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Receptor activity-modifying proteins (RAMPs) are widely expressed
in human tissues and, in some cases, have been shown to affect
surface expression or ligand specificity of G-protein—coupled recep-
tors (GPCRs). However, whether RAMP—GPCR interactions are wide-
spread, and the nature of their functional consequences, remains
largely unknown. In humans, there are three RAMPs and over
800 expressed GPCRs, making direct experimental approaches chal-
lenging. We analyzed relevant genomic data from all currently avail-
able sequenced organisms. We discovered that RAMPs and GPCRs
tend to have orthologs in the same species and have correlated
phylogenetic trees to the same extent, or higher than other inter-
acting protein pairs that play key roles in cellular signaling. In addi-
tion, the resulting RAMP—GPCR interaction map suggests that
RAMP1 and RAMP3 interact with the same set of GPCRs, which
implies functional redundancy. We next analyzed human transcrip-
tomes and found expression correlation for GPCRs and RAMPs. Our
results suggest global coevolution of GPCRs and RAMPS and sup-
port the hypothesis that GPCRs interact globally with RAMPs in
cellular signaling pathways.

coevolution | G-protein—coupled receptor | phylogenetic analysis |
receptor activity-modifying protein | signal transduction

-protein—coupled receptors (GPCRs) are essential for trans-

membrane signal transduction, which governs a plethora of
basic molecular processes. GPCRs are also highly druggable ther-
apeutic targets (1). Receptor activity-modifying proteins (RAMPs)
change ligand specificity, trafficking, and posttranslational modifi-
cation of several GPCRs (2—4). For example, RAMPs facilitates
the transport of calcitonin receptor-like receptor (CALCRL) to the
plasma membrane (3), and the ligand specificity of the calcitonin
receptor is altered in the presence of RAMPs (5, 6). Previous
bioinformatics studies addressed RAMP structural conforma-
tions and the identification of functional residues (7-9). Most
reports of GPCR—RAMP interactions have focused on family B
(secretin family) GPCRs, which make up only about 21 of more
than 800 GPCRs in the human genome. However, whether
GPCR-RAMP interactions are a common and global feature in
the human GPCR gene family is an open question and one with
direct therapeutic implications.

One approach to elucidate protein—protein interactomes is to
carry out a phylogenetic analysis of protein sequences (10). This
approach has previously shown excellent correspondence with
protein interaction maps derived from a yeast two-hybrid system
(11) and affinity purification (12). In a global phylogenetic
analysis, the evolution history of pairs (or more) of proteins is
compared according to the working hypothesis that interacting
proteins must coevolve in nature. The analysis is based on the
supported assumption (10) that proteins with shared function
that provides a fitness advantage to an organism would be passed
along together to its offspring. These shared-function proteins
would also have similar phylogenetic pattern changes, since
mutations in one protein would tend to be coupled with muta-
tions in the other. It is important to note that protein coevolution
analysis could detect direct as well as indirect interactions and
that there is no trivial, inherent way in the analysis to distinguish
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between the two. Therefore, highly coevolved protein pairs could
be members in the same pathway, or they could be components
of the same complex.

Previously, several cases of coevolution of receptor genes and
their endogenous protein—ligand genes were reported (13), but
large-scale coevolution of different signal transduction components
was not examined. Phylogenetic analysis to conclude coevolution
could be implemented by two complementary approaches. The
first searches for ortholog genes across species with the assumption
that interacting proteins would tend to coexist in genomes (10).
The second compares evolution history of each pair member while
assuming similar phylogenetic trees (i.e., similar mutational rate)
for interacting proteins (14) (Fig. 14). Coexpression networks can
also be used to infer biological knowledge. Interacting proteins
have higher correlation of expression across tissues than random
gene pairs in human, mouse, yeast, and Escherichia coli (15). Thus,
the coevolution and coexpression analyses presented here provide
complementary information about RAMP—GPCR interactions.

We hypothesized that, if human RAMPs interact globally with
GPCRs, we would be able to identify a signal of coevolution for
GPCR-RAMP pairs, above random pairs of genes. If, on the
other hand, RAMP regulation over GPCR activity is restricted to
a small number of genes in humans, then averaged coevolution
would be similar to that expected by chance. Furthermore, if
RAMPs have relatively subtle effects on GPCR activity (16), then
we predict that the coevolution strength would be somewhere
between the random (low) and that of previously known inter-
acting gene pairs (high) that participate in signal transduction.
Such genes are, for example, members of the same receptor
complex and genes that have a receptor—endogenous ligand
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Estimates of coevolution. (A) Estimates of coevolution can rely on the number of species (gray squares) two proteins share. On top of that, across

species that have both proteins (red-framed squares), one can search for a finer coevolution where the phylogenetic trees of gene pairs are compared either

by the phylogeny comparison algorithm or by pair-wise correlation. (B) Our

hypothesis was that GRCR—RAMP would show an intermediate degree of co-

evolution compared with random gene pairs and directly interacting gene pairs.

relationship (Fig. 1B). As was predicted, we identified a global
GPCR—-RAMP coevolution signal that is intermediate in strength
between the signal expected by chance and the signal measured
across receptor complex members or across receptor—ligand pairs.
We further strengthened this conclusion by showing higher coex-
pression between GPCRs and RAMPs across human tissues. Our
genomic- and transcriptomic-based results support the hypothesis
that RAMPs globally interact with GPCRs.

Results

GPCRs and RAMPs Have Orthologs in the Same Species. To compile a
comprehensive database of orthologous genes for all human
GPCRs and RAMPs across all currently sequenced genomes, we
downloaded all Orthologous Matrix (OMA) groups and gene
sequences from the OMA database (17) (omabrowser.org/oma/
home/, downloaded in March 2017). OMA groups, as defined by
the OMA database, are sets of genes from various organisms,
which are all bona fide orthologous to each other. This high
confidence grouping strategy is required for reconstructing
phylogenetic species trees. Olfactory GPCRs were excluded from
our analysis (but presented in Supporting Information as noted
below), as they compose a group so large that it would dominate
the outcome of a global phylogenetic analysis of GPCRs. Out of
1,970 organisms, 44 had an OMA group member gene to at least
one human GPCR and one human RAMP (see Table S1 for a
list of organisms). These organisms all belonged to the Eukar-
yota domain, Metazoa kingdom, and Chordata phylum, and the
frequencies in which different classes appeared in our analysis

were 79%, 9%, and 7% for Mammalia, Actinopteri, and Aves,
respectively (for frequencies according to order and family, see
Fig. S1). Lists with organisms in OMA groups orthologous for
the three RAMPs are provided in Table S2.

We calculated the percent of shared species between OMA
groups of gene pairs as the fraction of the shared species from
the joint list of species for both genes in the species pair (see
equation in Materials and Methods). These percentages were
calculated for 1,000 randomly chosen protein-coding gene pairs,
GPCRs (330; all protein coding GPCR genes, excluding olfac-
tory GPCRs, Dataset S1) and either RAMP1, RAMP2, or
RAMP3, receptor and endogenous peptide or protein—ligand
genes (370 pairs; see Table S3 for full list), and genes composing
subunits in the same receptor (127 pairs; see Table S4 for full
list). The lists with receptor—ligand pairs and receptor subunits
were compiled from data downloaded from the Database of
Interacting Proteins, University of California, Los Angeles (dip.
doe-mbi.ucla.edu/dip/Main.cgi). The pairs of all three RAMPs
with GPCRs showed significantly 1.6- to 1.8-fold higher per-
centages of shared species than expected by chance. Receptor
complex and receptor—ligand pairs showed significantly 2.4- and
2.1-fold higher percentages of shared species than expected by
chance, respectively (Fig. 24). Percent of shared species between
olfactory GPCRs and each of the three RAMPs was not different
from that expected by chance (Fig. S24). Calculated percent
shared species, as well as all other measurements reported in the
study, are shown in Dataset S1.
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Fig. 2.

Shared species and similar phylogenetic trees between GPCRs and RAMPs. (A) Boxplot showing median (red line), 95% confidence interval (notch

edge), 25th and 75th percentiles (box edges), and 2 SDs (whiskers) for the fraction of shared species from the total number of species in percentages, for
protein pairs (Materials and Methods). This boxplot is shown for 500 randomly chosen gene pairs, RAMP1, RAMP2, or RAMP3 against GPCRs, protein pairs that
are members of the same receptor complex, and receptor—ligand protein pairs. (B) Boxplot (as in A) for phylogenetic correlation coefficient across all or-
ganisms, normalized by 18S rRNA sequence distance, for the same groups shown in A. (C) Boxplot (as in A) for phylogenetic correlation coefficient across
mammalians alone, not normalized by 18S rRNA sequence distance. Asterisks denote that the median differs from that of randomly chosen protein pairs, with
*P < 0.05, with Bonferroni correction.
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GPCRs and RAMPs Have Correlated Phylogenetic Trees. We next es-
timated gene pair coevolution by comparing the phylogenetic trees
of each gene in the pair across organisms that have orthologs for
both examined genes. The average number of examined organ-
isms across which we have built and compared the phylogenetic
trees was 16.5 with SD 7.2. The phylogenetic trees were built only
for GPCR-RAMP pairs that had more than five shared species
(96% of pairs). First, we aligned the multiple orthologous amino
acid sequences in a progressive and local manner using the
BLOSUMS50 scoring matrix (18) and then we calculated a matrix
of pairwise sequence distances using Jukes—Cantor algorithm
(maximum likelihood estimate of the number of substitutions be-
tween two sequences). At this point, two methods for comparing
phylogenetic trees were used. The first tree comparison method
compares the manner in which each tree partitions its nodes
(species) and is an implementation of an established phylogeny
comparison algorithm (19) (Materials and Methods). This method
showed a statistically significant similarity of GPCR—RAMP trees
compared with random (Fig. S2B). The second method of tree
comparison was a calculation of Pearson correlation coefficient
and P value between the distance matrices. This comparison was
made in two complementary ways: first, across all organisms in
which orthologous genes were identified while normalizing by the
“tree of life” with the 18S rRNA gene (Fig. 2B) and, second,
across only mammalians without normalizing to the tree of life
(Fig. 2C). See Materials and Methods and Fig. S3 for the effect of
normalizing by the tree of life. Across all organisms with orthol-
ogous genes, the pairs of all three RAMPs with GPCRs, and those
of receptor complexes, showed significantly higher correlation
coefficients than that expected by chance. Pairs of receptor—ligand
were not different from those expected by chance. Across mam-
malians alone, and without normalization by 18S rRNA distance,
the pairs of the three RAMPs with GPCRs, but not those of re-
ceptor complexes and receptor—ligand pairs, showed significantly
higher correlation coefficient than that expected by chance. Co-
evolution estimates (“percent shared species” and “phylogenetic
tree correlation”) showed a similar pattern across GPCR—-RAMP

pairs (Fig. S4). As shown in Fig. 3, we further annotated GPCR
class according to “G protein-coupled receptors,” set 139, from
HUGO Gene Nomenclature Committee (HGNC) (https://www.
genenames.org/).

RAMP1 and RAMP3 Coevolved with Similar GPCRs but Differently
from RAMP2. Having observed global coevolution between
GPCR and RAMP genes, we next asked whether different
RAMPs coevolved with different sets of GPCRs. RAMP1 and
RAMP3 show structural resemblance at the extracellular region
(Fig. 4 A and B), which is required for transport of RAMP1-
CALCRL to the plasma membrane (3). For this reason, we hy-
pothesized that RAMP1 and RAMP3 would act in a redundant
manner and that each RAMP would interact with the same
GPCRs. To test this hypothesis, we first normalized by the mean
percent shared species of each GPCR with 1,000 randomly
chosen genes, because each GPCR would share species with
other genes to a different extent, according to its evolutionary
age and conservational pressure. As predicted, we found that all
three RAMPs showed higher percentages of shared species
across the GPCR superfamily compared with random pairs (Fig.
3 and Dataset S1).

We next compared the pattern of normalized shared species
between each of the RAMPs and all GPCRs. RAMP1 and
RAMP?2 showed a significant reverse pattern such that GPCRs
that have high percentages of shared species with RAMP1 have
low percentages of shared species with RAMP2, and vice versa.
A similar effect was observed for RAMP2 and RAMP3.
RAMP1 and RAMP3, on the other hand, showed a significantly
similar pattern, so that GPCRs that have high percentages of
shared species with RAMP1 have high percentages of shared
species with RAMP3 as well (Fig. 4C). Comparison of phylo-
genetic trees between RAMPs and GPCRs for the three differ-
ent RAMPs showed a corresponding effect, where a significantly
correlated resemblance in phylogenetic trees was identified only
for RAMP1 and RAMP3 (Fig. 4D). This correlation means that
GPCRs that had mutational rates similar to RAMP1 also had
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Fig. 3.

Percentage of shared species across GPCR superfamily and RAMP1, RAMP2, and RAMP3. Mean (black line) surrounded by SEM (gray area) percentages of

shared species for each GPCR with 1,000 randomly chosen genes. Also shown are the percentages for each of the RAMPs against all GPCRs (blue, green, and red).
GPCR families are shown separately, and subfamilies of four members or more are shown as labels on the x axis. Genes are organized along the x axis as in Dataset S1.
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Fig. 4. Similar estimated GPCR interactions between RAMP1 and RAMP3. (A) Amino acid multiple alignment using progressive method for the three RAMPs
shows that RAMP2 N terminus is distinguished from those of RAMP1 and RAMP3. Highly conserved positions appear in red, and conserved positions appear in
magenta. Colored rectangles indicate the position of the signal peptide according to UniProt. (B) Hydrophobicity plots (Kyte—Doolittle method), aligned by the C
terminus, for the three RAMPs show similar hydrophobicity profiles for RAMP1 and RAMP3, distinguished from that of RAMP2. Colored horizontal lines indicate
the position of the signal peptide according to UniProt. (C) Scatter plots for normalized shared species between RAMP1 and all GPCRs versus RAMP2 and all GPCRs
and similarly for RAMP1 versus RAMP3 or RAMP2 versus RAMP3. Each dot corresponds to one GPCR-RAMP pair. Pearson’s r = —0.73, P < 0.001 for RAMP1 versus
RAMP2; r = 0.88, P < 0.001 for RAMP1 versus RAMP3; and r = —0.78, P < 0.001 for RAMP2 versus RAMP3. (D) Scatter plots for phylogenetic correlation P value
between RAMP1 and all GPCRs versus RAMP2 and all GPCRs and similarly for RAMP1 versus RAMP3 or RAMP2 versus RAMP3. Pearson’s r = 0.02, P > 0.05 for
RAMP1 versus RAMP2; r = 0.83, P < 0.01 for RAMP1 versus RAMP3; and r = 0.11, P > 0.05 for RAMP2 versus RAMP3. Red dashed line corresponds to linear

regression fit for cases of significant Pearson correlation.

mutational rates similar to RAMP3. This effect corroborates our
hypothesis and may imply redundancy between RAMP1 and
RAMP3 at the functional level.

Coexpression of RAMPs and GPCRs Across Tissues. We next searched
for evidence supporting global interactions at the RNA expres-
sion level in vivo across human tissues. We hypothesized that,
generally, transcripts of interacting proteins would tend to be
coexpressed across different tissues. RAMP—GPCR interaction
has not generally been considered to be a requirement for a
functioning GPCR, and, based on previous data, a GPCR usually
functions properly as a transmission unit by itself, or, in some
cases, as a dimer or oligomer. However, the presence of one of
the RAMPs may alter ligand specificity as well as the temporal
and spatial pattern of ligand-induced signaling. Therefore, as in
the phylogenetic analysis, we expected a less stringent coex-
pression of GPCRs and RAMPs compared with receptor—ligand
and other control receptor complex pairs, albeit higher than
expected by chance.

To examine this issue, we downloaded and analyzed all tissue
expression data from the Genotype-Tissue Expression (GTEXx)
project database. The RNA-seq dataset downloaded from
https://gtexportal.org/lhome (GTEx_Analysis vop_RNA-seq RNA-
SeQCv1.1.8_gene rpkm.gct.gz) comprised 8,555 samples from
53 human tissues provided by 544 donors. To account for different
statistical properties of gene expression among tissues, the data
were quantile-normalized (20), and expression correlation was
calculated for each of the examined groups (random pairs,
RAMP1-GPCR, RAMP2-GPCR, RAMP3-GPCR, receptor—
ligand, receptor complex) across the 53 tissues. Fig. 5 A-C, shows

12018 | www.pnas.org/cgi/doi/10.1073/pnas.1713074114

the tissue expression correlation between each of the three
RAMPs and the example gene CALCRL. As mentioned in In-
troduction, interactions between CALCRL and each of the RAMPs
has been well documented. As was predicted, random pairs showed
averaged correlation coefficient of zero, and GPCR—RAMP pairs,
receptor—ligand, and receptor complex gene pairs showed higher
correlation coefficient than expected by chance (Fig. 5D and Fig.
S5 for different methods of data normalization).

Discussion

Previous studies have shown that 11 GPCRs, primarily those in
class B, interact with one or more RAMPs (5) (Table S5). Our
aim here was to address the question of whether or not other
additional GPCRs, including some of the ~320 nonolfactory
class A GPCRs, are also regulated by RAMPs. We took a global
approach to evaluate the possibility of coevolution of GPCRs
with RAMPs in the human genome. Coevolution of two genes
implies that the proteins they encode interact in some way, either
directly or indirectly. First, we created phylogenies based on all
currently available sequenced organisms and used various
methods to estimate coevolution of GPCRs and RAMPs. Our
findings show that GPCRs and RAMPs substantially coevolved,
suggesting that there is a functional interaction between the two
families of membrane proteins.

All three methods that we employed for estimation of gene
coevolution—percent shared species, tree comparison (19), and
pair-wise tree correlation—showed a similar effect of identifiable
coevolution among each of the RAMPs and all nonolfactory
GPCRs. The percent shared species analysis provides the most
general estimate of coevolution, because it shows the tendency of

Barbash et al.
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Fig. 5. GPCR—RAMP coexpression across human tissues. (A-C) Scatter plot of normalized tissue expression data (detailed in Materials and Methods) for (A)
RAMP1, (B) RAMP2, and (C) RAMP3 versus CALCRL. Spearman correlation coefficient is 0.21, 0.84, and 0.82 for A-C, respectively. (D) Boxplot (as in Fig. 2) of
coexpression, measured as Spearman correlation coefficient, across 8,555 samples (including 53 human tissues) between protein pairs, using data from the
GTEx database (www.gtexportal.org/home/). Asterisks denote that the median differs from that of randomly chosen protein pairs, with 95% confidence.

a gene pair to exist in the same species. The receptor—ligand and
receptor complex pair controls showed higher values in the
percent shared species measurements than GPCR—RAMP pairs.
Across species that displayed both genes, the tree comparison
and pair-wise tree correlations were carried out. Interestingly,
the mutational rate (i.e., phylogenetic tree shape) was more
correlated, or in-synch, for GPCR—RAMP pairs in all Eukaryota,
as well as specifically in mammals. The correlation of mutational
rate might imply some phenotypic implications for the role of
GPCR—-RAMP interactions, particularly in mammals.

Our coevolution data also suggest that RAMP1 and RAMP3
coevolved with a similar set of GPCRs. However, RAMP2 appears
to have coevolved with a distinct set of GPCRs that is different
from the GPCRs that coevolved with RAMP1 and RAMP3.
RAMP1 and RAMP3 show structural similarity at the extracel-
lular region (3). Moreover, a previous study (8) shows that
mammalian RAMP1 and RAMP3 proteins evolve less than
RAMP2, and have fewer residues with functional divergence in
comparison with RAMP2. These findings agree with our obser-
vation that RAMP1 and RAMP3 coevolve with similar GPCRs.
Importantly, we show here that RAMP1 and RAMP3 share a
higher similarity of amino acid sequence than either of them share
with RAMP2. Nevertheless, all RAMPs share a similar principal
structure when compared on the level of extracellular domains
linked to a single transmembrane segment (7).

A recent study analyzed the evolutionary dynamics of GPCR
and G-protein sequences by measuring the overlap in protein
repertoires in different organisms (21). This study is similar to
ours in that it utilizes genomic data to dissect protein interaction.
Particularly, the cases of GPCR—-G protein interaction, as well as
GPCR—-RAMP potential interaction, include a large group (i.e.,
GPCRs) and a small group (i.e., G proteins or RAMPs). An
important distinction between the two cases is that the small
group is composed of three genes in the RAMP case and
16 genes in the G-protein case. A group of three genes is too
small for calculation of overlap in protein repertoires. In con-
trast, the percent shared species measurement and the phylo-
genetic tree comparison method used in our study are computed
per gene pair and so are suitable for the GPCR—RAMP analysis.

In available human tissue databases, we found a corresponding
correlation of message levels for GPCRs and RAMPs. We an-
alyzed 8,555 human transcriptomes and identified higher gene
coexpression across human tissues for GPCRs and RAMPs
compared with that predicted by chance. Several GPCRs were
previously shown to interact with RAMPs; these include the
calcitonin and CALCRL, the secretin receptor (22), vasoactive
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intestinal peptide/pituitary adenylate cyclase-activating peptide
receptor, parathyroid hormone receptors, and glucagon receptor
(2, 23). All of these showed a higher than chance coevolution
with at least one of the three RAMPs, as shown in Dataset S1. In
addition, in agreement with our coexpression analysis with RNA-
seq data, a coexpression analysis using data from microarray
analysis shows that RAMP2 and CALCRL have high expression
correlation in human tissues (9).

In vivo, protein—protein interactions can be probed with either
sequence evolution analyses or direct biochemical assays. In large
protein networks or families, such as GPCRys, it is impractical to
study all possible biochemical interactions directly. Both genomic
and experimental approaches are subject to limitations, including
false detection (“false positives”) and misdetection (“false nega-
tives”). For example, in a biochemical protein affinity assay, a pair
of proteins might show a positive binding interaction even though
no specific binding actually occurs in the cell. In a coexpression
gene network, as an example of a gene expression-based analysis, a
gene pair might show an interaction due to shared connections
with other genes. Between the two approaches, sequence evolu-
tion analysis has a higher capability to detect global effects in an
unbiased manner, since it estimates interactions in identical con-
ditions for each gene pair. Computational approaches also have
the advantage that they are independent of the quality and vali-
dation of antibody affinity or other technical parameters that are
needed to carry out direct experimentation.

In our computational analysis, we have estimated global
GPCR-RAMP interaction parameters based on both co-
evolution and RNA expression. On the other hand, as mentioned
above, coevolution analysis cannot distinguish between cases of
direct protein—protein interactions and cases of interrelated
function due to membership in the same pathway. Further
studies are required to map the specific interaction type of each
interacting GPCR—-RAMP pair. Our phylogenetic and coex-
pression measures across gene pairs (in Dataset S1) could serve
as a list of candidates for further studies.

CALCRL is evolutionarily more ancient than the RAMP
family of proteins. While CALCRL and RAMP can function as a
heterocomplex in more modern species, CALCRL in more
evolutionarily ancient animals may function without RAMPs.
This situation could cause the percentage of shared species to be
modest even in cases of interacting protein pairs. Coevolution
and coexpression of protein pairs may be a better indicator of
interaction in this particular scenario. Indeed, when examining
coevolution coefficient, coevolution P value, and coexpression
coefficient, the resulting rank of CALCRL with each RAMP is
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within the upper third, and, with RAMP2 and RAMP3, it is
within the upper tenth.

There are about 80 orphan receptors in the GPCR gene family
(according to HGNC, https://www.genenames.org/) to which no
known endogenous ligand has yet been functionally linked. Our
observation that some of the RAMPs may interact with some
those orphan receptors points to the possibility that RAMP—
receptor interactions should be considered in deorphanization
strategies. GPCR deorphanization trials could potentially be
enhanced with signaling assays that include both a given RAMP
and a putative ligand. It is possible that, under these conditions
(i.e. existence of a RAMP and a ligand), novel receptor—ligand
interactions would be found.

In summary, our results support the hypothesis that a global
GPCR-RAMP interaction map exists. Given that GPCR sig-
naling is a fundamental and essential process across organisms,
tissues, and cell types, the need for a detailed GPCR—RAMP
interaction map cannot be overestimated. In principle, a full map
would detail which GPCR interacts with which RAMP and
would provide information about the corresponding molecular
impact, including changes in ligand specificity, protein trans-
location, and trafficking or other factors.

Materials and Methods

Percent of Shared Species. To calculate percent shared species among gene
pairs, we first constructed lists of species for each gene, in which one can find
orthologs. Percent of shared species for a pair of genes a and b [PSS(a,b)] was
calculated by the intersection of species lists for gene a (Sa) and gene b (Sb),
divided by their union, multiplied by 100,

Intersection and union are operations from set theory.

Phylogeny Comparison. In this study, we compared phylogenetic trees using
two methods. First, we compared trees by calculating the correlation be-
tween two genes based on pair-wise distances among species. The second
method we used is an established phylogeny comparison algorithm (19). This
algorithm is based on pruning tree branches and comparing the resulted
species partitions. The full algorithm can be found in ref. 19. Briefly, given a
pair of phylogenetic trees, the algorithm arbitrarily chooses one tree, goes
through each of the edges (i.e., branches), and prunes the tree in this spot.
This pruning produces two subtrees, which determine a specific partition of
the leaf nodes (this is the first partition for the first tree). Similarly, all of the
possible partitions produced by edge pruning of the second tree are gen-
erated and compared with the first partition of the first tree. A score rep-
resenting the similarity of each partition pairs is calculated. The same
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procedure is performed for all of the other edges of the first tree. Next, the
optimal match between branch pruning-derived partitions of the two trees
is attained with the Munkres algorithm (also known as the Hungarian al-
gorithm). Lastly, a global similarity score based on the optimal branches
match is calculated.

Normalizing to the Tree of Life. When one compares phylogenetic patterns of
two genes across species of varying classifications, the major determinant of the
comparison would be the global phylogenetic distance between the species
(Fig. S3 A-C). To reduce the global phylogenetic distance effect and directly
compare the phylogenetic patterns of specific gene pairs, one has to normalize
the trees by the general tree of life (10). In our study, we compared phylo-
genetic patterns between genes using matrices of amino acid sequence dis-
tance and normalized by the 18S rRNA matrix. Normalizing distance matrices
by the 185 rRNA matrix (Fig. S3 E and F) introduces higher correlation among
the compared genes than do the nonnormalized matrices. However, the
normalization procedure indeed reduced the global phylogenetic distance by
mixing the interspecies and intraspecies clusters (Fig. S3G). Hence, normaliza-
tion to the tree of life corrects for the interspecies basal distances and enables
the specific protein pair to govern the correlation strength.

Coexpression Analysis. RNA-seq data from 53 tissues provided by 544 donors,
with a total of 8,555 samples, were downloaded from https:/gtexportal.org/
home (GTEx_Analysis_v6p_RNA-seq_RNA-SeQCv1.1.8_gene_rpkm.gct.gz).
Downloaded data were provided as reads per kilobase per million mapped
reads (RPKM). Only samples passing quality control were included in the
dataset. Read counts and RPKM values were produced with RNA-SeqC; im-
portantly, reads were mapped to a single gene (see https:/gtexportal.org/
home documentation for more information). For transcripts per kilobase
million (TPM) normalization, the RPKM of each gene was divided by the
total RPKM for the sample and multiplied by 10°. For rank normalization,
each gene in each sample was ranked in descending order (highest RPKM
having the highest numeric rank). For quantile normalization, gene ex-
pression across an individual sample was fit to the averaged distribution
observed across samples. Before implementing the Spearman correlation
analysis, the median normalized expression (RPKM, TPM, rank, or quantile)
per tissue was calculated to account for differences in the number of sam-
ples per tissue type. Spearman correlation coefficient was calculated for
each RAMP/nonolfactory GPCR pair (Dataset S1) as well as ligand—receptor
and receptor subunit pairs (Tables S3 and 54).

Code Availability. Code is available, upon request, from sbarbash@
rockefeller.edu.
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