0) as model=2, NSsites=2, fix omega=1, o=1.
Codon frequencies were also estimated from the
dataset using the F3x4 option.

3. Results and discussion

3.1 Comprehensive survey and overall
phylogeny of histamine receptors

3.1.1 A pan-metazoan survey supports the pre-
bilaterian origin of histamine receptors

In order to establish the overall phyletic spread
and the evolutionary provenance of each
histamine receptor subtype, we employed a
multi-pronged search strategy in combination
with a phylogeny-based approach to assign

annotation of the predicted receptors. Recursive
searches conducted using discrete HMM profiles
for each histamine receptor subtype (see
Methods) recovered prototypical versions of
these receptors in vertebrates and numerous
homologs from a multitude of invertebrate
genomes as well as a few homologs from pre-
bilaterians. Definitive annotation of these
putative histamine receptors and subsequent
subtype classification was established by
phylogenetic  analysis  using  Maximum
Likelihood (ML) and Bayesian approaches.
Additionally, the subtype classification was
verified using gene structure and gene-
neighborhood/synteny analyses.

The phylogenetic tree representing the
relationships of the histamine receptors with
respect to other aminergic receptors comprised
sequences of all histamine receptors and
representative receptors comprising o- and f-
adrenoceptors, mAChRs, dopamine receptors,
and serotonin receptors from a diverse selection
of vertebrate and invertebrate genomes (Fig. 1A,
Tree S2a). The inclusion of representatives from
the other classes of aminergic receptors was
based on outcomes of similarity searches using
histamine receptors as search seeds against the
NCBI non-redundant database. This survey
identified a total of 516 histamine receptor
sequences from 162 organisms sampled from
diverse lineages. Homologs were recovered from
representative taxa that contain 47 mammals, 50
birds, 21 fishes, 8 reptiles, 1 amphibian, and 35
invertebrates (Table S1). The comprehensive
taxon sampling enabled us to recover several
additional putative histamine receptors, including
novel homologs from invertebrates. The sample
includes  homologs from  non-bilaterian
metazoans like cnidarians and placozoans and,
basal bilaterians and invertebrates such as
molluscs, annelids, arthropods, echinoderms,
hemichordates and cephalochordates. The data
implies that the metabotropic histamine receptors
are not confined to vertebrates. A previous
prediction of histamine receptors in Cnidaria was
confirmed here (Anctil, 2009). Nonetheless, our
search for orthologs in two of the earliest
branching metazoans, namely, sponges and
ctenophores, and in some bilaterian lineages such
as Nematoda and Tunicata failed to recover



reliable hits that can be deemed canonical
histamine receptors.

Most lineages also contain multiple
subtype-specific copies (Fig. S1, Tree S2a).
These “intra-subtype” paralogs range from two to
five copies and vary in terms of their phyletic
spread for each subtype and have undergone post-
duplication diversification. The sequence-level
divergence between these intra-subtype paralogs
present across Bilateria suggests that the
duplicate copies were probably recruited to carry
out additional functional roles post-duplication
and have experienced selection (West et al.,
1990). In some cases, multiple copies may be
attributed to whole-genome duplication (WGD)
events, for example, in teleosts. The
physiological significance of this copy number
specialization remains to be examined.

3.1.2 Histamine receptors are not exclusively
lost in the ecdysozoan clade but sporadically
distributed

Among the protostomes, histamine receptors
were reported to be present only in the annelids,
molluscs, Platyhelminthes (lophotrochozoans),
and presumed to be lost in arthropods, nematodes
and other ecdysozoan lineages (Roeder, 2003;
Steel et al., 1997). However, recent reports argue
for the presence of histamine receptors in
arthropods (Buckley et al., 2016; Chen and Qian,
2017). Recursive searches conducted in our study
recovered a total of 14 homologs from diverse
panarthropod lineages, and two homologs from a
marine protostome Priapulus caudatus belonging
to Scalidophora clade, which is a sister group to
panarthropods (Giribet and Edgecombe, 2017;
Misof et al., 2014). Homologs were also
recovered from two of the earliest branching
arthropods, namely, the crustaceans and
chelicerates (Arachnida and Xiphosura) (Misof et
al., 2014), and the water-dwelling tardigrades.
However, searches spanning hexapods, the
largest and the most diverse group of arthropods,
recovered only two homologs, specifically from
closely related isopterans (termites), suggesting
gene loss in the lineage leading to hexapods. The
presence of the two termite homologs is either an
outcome of cross-species genomic contamination
or a recent transfer from other metazoans,
although the former scenario appears more
reasonable (Koutsovoulos et al., 2016; Merchant

et al., 2014). Subsequent recursive searches
performed using each of the newly retrieved 16
homologs as search seeds against the entire
Ecdysozoa taxa in NCBI NR database did not
identify additional homologs. Such sporadic
phyletic spread points to two observations: (i)
histamine receptors were not exclusively lost in
the ecdysozoan clade after their split from the
common ancestor of the Lophotrochozoa and
Ecdysozoa; (ii) multiple lineage-specific loss of
the receptor occurred within diverse ecdysozoan
lineages and the receptor is entirely lost in the
lineage leading to the nematodes.

3.1.3 Histaminergic receptors in urochordates
The presence of canonical histamine receptors in
the tunicates, a member of the Urochordata, is
still debated. A recent study reported the
characterization of an H» receptor in the tunicate
Botryllus schlosseri based on its clustering with
a predicted H; receptor sequence from Ciona
intestinalis  (XP_002125985.1) (Cima and
Franchi, 2016). However, other exhaustive
comparative studies of the genome and the GPCR
repertoire of C. intestinalis report the absence of
histamine receptors in the tunicate lineage (Burke
et al., 2006; Dehal et al., 2002; Kamesh et al.,
2008). Therefore, we examined the two tunicate
sequences in more detail. Neither of these
sequences recovers histamine receptors as their
top hits in BLASTP searches against the NCBI
NR database, and the annotation could not be
validated using phylogenetic analysis. We cannot
rule out the possibility that the predicted B.
schlosseri receptor may be a novel amine receptor
that can be stimulated by histamine. Given the
presence of histidine decarboxylase and its
reaction product, histamine, in both nematodes
and tunicates, it is tempting to speculate that the
histamine signaling is either carried by a closely
related aminergic receptor or a more derived
version of the canonical type histamine receptor,
similar to the new class of histamine receptor
reported in the flatworm (El-Shehabi and Ribeiro,
2010; Hamdan et al., 2002). In order to detect
different versions of histamine receptors, we used
the flatworm and arthropod sequences as search
seeds in NCBI NR search and examined the
orthology of the top hits in the phylogenetic
analysis. However, the clustering patterns were
ambiguous. It is likely that some lineages may
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indeed contain novel classes of metabotropic
aminergic receptors that may be stimulated by
histamine and remain to be experimentally
characterized. Alternatively, histamine signaling
in lineages that lack metabotropic histamine
receptors may be ionotropically mediated
(Akashi et al., 2018; Cebada and Garcia, 2007;
Gisselmann et al., 2002; Kita et al., 2017).

3.1.4 Overall phylogenetic relationship of
histamine and other aminergic receptors

It should be noted that histamine receptors
display higher “inter-family” sequence identities
(with other aminergic receptors) compared to that
for “intra-subtype”. This pattern and the fact that
the time of divergence of several aminergic
receptor families and histamine receptor subtypes
likely predate the emergence of Bilateria presents
a considerable challenge to obtain well-supported
subtype-specific =~ monophyletic  clades in
phylogenetic  reconstruction.  Hence, we
reconstructed phylogenetic trees using different
alignment options that include complete
sequences or partial sequences containing the
transmembrane (TM) regions alone or TMs
containing intra- and extra-cellular loops (IL/EL)
and lacking either termini (see methods). The tree
with most well-resolved clades was selected for
further analysis. The alignment that contained the
TM and the IL-EL regions and lacked both the
termini yielded trees with the best confidence
values for the nodes within. Both ML and
Bayesian  phylogenetic  tree  construction
approaches yielded almost identical topologies
for the well-supported clades. The Bayesian tree
was chosen for further analysis. A separate
phylogenetic tree was generated for the histamine
receptors alone for comparison.

Overall, the aminergic receptors and their
subtypes cluster into distinct clades that do not
correspond fully to the ligand-binding property
(Fig. 1A and B, Tree S2a and S2b). For instance,
the histamine and adrenoceptor subtypes form
paraphyletic groups. Strongly supported clades
with Bayesian posterior probability (BPP) >96%
separate the histamine receptor subtypes, with the
invertebrate orthologs placed basal to their
vertebrate counterparts, largely following the
general archetype of the tree of life. As expected,
the H; and Hy4 subtypes form a well-supported
monophyletic H3-Hy clade (Coge et al., 2001a;

Coge et al., 2001b; Liu et al., 2001; Oda et al.,
2000; Tardivel-Lacombe et al., 2001).
Furthermore, the Hs;-H4 subclade is a sister clade
to the mAChR clade and the monophyletic H;
subtype clade appears as a sister clade to that
containing Hs3-Hs and mAChRs. The tree
topology is broadly congruent with that in an
earlier study carried out using sequences from
vertebrates (Spielman et al., 2015). Interestingly,
flatworm histamine receptors (Smp_043260,
Smp_043290, Smp_043340), previously
characterized as a new class of histamine
receptors, are placed basal to H;, Hs-H4, and
mAChR receptors clade with 99% BPP (EI-
Shehabi and Ribeiro, 2010; Hamdan et al., 2002;
Zamanian et al., 2011). This pattern suggests that
these are highly diversified versions of ancestral
histamine receptors already present at the base of
the Bilateria, although they may also have
independently evolved the ability to bind
histamine. The clustering pattern also suggests
that the predicted flatworm histamine receptor
(Smp_126730) is perhaps a serotonin receptor.

A striking observation is that the H»
formed a distinct clade separate from the other
subtypes. Serotonin and a-adrenoceptors are
placed basal to the clade constituting Hsz, Ha,
mAChRs, and H;, forming one major clade (98%
BPP), whereas the H» clade is clearly an outgroup
here. The data thus support the hypothesis that the
Hi, H, and Hs-Hs subtypes may have been
derived independently from closely related
aminergic receptors present in an ancestral
bilaterian and subsequently acquired convergent
changes that enabled the binding of histamine. In
general, within our comprehensive dataset,
subtypes Hi, H, and H3-Hy share higher sequence
identity with other aminergic GPCRs, than
between them (Table S3), in agreement with an
earlier evolutionary analysis with a limited
dataset (Leurs et al., 2000). Indeed, the first
homology-based attempt to clone the Hs based on
H, and H; subtype sequences were unsuccessful
due to the poor sequence relationship (Lovenberg
et al., 1999).

The high sequence similarity between the
Hs and Hy strongly suggests a close evolutionary
relationship. The presently accepted notion that
the Hs emerged in the mammalian lineage by
duplication from an H3 progenitor is supported by
the phylogenetic reconstruction of vertebrate
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amine receptors (Spielman et al., 2015). The
overall topology pattern of the histamine receptor
subtypes obtained from our comprehensive
dataset is in line with the previous study
(Spielman et al., 2015) (Fig. 1A). However, the
topology of the H; and Hi clades here is
inconsistent with the duplication occurring in an
ancestor of the mammalian lineage (Fig. 1B, Tree
S2a). First, there appear to be multiple
duplication events within the Hs. The
deuterostomal invertebrate group, including the
echinoderms, hemichordates and the
cephalochordates, contain up to five copies of the
H3 that seem to be local duplications within each
species. Second, in most vertebrates, including
the mammals, there are two or three copies of the
H; subtype. Moreover, these vertebrate Hj3
homologs are paraphyletic, with well-supported
clades (clades I, II, III, in Fig. 1B), each
containing H; homologs across the vertebrates
and each consistent with the species tree. The data
suggest duplication and specific diversification
within the vertebrate Hs; subtype. Most notably,
the placement of mammalian Hy clade within the
vertebrate H; clade III, and not basal to the
mammalian Hsz clade, is unexpected and
surprising. For instance, several predicted Hj
homologs from non-mammalian vertebrates
clustered basal to the mammalian H4 clade
forming a larger clade with high confidence
support (89% BPP). The clustering pattern in Fig.
1B leads to an interpretation of an intriguing
possibility that the non-mammalian vertebrate Hs
sequences and the mammalian Hs sequences in
clade III shared a last common ancestor and are
divergent from the paralogous vertebrate H3
sequences in the clades I and II. Although this
inconsistency can be attributed to the limitations
of phylogenetic analysis when dealing with
rapidly diverging duplicate sequences, these
observations also point to some unsettled queries:
(i) are H4 receptors exclusive to eutherian
mammals as previously thought or do they have a
deeper origin in vertebrates? (ii) if so, can the
duplication event that gave rise to the H4 receptor
be dated? (iii)) do vertebrates indeed harbor
distinct paralogous Hsz subtypes? In order to
further investigate the Hs-Hy relationships, a new
phylogenetic tree was reconstructed solely using
these Hz and Hs homologs (Fig. 1C). The
topology of the major clades here is better

supported and is mostly congruent with the tree
containing multiple aminergic receptor families.
It is to be noted that the subtype annotation of
receptors in Fig. 1A and B, follows the original
annotation whereas Fig. 1C follows a revised
nomenclature that resulted from an analysis of
gene neighborhoods as described in the section
below.

3.2 Synteny analysis supports presence of
distinct Hs paralogs and emergence of Hy in
the vertebrates

To obtain an independent line of evidence for
evolutionary relationships among the subtypes,
we examined gene neighborhoods for the regions
harboring the four genes (Data S3). Conserved
gene neighborhood between distantly related
organisms is indicative of selection pressures. It
is often used to substantiate phylogenetic
inferences as well as to explain inconsistencies in
gene family clustering that may arise from the
limitations of methodologies employed for tree
reconstruction. Indeed, synteny analyses have
been used earlier in reconstructing the
evolutionary histories of several gene families,
including GPCRs (Gao et al., 2018; Ocampo
Daza and Larhammar, 2018; Pedersen et al.,
2018, 2019).

The four histamine receptor subtype
genes have different chromosomal loci. For
example, human genes HRHI, HRH2, HRH3, and
HRH4 are located on chromosomes 3, 5, 20, and
18, respectively. Within each of the H;, H», and
Hs-Hy subtypes, the conservation of gene order
was high in mammalian, bird, reptile, amphibian,
and fish lineages (Data S3). However, the
neighborhood is not conserved across the
subtypes except between H; and H4, which share
several neighboring genes. All mammalian H,4
homologs are bordered by paralogous genes such
as IMPACT, OSBPLIA and LAMA3 on the 5’ end,
and ZNF521, SS18, PSMAS8, TAF4B, CDH2 on
the 3’ end. Paralogous members of these gene
families, including OSBPL, LAMA, SSISL,
PSMA, TAF and CDH are also flanking genes for
two among the three clades of duplicate
vertebrate Hs sequences (clades I and 111, Fig. 1B,
Fig. 2). This strongly suggests that the conserved
synteny between these Hs; and Hs genomic
regions is a result of a shared duplication. In
particular, the IMPACT gene present tandem to



HRH4 is a subtle yet unambiguous
synapomorphy to distinguish the vertebrate Ha
paralogon from the vertebrate Hs paralogon.

The phylogenetic reconstruction
together with the synteny data clearly indicate
that the non-mammalian vertebrate H; sequences
in clade III of Fig. 1B that clustered basal to the
mammalian Hy are true Hy receptors, and not Hj
as misannotated currently in sequence databases.
The synteny data also indicates that the Hz Fishes
and H; Amphibians in Fig. 1B, that are sister
clades to clade III, are also true Hs and not Ha.
Moreover, clades I and II represent two distinct
and hitherto unrecognized Hs paralogs within the
vertebrates (Fig. 2). Therefore, we propose a
revised nomenclature for the Hs-Hy receptors in
the vertebrates (Fig. 1C). First, the non-
mammalian Hs vertebrate homologs that have
been mistaken for H3 are now reannotated as Hs
(Fig. 1C, clade III). Next, the canonical vertebrate
Hj; paralogs of clade I are named H3A. The gene
neighborhood of the vertebrate Hs paralogs in
clade II is not syntenic with H3A/Hs genomic
region and thus represents a novel Hs3 receptor
subtype, which we name H3B (Fig. 2). Lastly, the
invertebrate H3 does not share gene neighborhood
synteny either with the H3A/H4 or H3B subtypes
and as expected, is placed basal to the vertebrate
Hs-Hs clade and retains the name Hs. In order to
benefit researchers with their studies based on the
revised classification, we provide a general
scheme of nomenclature where local duplicate
copies within subtypes include a subscript
lowercase alphabet, for example, Hi Hi,, Hic
(Table S1). The full list of the invertebrate Hj
sequences, the vertebrate H3A and HsB paralogs,
and the expanded list of vertebrate Hs orthologs
indicating their current and revised classification
are provided in Table S4. The overall sequence
identities within and between the subtypes is
provided in Table S5.

The fact that the H4 gene emerged much
earlier than was hitherto recognized also allows
us to date the Hs-Hs split. This split most likely
occurred in an ancestor of the vertebrates since
the Hs was identified in the lamprey
(Cyclostomata), a jawless vertebrate. Although
this sequence exhibited discrepancies in its
placement in different trees (for example, it
clustered basal to HsB, Fig. 1C), the H4 subtype
classification is validated using the IMPACT gene

synapomorphy. The lamprey presents a unique
situation lacking both H3A and H3B subtypes. A
search in lamprey for genes present in the jawed
vertebrate H3;A paralogon did not pick up a
contiguous region that could be examined for
synteny, although it yielded reliable hits for at
least two genes (SS/8LI and CABLES]) present
in the H3A paralogon. Therefore, H3A either is
truly lost in lamprey or is a consequence of
sequence assembly anomalies arising out of the
unique repetitive nature of the genome (Smith et
al., 2009) (Qiu et al., 2011; Smith et al., 2013)
(Data S3, Fig. 2). It is noteworthy that the H:B
paralogon in lamprey is indeed conserved across
several vertebrates, although the Hs;B gene itself
is lost. The presence of this paralogon in lamprey,
therefore, suggests a deeper origin of the H3;B
subtype, likely predating the lamprey-
gnathostome divergence (Data S3, Fig. 2).
Additionally, unlike the H3A subtype that is
largely ubiquitous across vertebrates, the H3B
displays sporadic phyletic distribution. Orthologs
are present in some ray-finned fish, and, in
reptiles, birds and amphibians. However, in
mammals, the subtype is absent in the
monotremes and present in the marsupials and,
among the Eutheria, the H3;B subtype is present
solely in the Glires and lost in all other lineages
(Data S3, Fig. 2). Interestingly, the
Actinopterygiian H3zA paralog is present only in
Holostei and absent in Teleostei. The
cartilaginous fish (Chondrichthyes) is the sole
vertebrate lineage that lost the Hs subtype,
although the gene neighborhood is conserved
(Data S3, Fig. 2). Finally, the intron/exon patterns
of the genes were also examined for conservation
patterns. In general, gene structures were mostly
conserved within each subtype, but not across
subtypes, except between the vertebrate H3A,
H;B and Hi, which share conserved intron
positions and phases, as expected (Fig. S2).

Our demonstration of the revised origin
and divergence of the Hs and Hs has significant
implications for functional studies in vertebrate
lineages. It is pertinent to examine why the origin,
divergence and classification of the Hs/H4 were
previously mistaken. It is most likely that the one-
to-one orthologous and paralogous relationships
between the Hz duplicates and the Hy4 could not be
captured because of the high pairwise similarities
between them and as a result these homologs
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have tended to be named as Hs-like or Hs-like in
sequence databases. Furthermore, previous
phylogenetic studies of histamine receptor
datasets have overlooked the well-supported
cluster of H3-H4 sequences and by design, did not
explore the evolutionary relationship between
these two subtypes. In particular, the synteny
analysis provided the most definite line of
evidence that allowed us to propose the revised
classification.

3.3 Shared ancestry of H;, H3.4 and mAChRs
and independent origin of H:
Next, we sought to examine conserved gene
neighborhood patterns, if any, that reflect the
phylogenetic clustering of H;, Hs-Hs with
mAChRs. The mAChRs have poor shared
synteny across all five subtypes, although there is
strong evidence for divergent evolution from a
single ancestral mAChR gene (Pedersen et al.,
2018). The H;, Hs-Hs subtypes share some
neighboring genes with the mAChRs (Data S3).
For instance, genes for the SLC (Solute carrier
family protein) are shared between H; and
mAChR1, 2, 5, while the ATG (Autophagy
related protein) is shared between H; and
mAChR4. Hs and mAChR4 have ZNF (zinc
finger protein) in common, while TAF (TATA-
box binding protein associated factor) is common
between H3A, Hs and mAChRI1. Interestingly, in
the echinoderm starfish, the mAChR2 and
dopamine receptors occur in tandem with two
copies of Hz (Fig. S3). One interpretation is that
the mAChR and the ancestral Hs genes were
generated out of tandem duplication of a
progenitor gene in an ancestor of the Bilateria, as
indicated by the node at which these branches
separate. Based on the findings so far, it is
tempting to speculate that the phylogenetically
related mAChR, H;, and the Hs-Hs genes
originated from a single bilaterian progenitor
gene by local duplication and evolved by
accumulated mutations independently (Fig. 1A,
Fig. 3). Next, our phylogenetic analyses and gene
presence data carried out on an expanded genome
dataset demonstrates an earlier origin of the H> in
a prebilaterian ancestor (sea anemone, hydra,
Staghorn coral and trichoplax).

The exact order of the emergence of these
paralogous genes arising out of tandem
duplication events cannot be estimated reliably

using the current data. However, patterns of
tandem prevalence, shared synteny and
phylogenetic relationships lend robust support to
the previously known hypothesis that the H,
evolved histamine binding independently of the
H, and Hz.4+. While there is always the possibility
that the tandem occurrences identified above are
convergent phenomena in the specific genomes,
it is well known that the expansion of several
families/subfamilies in the GPCR superfamily
have emerged through tandem duplications
during metazoan evolution prior to the 1R/2R
WGD (Hwang et al., 2013; Kim et al., 2014;
Larhammar and Salaneck, 2004; Sefideh et al.,
2014; Tostivint et al., 2014; Yun et al., 2015). An
extensive comparative analysis of these
phylogenetically related aminergic receptors at
the levels of sequence and gene organization in a
large dataset that includes diverse invertebrate
genomes may resolve the evolutionary hierarchy
and the likely path of the provenance of
histaminergic signaling. For instance, if
mAChRs were found to be derived from H; early
in metazoan evolution, then such “family/ligand”
switching might have happened twice during
metazoan evolution since Hsz.4 were probably
derived from mAChRs. Similar convergent
evolution in the ability of subtypes to bind the
same agonist has earlier been established in the
dopamine receptor and serotonin receptor
(Callier et al., 2003; Yamamoto and Vernier,
2011). Finally, it is remarkable that non-classical
histamine recognition also evolved independently
in a clade of olfactory trace amine-associated
receptors (TAARs) by the acquisition of
appropriate amine recognition by a salt bridge
interaction with an aspartic acid residue,
illustrating how divergent GPCRs can evolve
pockets for the same agonist (Li et al., 2015).

3.4 Structural comparison of histamine and
muscarinic receptor subtypes

Our evolutionary model suggests that the Hsz-Ha
and H; and the mAChRs most likely shared a
most recent common ancestor. Since crystal
structures of human H; (PDB: 3RZE) and
muscarinic Mj-4 (PDB: 5CXV, 3UON, 4U15,
SDSG) are available, we compared the active
sites of these for shared and divergent features
that may shed light on the evolution of different
ligand specificities (supplementary note).
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Remarkably, a significant number of residues that
interact with the ligands were completely
conserved between the histamine receptors and
mAChRs (Fig. S4a and S4b, Table S6). One
striking difference in the active site residues
between histamine receptors and mAChRs is the
presence of a conserved Asn residue in mAChRs
(N38262:M) (Ballesteros-Weinstein number in
superscript (Ballesteros and Weinstein, 1995))
which makes a hydrogen bond with the ligand.
The structurally equivalent residue is Phe in H;
(F432%%:H,) which makes hydrophobic
interactions with the ligand and is not conserved
in histamine receptors (Fig S4a).

3.5 Evolutionary history of histamine
receptors

Given the large repertoires of the GPCR
superfamily genes in metazoans, it is clear that
phylogenetic  approaches alone will be
insufficient to unravel the complex evolutionary
history of families and subfamilies within. Our
study forces a significant revision of the existing
model for the origin and evolution of the
histamine receptors. The tracing of a prebilaterian
origin of GPCR mediated histamine signaling,
the conclusion that the H4 being present across
vertebrates, and the recognition of the new H3;B
are fundamental discoveries here. Our data
provide an updated phyletic distribution, a
revised classification, and an overall evolutionary
history of the receptors to establish a more
reliable framework for the design of experiments
and interpretation of results from comparative
studies of function (Fig. 3).

The earliest emergence of a canonical
histamine receptor ortholog in a pre-bilaterian
ancestor of the Placozoa, Cnidaria and Bilateria
appears to be that of the H, (~620 mya).
Orthologs of H; and H3 in the protostome and
deuterostome lineages indicate that these
probably first emerged independently of H, in the
Bilateria, subsequent to its divergence from the
ParaHoxozoan ancestor. The Hj; duplicates
appear to have first occurred in the deuterostomal
lineage and are largely restricted to the
invertebrates in this lineage. The phyletic spread
of the receptors across multiple bilaterian
lineages includes possible lineage-specific losses
in hexapods, nematodes and tunicates. The Hy
and H3A subtype and the distinct H3B subtypes

emerged as early as the jawless vertebrates (Fig.
3). The origin and evolution of the extant H3 and
Hs subtypes appear to follow the classical
expansion following the two rounds (1R and 2R)
of whole-genome duplication in an early
vertebrate ancestor. In this scheme, an ancestral
paralogon that harbored the Hs probably
duplicated under 1R to give rise to H3sB-like and
H3A/Hs-like progenitors. The 2R expansion
generated the H3A and Hs from the H3A/Hs-like
progenitor and the H3B from the H3B-like
progenitor, followed by a secondary loss of the
HsB duplicate (Fig. 3). The loss of synteny
between the H3;B paralogon and the H3A/H,
paralogon could be an outcome of chromosomal
translocation/rearrangements or a single gene
translocation that occurred after the WGD.
Alternatively, under a less parsimonious model,
each of the three vertebrate H:B, H3A, and H,
may perhaps have evolved independently from
separate duplicate copies of Hz already present in
a deuterostomal ancestor (Fig. 3). This scenario
requires persistent losses of vertebrate paralogs
that were generated from either local gene
duplications or the 1R/2R WGD events.

3.6 Implications for H3A, H3;B, Hs functional
studies

The relative functional status of these duplicated
genes can be elucidated from their
presence/absence in vertebrates. Presence of H;A
and Hy are evidently under strong negative
selection since they are present in all vertebrate
lineages. Presumably, the H3A and Hs have
undergone neofunctionalization (NF), where one
copy may acquire a novel function while
preserving the ancestral function in the other
copy. In contrast, the sporadic loss of H3B across
vertebrates suggests that this subtype might have
undergone subfunctionalization (SF) with respect
to its ancestral H; gene and hence may be
expendable in several lineages. Since many
species have retained the H3B paralogs, it is
unlikely that the H3B is redundant (Fig. 3) and
probably reflects the fixation of new adaptive
functions that remain to be established in these
lineages. Most reported functional/biochemical
characterization in literature corresponds to that
of the H3A paralog in mammalian models like
human, mice and rat. Although the unique H3;B
paralog has not been recognized earlier, there is
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limited functional data from studies of this
paralog in zebrafish, a teleost that lacks the
canonical H3A. For instance, hrh3B knock-out
zebrafish larvae display essentially normal
sleep/wake cycle in contrast to the hrh3A mutant
mouse, which exhibits sleep fragmentation at
night (Chen et al., 2017; Gondard et al., 2013). In
addition, hrh3A tends to be expressed in
mammalian hindbrain regions, whereas the
hrh3B paralog is not expressed in the zebrafish
(Puttonen et al., 2018). Therefore, these past
works imply some level of functional
specialization between the two Hsz subtypes.
Careful design of functional experiments on
lineage-specific knock-outs, for instance, on
those that contain either or both Hs subtypes, are
needed to characterize and dissect distinct
functional effects, if any, on the respective
phenotypes. Notably, the spotted gar (Holestei),
the earliest ray-finned fish that did not undergo
the teleost genome duplication (TGD), possesses
the full complement of the H3;A, H3;B and H4
ohnologs that are lost reciprocally in several
teleosts and tetrapods. We propose that the gar, a
“living fossil”, appears to be an ideal model
system to elucidate the mechanisms and effects of
functional partitioning of ancient versions of
these subtypes and guide further investigations
into the evolution of histaminergic systems in
tetrapods, including humans.

3.7 Functional divergence and substitution
rates between histamine receptor subtypes
3.7.1 Estimation of functional divergence and
docking studies

Next, we examined the effect of selection and
searched for evolutionary determinants of
functional divergence between sets of subtypes.
Tests were carried out to obtain estimates for
substitution rates and site-specific rate shifts
(supplementary note) using the revised subtype
annotation in our expanded dataset of vertebrate
sequences. The amino acid sites responsible for
functional divergence (Type I and Type II) were
predicted. Between pairs of paralogous groups,
amino acid sites that are highly conserved in one
and are variable in the other indicate Type I
divergence. An amino acid site that was highly
conserved within groups but had radically
different properties between the groups indicates
Type II divergence. The divergence value (8), Z

score and P-value for all comparisons are given
in Table S7. Pairwise comparisons show that the
0 values are significantly much higher than zero
(P-value < 0.02) for several comparisons. For
instance, the NF between the Hs and Hy pair
because of changes in selective constraint at
individual sites is evident from a significant Type
I coefficient value (0) of 0.47. Posterior
probability (PP) analyses predicted several
significant Type I and Type II sites (PP values,
0.90 - 0.99) that may contribute to functional
divergence between the subtypes.

A total of 86 Type I and 65 Type II
divergent sites were identified from all pairwise
comparisons (Tables S8 and S9). Interestingly,
several predicted sites have pharmacological
evidence for their functional roles. For example,
Type I residue K191°% of human H; affects
agonist and antagonist binding and confers H;
selectivity (Leurs et al., 1995; Leurs et al., 1994;
ter Laak et al., 1995; Wieland et al., 1999). This
site is also responsible for the formation of partial
bidentate hydrogen bonding with imidazolyl and
similar group containing ligands (Seifert et al.,
2013). This site is conserved in H; and divergent
in Hy (Table S8). Among Type II sites, residues
N198346! of H; (Leurs et al., 1994; Moguilevsky
et al., 1995; Ohta et al., 1994) and E206°%°! in
human Hj (Uveges et al., 2002) and E182346! in
human Hy (Kiss et al., 2008; Shin et al., 2002) are
known to affect histamine binding and determine
subtype selectivity (Seifert et al., 2013). The list
of predicted sites for which putative functional
roles are supported by biochemical evidence is
given (Table S10). The sites were demarcated by
their location in the TM, IL and EL regions and
plotted on a snake plot (Fig. S5, Tables S8 and
S9) to understand their roles in ligand binding and
signal transduction. The sites were also mapped
onto structural models of the subtypes docked
with histamine. As expected, several residues are
positioned in the cavity that constitute the
putative histamine binding sites and therefore
provide a structural rationale for the divergent
modes of histamine binding and activation
between the subtypes (supplementary note, Fig.
S6).

3.7.2 Comparison of substitution rates

Positive selection was detected between two
comparisons, HivsH, and HsvsH4 (0 = 3.53, 0 =
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31.75) with significant values for LRT (Table
S11). The Bayes Empirical Bayes (BEB) method
was used to identify 13 residues under positive
selection (Table S12 and supplementary note).
The sites were marked on the structure of human
H, (PDB: 3RZE) according to their
corresponding positions in the multiple sequence
alignment (Fig. S9). For instance, three sites were
found in the extracellular side of the TM of which
Y108*3 of human H; interacts with the ligand
doxepin without disrupting the phosphate ion
which is present in the ligand-binding pocket.
This anion binding site in the ligand-binding
pocket is unique to this H; doxepin complex and
is supported by the fact that phosphate ion affects
the stability of the H; receptor and the binding of
ligands (Shimamura et al., 2011). Y108*%
constitutes the lipophilic binding cavity, and its
role in binding of H; antagonists is supported by
mutational data (Kiss et al., 2004). Furthermore,
it is interesting to note that only these two
predicted sites, human H3 K1083%%, and human H;
L.207°%%, were common between functional
divergence and positive selection analyses. We
conclude that the functional variations within the
histamine receptors may be primarily dictated by
specific sites or a combination of sites predicted
in this study. The results may be used for the
rational design of agonist binding studies, site-
directed mutagenesis and other experiments
aimed at developing novel and effective drugs
targeting different histamine receptors.

4. Conclusions

Our bioinformatics analyses suggest that the four
histamine receptors H;-Hs show wide phyletic
spread in metazoans, and its emergence can be
traced back to the last common ancestor of
parahoxozoans, much earlier than previously
reported. The previously recognized canonical
Hj subtype is, in fact, two distinct subtypes, HzA
and Hs;B. Further, the origin of the Hs in a
vertebrate ancestor dispels the currently held
notion that they are restricted to mammals. In
particular, the H4 is the most recent histamine
receptor to be identified, with significant
questions with respect to its functional and
pharmacological properties. This study also
provides a revised evolutionary model for the
origin and divergence of the Hi-Hs subtypes in
the vertebrates arising via WGDs. We detected

genomic signatures of convergent evolution of
the subtypes in acquiring histamine binding
ability. Itis likely that the H; and H3-Hs4 shared a
recent common ancestor with the mAChRs, while
the H; shared a recent common ancestor with the
a-adrenoceptor. Site-specific analysis
demonstrates divergence between the histamine
receptors and indicates that a majority of
functionally divergent sites are located at TM3, 4,
5, 6 and extracellular loops which affect binding
of specific agonists and antagonists. Presumably,
minor differences in the active site cleft of these
receptors can lead to pronounced functional
divergence and the subsequent emergence of a
distinct family or subfamily. These findings will
advance understanding of histamine receptor
function with regard to pharmacological and
physiological relevance of specificity, activity,
selectivity and cross-reactivity of the numerous
known agonists and antagonists.
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Figure 1. Phylogenetic analyses of histamine receptors. A) Phylogenetic relationship of histamine,
adrenoceptor, muscarinic acetylcholine, dopamine and serotonin receptors. The flatworm specific histamine
receptors are labeled Smp_043260, Smp_043290 and Smp_043340. Adrenoceptors a- (ADr) and B-(BAr),
serotonin receptors (Srt), muscarinic acetylcholine receptors and dopamine receptors (DP) were used as
outgroups. The node containing BAr and DP was used as a mid-point root for better visualization. The tree
file in Newick format is given in Tree S2a. The tree was generated using the Bayesian approach
implemented in MrBayes 3.2.6 using JTT+F+G model based on ProtTest v3.3. Numbers on the nodes
represents the Bayesian posterior probabilities (BPP). B) Expansion of the collapsed node containing the
H3-H4 and muscarinic receptors. The Hz-H4 sequences cluster into four major clades labeled I, II, III and
IV. The subtype annotations indicated here are as present in current databases. The Hj clades are
paraphyletic and clade III displays an intriguing placement of the Hs and Hy clades and is marked with H4
with ? symbol. C) Phylogenetic relationships within the H3A, H3sB and H4 subtypes incorporating the
revised nomenclature. The revised annotation of subtypes resulted from an analysis of phylogenetic data in
combination with synteny of gene-neighborhoods. The tree file in Newick format is given in Tree S2b. The
tree was generated using ML method implemented in IQ-TREE using JTT+R6 model based on
ModelFinder. Numbers on the nodes represents the percentage bootstrap support (BS). Some nodes were
compressed for ease of representation. Black circle represents 100% BPP/BS and grey circle represents
>95% BPP/BS. Scale bar represents the number of estimated changes per site for a unit branch length. The
receptor group abbreviations, names and accession numbers of the sequences and common and binomial
names of the species are listed in Table S1. The H4Lamprey sequence marked with * symbol was named

based on gene synteny data.

19



/

H3AHuman conezo

H3A Opossum che1
H3A Platypus cnre
H3A Chick

H3A Soft turtle
H3AFrog

H3A Coelacanth
H3AGar
H3AWhaleshark
Zebrafish

onea
2098421
cnrio

mzesss.1

618

chezs

chr3

\Hﬁfish

ASMIB4234v2
s

H3A

/

H4 Human
H4 Opossum

chr 18

chra

H4 Platypus

H4 Chick

H4 Softturtle

H4 Americangator
H4 Frog

H4 Coelacanth
H4 Toungesole
H4b Tonguesole
H4 Niletilapia

H4b Niletilapia
H4 Molly

Hab Molly

H4 Gar 69
H4 Lamprey
Elephant shark

Qhale shark

cher

che2

42098721

cnre

IH126638.1

che2

chr2o

1623

Le18

Kistsea7.1

KIs19714.1

GLAT68S0

KIe36891.1

H4 Tasmanian devil cuesoss  —

Asm28112v4
T

AsM1Ba23v2 <
A

/

Human Che 16

Mouse chre
H3B Opossum
H3B Squirrel
H3B Rabbit
H3B Chick
H3B Lizard L6e
H3B Frog

H3B Northern pike
H3B Gar

H3B Zebrafish
Platypus

Lamprey
Coelacanth

chr1

IH393285.1

GLote7a3

cne 11

Chea

6oz

=2

cner

chen

GLA768%0

IH128329.1

Op,

LA

]

By,

w2

;
!
i
4

HHHHHHH

XXXX

\Whale Shark

o

Figure 2. Gene neighborhood analysis of Hi-Hs receptor subtypes. Patterns of conserved gene
neighborhood of H3A, H3B and Hi in their chromosomal regions. H3A and Hs share conserved gene
neighborhood indicating their common ancestry. Hs paralogons confirms their presence across vertebrates.
The H3B subtype paralogon is distinct from that of the H3A and Ha.
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Figure 3. Phyletic distribution and proposed evolutionary history of histamine receptor subtypes in
the Metazoa. The presence and absence of each subtype are marked with respect to each phylum, class and
order. The number of duplicates in each subtype is given. The metazoan tree topology is adapted from
(Koutsovoulos et al., 2016; Merchant et al., 2014; Ruiz-Trillo et al., 2008; Simion et al., 2017). Branches
on the schematic tree do not represent actual evolutionary distances. The model on the right presents the
evolution of the H3A, H3;B and Hy.
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