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Conserved pattern-based
classification of human odorant
receptor multigene family

Sang Eun Ryul3, Jisub Bael:%*> Tammy Shim%2, Won-Cheol Kim?, Kwangsu Kim'? &
Cheil Moon2**

Conserved protein-coding sequences are critical for maintaining protein function across species.
Odorant receptors (ORs), a large poorly understood multigene family responsible for odor detection,
lack comprehensive classification methods that reflect their functional diversity. In this study, we
propose a new approach called conserved motif-based classification (CMC) for classifying ORs based
on amino acid sequence similarities within conserved motifs. Specifically, we focused on three well-
conserved motifs: MAYDRYVAIC in TM3, KAFSTCASH in TM6, and PMLNPFIY in TM7. Using an
unsupervised clustering technique, we classified human ORs (hORs) into two main clusters with six
sub-clusters. CMC partly reflects previously identified subfamilies, revealing altered residue positions
among the sub-clusters. These altered positions interacted with specific residues within or adjacent
to the transmembrane domain, suggesting functional implications. Furthermore, we found that the
CMC correlated with both ligand responses and ectopic expression patterns, highlighting its relevance
to OR function. This conserved motif-based classification will help in understanding the functions
and features that are not understood by classification based solely on entire amino acid sequence
similarity.
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G protein-coupled receptors (GPCRs) are diverse and evolutionarily related. They constitute a large superfamily
that is classified into several subfamilies based on sequence similarities, structural features, and the types of
ligands and signaling molecules they activate. Odorant receptors (ORs) represent the most diverse family of
GPCRs; therefore, the function of each receptor in this system remains unknown.

Despite the diversity of ORs, they exhibit certain conserved amino acid motifs specific to ORs, such as
‘GN’ in transmembrane domain I, ‘PMYF/LFL in transmembrane domain II (TM2), ‘MAYDRYVAIC’ in
TM3, ‘KAFSTCxSH’ in TM6, and ‘PMLNPF/LIY” in TM7'~%. Notably, the motifs in TM3 and TM6 are highly
conserved across OR multigene families, thus enabling the efficient amplification of a large fraction of mouse
OR genes? 6. These motifs are critical for receptor function, ligand binding, and signal transduction’~®. For
example, the DRY motif is highly conserved in class A GPCRs and, contributes to OR activation and signal
transduction'?-1¢, The ‘S’ in KAFST™® is crucial for receptor conformational dynamics'3, while the NPxxY ™7
motif regulates receptor activation, promoting cellular trafficking!” and imposing structural constraints in class
A GPCRs'3, although it has not been extensively studied in ORs. Interestingly, the recent determination of the
structure of OR51E2 has verified the impact of these conserved residues R*** in DRY™?3 and H®4 in CxSH™®
in OR-specific hydrogen bonding involved in receptor activation'’. In addition, conserved C-terminal motifs in
ORs influence cell surface expression and cAMP signaling?’.

Variable residues in the conserved motifs appear to enhance the ability of each OR to detect and discriminate
between different odorants, thereby enriching smell perception. In an evolutionary study, it was found that
a Neanderthal variant of ORIC1 (Y120H>*%) had decreased sensitivity compared to human OR1C1%!.
Furthermore, residues near highly conserved regions—such as the M*4¢ and Y3 in the MAY motif and the I’
in the NPxIY motif—exhibit opposite effects on OR function in OR10 and OR52 models. Specifically, the MAY
mutation in OR10 increased basal activity and lowered the EC50, while the same mutation in OR52 decreased
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efficacy. Additionally, the 1> mutation enhanced responsiveness in OR10 but reduced sensitivity in OR52%2.
These studies demonstrate that variations in conserved sequences significantly impact odorant-OR interactions.
Moreover, our previous studies have shown that variations in conserved motifs cause different patterns of OR
expression??, suggesting that ORs with similar variation patterns may have similar functional characteristics.
Given that highly conserved regions within motifs play critical roles in major receptor functions such as
activation, stability, and G-protein coupling, it can be inferred that variations in adjacent residues contribute
to the diversity of smell detection abilities and perceptual differences. Therefore, classifying ORs based on these
variations could be a valuable approach for inferring the functions of multiple ORs.

Various classification approaches, including motif-based methods and analysis of the physicochemical
properties of amino acid sequences, have been used to infer the functional relevance across GPCR families?*~2.
Therefore, we hypothesized that similar functions could be inferred by comparing ORs with similar conserved
motifs and sought to classify ORs according to variations in variable regions within each conserved motif.
Specifically, we focused on the following three well-conserved motifs—MAYDRY VAIC™3, KAFSTCASHTMS,
and PMLNPFIY™7_—each noted for their defined OR functions. These motifs consist of consecutive amino
acids and contain variable residues. Using the selected motifs, we classified the ORs into two main clusters,
which were further subdivided into six subclusters. Subsequently, we observed the variability of the motif
sites and their interactions within OR sequences to elucidate their structural implications. We also verified the
potential associations between our classification and functions such as ligand binding or ectopic expression. Our
classification showed the possibility of shared characteristics among the classified OR groups, which can offer a
framework for further research into their diverse roles and help understand functions and features that are not
apparent when classification is based solely on entire amino acid sequence similarity.

Results

MAYDRYVAIC™3, KAFSTCASH™¢, and PMLNPFIY™7 were highly conserved in the intact
hOR

In our study, we focused on three specific conserved motifs within hORs known for their distinct OR functions:
MAYDRY VAIC™3(mof1), KAFSTCASH™S(mof2), and PMLNPFIY™7 (mof3). Each of these motifs, which
consists of sequences of consecutive amino acids, includes a variable residue and is OR-specific. Thus, to
determine how hORs are distributed depending on mofl, 2, and 3, we first evaluated the number of hORs
based on the matching rate (see Materials and Methods) with three conserved motifs (Supplementary Fig. S2).
We found that each motif of the overall hORs scored above 0.5 of the matching rates for each condition. These
results indicate that most hORs possess highly conserved mofl, 2, and 3. We further investigated the number of
intact, and pseudogenes scored above 0.5 of the matching rates for each condition. We found that mofl, 2, and
3 were highly conserved in 97.9% of the intact hORs and 76.7% of the pseudogenes, with an above 0.5 matching
rate (Fig. 1). Among the three, 2.1% of the intact hORs have one of the poorly conserved motifs, and all of them
have an arginine (Arg; R**) residue in mof1, which is a critical residue for mediating receptor signaling, but no
serine (Ser; $®3°) in mof2, which is known for OR conformation dynamics”. However, 23.3% of the pseudo-
ORs were poorly conserved at the Arg residue position in mofl and relatively well-conserved at the Ser position
in mof2. Regarding mof3, both intact and pseudo-ORs showed low conservation rates. These results indicate
that intact human ORs (known as functional OR) contain more well-conserved motifs. As hypothesized, these
results support the hypothesis that mof1 to 3 may be related to hOR function.

Intact hORs are classified into two groups according to their conserved patterns of mof2 and
mof3

Figure 1 suggested that conservation rates varied between 0.5 and 1 among the intact hORs. Based on this, we
performed unsupervised classification (AHC) to determine whether the conservation rate difference could serve
as a criterion for classifying OR. AHC analysis classified hORs into two clusters consisting of six sub-clusters
(SC) (Fig. 2A, p <0.01 by SHC). We used Euclidean dissimilarity with Ward’s linkage for the AHC. 60% (n=232)
of all hORs were included in Cluster1 (C1), showing a high conservation rate (above 0.85) for all three motifs,
but 40% of the hORs (n=157) that clustered in Cluster2 (C2) showed a relatively low conservation rate (< 0.75)
compared to C1 ORs. We call this the conserved motif-based classification (CMC). Each hOR classified through
the CMC was visualized in a scatter plot corresponding to its conservation rate, with a single dot of different
colors (Fig. 2B-D). The hORs in SC3 showed the highest conservation rates for all three conserved motifs, and
the SC1 ORs showed comparatively low conservation patterns at mofl among the C1 SCs (Fig. 2C). In contrast,
hORs in SC5 showed the lowest conservation rate for all three conserved motifs; specifically, all hORs in C2 had
poorly conserved motifs 2 and 3 (Fig. 2D). The conservation rates of each OR are summarized in the table (Fig.
2E).

We observed where these ORs were distributed in the CMC to evaluate the relationship between entire amino
acid sequence similarities (Fig. 3). We found that hOR subfamilies 2 and 4, which accounted for a significant
proportion of hORs, were distributed across the six SCs. Interestingly, most of the intact fish-like class I hORs
(families 51, 52, and 56) clustered as C2. Moreover, OR subfamilies clustered in C2 showed clustered patterns
similar to the phylogenetic classification?”?3. Specifically, OR subfamilies 14, 52, 51, and 56 were phylogenetically
close to the other subfamilies. Our results showed that OR subfamilies 1,7 and 8 were primarily distributed in
SC3, with a high conservation rate for all three motifs. These three OR subfamilies were also closely clustered
in the phylogenetic analysis of intact hOR protein sequences®. In contrast, few relationships were observed
between SCs and OR subfamilies.
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Fig. 1. Scatter plot of intact hORs and pseudogene hORs by the conservation rate of MAYDRYVAIC™S3 |
KAFSTCASH™® | and PMLNPFIY™7 | Each intact OR (pink) and pseudogene OR (blue) is represented as

a single dot in a scatter plot. The sequence matching rate with each motif was represented as X, Y, and Z-axis
(mofl: MAYDRY VAIC, mof2: KAFSTCASH, and mof3: PMLNPFIY, respectively). The yellow-colored sphere
represents a matching rate > 0.5 in every three axes. Almost all intact hORs showed a high matching rate

with all frame sequences of three motifs (97.9%), and a lower number of pseudogene (76.7%) have a similar
conserved pattern with intact hORs.

Variant residues in each motif have interacting residues in other transmembrane domain
We next generated consensus sequences for each motif in every group using WebLogo?® to examine which
residues were variants within the entire sequence of each motif (Fig. 4). While hORs in C1 (SC1-SC3) showed
high sequence conservation at every position, hORs in every subcluster (SC4-SC6) of C2 showed variable
patterns. Interestingly, residue S®* in mof2 and M”*” in mof3 showed low conservation across all C2 subclusters,
which are the most pronounced differences that distinguish C2 from C1 (Fig. 4). Moreover, TM3 Y48 and V32
beside the ‘DRY” in mofl and TM6 F&** in ‘KAFST’ of mof2 are altered to F>8, L>%2, mof2: L5, respectively
(Fig. 4A). The conservation scores for each position within each motif are represented in the heat map, and the
detailed score values are provided in the supplementary information (Fig. 4B and Table, S3). To examine how
these variant residues (residues 3.48, 3.52, 6.34, and 7.47 in Fig. 4) influence the receptor structure, we evaluated
the interaction with the rest of the hOR residue positions using residue-residue contact score (RRCS) analysis'®.
To calculate the RRCS, we need to summarize the total contact score from the min-max normalized data
(0,1) of the inter-atomic distances among heavy atoms. The maximum contact score was obtained from the
minimum inter-atomic distance. Using the RRCS, we calculated the general interactions among the total intact
ORs. We summarized the total RRCS for each residue position from the entire OR and set the threshold to a
significance level for it. We set one RRCS per OR; therefore, the threshold was set to 384. The RRCS is determined
by summing the distances of all possible heavy atom pairs between the target residue pairs. Therefore, when the
RRCS equals one, the distances of all heavy-atom pairs between the target residue pairs are identical to the closest
distance data observed in the targeted receptor. We found that variant residue positions interacted strongly with
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Fig. 2. Classification of hOR according to their conservation rate. (A) Classified hORs and conservation rate
of each cluster (number of hOR: SC1=286, SC2=67, SC3=79, SC4=64, SC5=40, SC6 =53, p value <0.01

by SHC). Distance calculated based on Euclidean dissimilarity with Wards linkage. The intensity of the
colored box corresponds to the conservation rate (0.5 to 1). B-D. Each intact OR is represented as a single
dot in a scatter plot. The sequence matching rate with each motif was represented as X, Y, and Z-axis (mofl:
MAYDRYVAIC, mof2: KAFSTCASH, and mof3: PMLNPFIY). (B) Scatter plot of intact hOR. Each dot
represents each hOR in Clusterl (blue) and Cluster2 (orange). (C) Scatter plot representation of sub-clusters
in C1. Every SC is described as different colors; SC1(blue), SC2 (orange), and SC3 (yellow). (D) Scatter plot
representation of sub-clusters in C2, and each SC is represented as different colors. SC4 is orange, SC5 is blue,
and SC6 is yellow. (E) Table shows the centroid of each cluster. SC: sub-cluster.
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Fig. 3. OR distribution between OR multigene families and CMC. A heatmap of OR distribution between OR
multigene families and CMC. The color bar shows the percentage of ORs of each multigene family. SC: sub-
cluster.
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specific residue positions in the same or different TM (Fig. 5). The residues Y*>*® and V32 in mofl mainly
interact within TM3, but the residues F3** and M”47 interacted with other TM residues. Specifically, residue F¢*4
in mof2 interacted with TM5, and residue M”#7 in mof3 interacted with TM1. Overall, the interacting residues
were highly conserved (>40%) except X!*? residue positions (Supplementary Table. S1). Residue TM7 F7-!
also showed variation patterns; however, this residue was excluded because of its lower conservation rate and
low RRCS (Supplementary Fig. S4). As hORs are included in class A GPCRs, these results align with previous
class A GPCR study'®. As we have shown in the results that the R residue in mof1 is well maintained throughout
the whole hORs (Figs. 1 and 2), the residue variations besides the DRY ™3 motif seem to support its activation
of the G-protein, which is critical for olfactory signaling. From a different perspective than mofl, the fact that
variant residues in mof2 and 3 interact with other residues of TMs indicates their flexibility in conformational
changes. Considering the function of the residue positions in the OR, these different conserved patterns raise the
possibility of their roles in interacting with ligands or G-proteins.

CMC may predict ligand responses and ectopic expression of hORs

To understand the questions raised by previous results, we first focused on the effect of variant residues on ligand
interactions. We investigated the known ligands of hORs in each SC (Table 1). We sorted the ligands using four
criteria: (1) They must be based on experimental data, (2) They must be specific to each SC, (3) There must be
at least one OR result for each SC, and (4) They must be available in the physicochemical database. Since our
results are based on sequence information, comparing them with experimental data is crucial. SC specificity is
also important because some ligands can activate multiple receptors, making it difficult to evaluate SC-specific
effects. The third step is to prevent data bias. Table 1 showed that each SC contained a specific ligand-binding list.
Supplementary Figure S4 shows the hOR family distribution used to create Table 1. This result shows the effect
of the bias from one OR family on the ligand interaction list.

Based on this table, we compared the physicochemical properties of the ligands to examine ligand similarity
among the SCs (Fig. 6). We then performed PCA using 24 ligands with 2004 physicochemical features and
performed GMM clustering on the PCA data (Fig. 6). We used only 24 ligands for this analysis because the
remaining ligands activated the hOR from two or more SCs or lacked information on physicochemical features
from our database. The principal component 1 (PC1) axis suggests the maximum covariance axis among the
physicochemical features, and the PC2 axis indicates the following maximum covariance axis, which is orthogonal
to PC1. Figure 6B shows that the dimension-reduction ligand data are similar to the CMC results. Remarkedly,
71% of the ligand data were classified in the same manner as that in our CMC results. Approximately 37.5% of
C1 and 87.5% of C2 ligands were classified into the same group (Fig. 6B). The chance level of each cluster was
33% for C1 and 67% for C2. Although our results were insufficient to identify a distinct pattern in SCs (data not
shown), we observed that clusters 1 and 2 interacted with different ligand properties. These results suggest that
the CMC may predict which hOR responds to specific ligands based on their physiochemical features.

In addition to our previous study, we observed that hORs with similar conserved motifs display distinct
expression patterns in olfactory and non-olfactory tissues?*3%3. This suggests that specific conserved motifs
facilitating interactions with potential internal ligands may determine the ectopic expression patterns of
odorant receptors. In our previous results (Figs. 5 and 6), we demonstrated that hORs classified into the same
cluster by CMC are likely to detect similar ligands. If the ectopic expression patterns of hORs are influenced
by the type of internal ligand, then the hORs grouped into the same cluster in our CMC might exhibit similar
expression patterns. To verify this hypothesis, we collected ectopic expression data for hORs using a literature
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Fig. 4. The consensus sequence of each cluster. The consensus sequences of each SCs for the three conserved
motifs are graphically represented. Each color represents the Hydrophobicity of each amino acid. The blue
color indicates the hydrophilic (RKDENQ), the green color indicates neutral (SGHTAP), and the black color
indicates the hydrophobic (YVMCLFIW) amino acid. The X-axis shows the sequence position. The Y-axis
shows residue probabilities within each motif and the sequence size represents the portion of amino acids in
each position. The significantly variable positions were highlighted with a red star marker that altered residue
position compared to conserved motifs (mofl: F>48, 132, mof2: 153, and mof3: L74). The sixth site of mof3
was not highlighted because of the weak conservation pattern across the SCs. (B) Heatmap analysis showing
average conservation rate of each residue within each cluster. The conservation score represents the average
probability that ORs in each cluster have the consensus residue at a given position, with higher probabilities
indicated by darker colors.

survey (Supplementary Data. S2). Previous studies performed microarray analysis on non-olfactory tissues,
and we compiled these public data for our analysis. Figure 7A shows the overall ectopic expression pattern
of hORs. Then, we analyzed the similarities in ectopic expression patterns between SCs using AHC (Fig. 7B).
The hORs with similar expression patterns clustered closely with low distances. Interestingly, we found a close
distance of ectopic expression patterns between SCI1 and SC2, which showed similar grouping patterns for
CMC. This result suggested that ORs in SC1 and 2 may mostly be expressed in the same non-olfactory tissues.
However, at comparatively far distances, SC4 and SC5 were clustered in the same class. In contrast, SC6 showed
a different pattern from SC4 and SC5. SC6 was closer to the Cluster 1 components (SCI to 3). SC6 has a very low
conservation rate for mof3 at 0.59, while mof1 and mof2 have relatively high rates of 0.89 and 0.78, respectively.
These rates are higher than those of other ORs in the same cluster and are similar to the conservation rates of
SC1 and SC2 (Fig. 2E). This observation suggests that the conserved patterns of mofl and mof2 might be more
involved in distinguishing the ectopic expression of hORs. Furthermore, it’s interesting to note that SC3, which
has high conservation rates across all three motifs, is grouped at the furthest distance from SC5, which has low
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Fig. 5. Interaction patterns by RRCS. In three conserved motifs, the highly variable positions, F>48, 1,352, 1.6-34,
and L7, underwent RRCS to observe interactions with other residues in the OR structure. The X-axis is the
residue position, and the y-axis is the interaction score represented by RRCS. The red line shows the threshold
of a significant interaction. (A-B) RRCS pattern of the mof1 residues (Residue 3.48, 3.52). Mof1 mainly
interacts with TM3. (C) RRCS pattern of the mof2 residue (Residue 6.34). Mof2 showed interaction with TM5
but was comparatively weak from other motifs. (D) RRCS pattern of the mof3 residue (Residue 7.47). Mof3
mainly interacts with TM?7.

conservation rates in all three motifs. This finding further supports the potential role of motif conservation in
the ectopic expression patterns of hORs.

Discussion
We propose a novel approach for classifying hORs based on the variation patterns of conserved motifs, called
CMC. This classification system offers a new perspective for understanding the diversity and functionality of
hORs.

hORs were classified into two clusters consisting of six SCs, using three conserved motifs (MAYDRY VAI
KAFSTCASH™S, and PMLNPFIY™). Interestingly, over 87% of the class I (fish-like) OR were classified as
Cluster 2, partly representing the hOR family (Fig. 3). However, only a few relationships between the SCs and
OR families have been observed. In the classified OR clusters, we found variation patterns in each SC, with some
variant residues within each conserved motif (Fig. 4) and interactions between variant residues themselves or
with other regions of TMs (Fig. 5). Since the three conserved motifs play crucial roles in OR or GPCR activation
and receptor conformational dynamics, our data suggest that each SC may have distinct structural conformation
mechanisms due to variant residues in conserved motifs. In addition, we found that CMC was related to ligand
binding or ectopic expression (Figs. 6 and 7). Previous studies have suggested that conserved motifs influence
ligand responses!®~!°and expression patterns?; thereby, these results are in line with those of previous studies.
Although we did not find significant differences among the SCs, we observed different ligand-binding patterns
between Clusters 1 and 2. Additionally, ectopic expression of SCs is related to CMC. Our classification showed
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Cluster 1 Cluster 2

SC1 | SC2 | SC3 | SC4 | SC5 | SC6
linalool o o
spearmint o o
amyl laurate o 0
sandalwood o o
butyl anthranilate o o
androstadienone o o
caproic acid o o
jasmine o o
bourgeonal o o
1-octanol o o
cis-3-hexen-1-ol o o
in o o
ambrette o o

Table 1. List of ligands known to activate hOR in each sub-cluster. Ligands known to activate hORs are
highlighted in green at each cluster. SC: sub-cluster.
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Fig. 6. Similarity space of ligand that respond to a particular hOR. A-B. PCA results of physicochemical
properties of ligands. The X-axis is PC1 and the Y-axis is PC2. A circle marker depicts each ligand. Blue
represents ligands interacting with cluster 1 ORs, while red represents ligands interacting with cluster 2 ORs.
(A) PCA of true label. (B) PCA of predicted label by GMM(k=2). GMM clustering yielded 71% accuracy
(17/24=0.71).

the possibility of shared characteristics among the classified hOR groups, which would help to understand
functions and features that are not understood in a family classified by full amino acid sequence similarity.

In our previous study®®, highly conserved consensus sequences across species at the C-terminal of ORs were
found. We verified that this conserved region influences OR expression patterns in olfactory and non-olfactory
systems. We were also interested in how the patterns of other conserved motifs within each conserved area
affected the overall structure and accompanying functions, such as ligand detection and receptor activation.
For this reason, we presuppose that MAYDRY VAIC™?, KAFSTCASH™S, and PMLNPFIY ™ may play crucial
roles in the function of OR, according to previous findings!~. Similar to previous studies, our data showed a
high level of conservation in the DRY ™3, KAFSTCxSH™S®, and NPxxY™ motifs.
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Fig. 7. Ectopic expression pattern of sub-clusters. (A) Ectopic expression pattern among the hOR. X-axis
shows non-olfactory tissues. Y-axis shows hORs with SCs. Black stripe marker represents specific hOR
expressed at specific tissues. (B) Similarity of ectopic expression pattern between sub-clusters. Distance
calculated based on Euclidean dissimilarity with Wards linkage. Before analyzing data was normalized by the
total number of expressions.

Since highly conserved regions within conserved motifs-R>*0. H®4%-were verified to play a critical role in
ligand-OR activation; nearby variable regions may significantly influence ligand responsiveness or sensitivity.
The amino acids adjacent to conserved residues exhibit different ligand responses depending on the OR type?.
Interestingly, we also observed the variant residues were positioned adjacent to DRY™? or in the middle of the
KAFST™® motifs, except for NPxxY™, These observations indicated that if different amino acids are present
in these variants, they can physically influence the DRY™30r KAXxSTCxSH™® motifs. Additionally, variant
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residues in mof3 are also positioned at 3-4 amino acid distances from NPxxY™7, which suggests that they

may have a chance to interact physically since this motif forms an alpha helix. We also found that these residues
interacted with other TM residues. Figure 5 shows that the variant residue positions in mof2 and 3 exhibited
higher interactions with other TMs. Moreover, these interacting TM residues showed conserved patterns (except
for 1.42 residue), which indicates that changes in significantly variable regions might structurally influence other
TMs (Supplementary Table. S1). These results suggest that different patterns of motifs (mofl-3) are linked to
ligand interactions or G protein-binding affinity. In addition, these distinct ligand responses may have been
affected by evolutionary pressure, thus specifying the ectopic expression patterns of each SC.

Our results indicate that mof3 variation in the CMC might be linked to structural stability or structural
constraints rather than ligand or G protein interactions. A study of class A GPCR suggested that NPxxY ™7,
located inside the ligand-binding pocket, may interact with ligand'®. In contrast, we found that M”*"residue,
which was the most variable residue in our results, was positioned two more amino acids away from NPxxY™?7,
This position of the residue is less related to the ligand-binding pocket. According to class A GPCR studies,
NPxxY™ functions as a rotamer switch® and provides structural constraints'®by interacting with other TM
residues. Interestingly, we found comparatively higher interaction values in M”#” residue (Fig. 4, red star marked
residue position in mof3) than in the other variant residue positions in mofl or 2 (Fig. 5). Figure 5-D showed
that M”47 interacted strongly with TM1, specifically, X'*? and X6 residues. Variation in the M”47 position can
induce different interactions with TM1, which may change the structural stability or constraints, as suggested
by class A GPCR studies.

Interestingly, a recent study has also pointed out that conserved motifs are related to ligand interactions.
Structural determination of OR confirmed that highly conserved residues are critical for receptor activation.
Based on the crystalized structure of OR51E2, they identified an OR-specific hydrogen bonding network among
the highly conserved R*>* in DRY™S? and H%40 in KAFSTCxSH™®, and Y217°>° in TM5'. Mutations in these
conserved residues significantly decreased receptor activity, while mutations in less conserved residues (such as
Y2917%%) had a less pronounced effect. This underscores the pivotal role these conserved amino acid residues
play in maintaining receptor activation. Notably, OR51E2 is classified into Cluster 2, Subcluster 6 (C2, SC6)
in our classification, and it possesses F>48, G, V747 in the three conserved motifs, which aligns with the
consensus sequence variation pattern of SC6. This structural insight reinforces our findings that CMC correlates
with ligand-OR interactions.

The OR multigene family is phylogenetically classified into Class I and Class II based on sequence homology.
Class I OR are fish-like ORs, and Class IT ORs are mammalian-like ORs based on their origin of identity™.
Class I ORs are activated by water-soluble odorants, whereas Class IT ORs are activated by volatile odorants®3*.
Interestingly, most Class I ORs were classified as Cluster 2 in the CMC. This is similar to the division of Classes
I and II into phylogenetic classifications. Considering that our CMC classification was based on the variation
pattern of conserved motifs rather than the entire sequence, this may reflect the influence of ligands that activate
olfactory receptors, causing modifications in the associated amino acid residues. In line with this, the ectopic
expression of ORs suggests a wide distribution pattern, owing to the influence of internal ligands that activate
these ORs.

The following points should be considered when interpreting the results of this study. Although we observed
patterns in ligand response and ectopic expression, there is still a lack of information regarding these aspects.
Ligand responses were assessed by the cAMP assay; therefore, these results were combined with various
factors such as ligand interaction, G protein interaction, and cell state. Moreover, the number of odorants and
ORs tested was limited. Ectopic expression results also relied on mRNA assays and not on the protein levels.
Additionally, we hypothesize that evolutionary pressure may have affected distinct internal ligand responses,
thereby specifying the ectopic expression patterns of each SC. However, this hypothesis has not yet been verified
in this study. Finally, we did not consider the receptor expression rate or other factors that could affect ligand
responses or ectopic expression. Further studies are required to provide more evidence on these issues.

We propose a classification method that is more aligned with olfactory receptor function by focusing on
conserved regions rather than simply listing them based on overall sequence similarity. The previously predicted
aspects of traditional classification methods have not been fully interpreted due to evolving perspectives from
subsequent research. In our CMG, it is anticipated that specific variant residue points, which are the basis for
OR cdlassification, might play a role in ligand interactions, structural flexibility, and other related functions of
olfactory receptors.

Methods

Database

We used the HODRE database (https://genome.weizmann.ac.il/horde/) and excluded five ORs with empty
sequences from the database; OR14A16, OR7E162P, OR7E103P, OR4C4P, and OR8G1. For physicochemical
properties, we used the Mol-Instincts database (https://www.molinstincts.com/). We used a database from
previous studies to analyze ligand responses®!~! and ectopic expression patterns®>-37:4852-54 These data are listed
in supplementary information (Supplementary Fig. S2 and S3).

The procedure of classifying human ORs (hORs)

To calculate the conservation rate of the motifs, we evaluated the matching rate (V') between the conserved and

target motifs by normalizing the matched number of target motifs compared to the frame sequence ( v) with the

target motif length ( L). We did not consider the matching positions of the residues (Supplementary Fig. S2A).
v

V:z (1)
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Based on this approach, we created a rate-wise conservation rate-wise database for the classification of human
ORs (hORs) (Supplementary Data. S1). Agglomerative hierarchical clustering (AHC) was used to classify the
hORs. We obtained our results using the Euclidean dissimilarity with Ward’s linkage. To determine statistical
significance, we applied the statistical Significance of Hierarchical Clustering (SHC)*. We used empirical
p-values for the cutoft nodes (p <0.01).

Calculation of chance level depending on conservation rate
We calculated the chance level of conservation rates for each target motif (Supplementary Fig. S2), setting the
total number of amino acids to twenty for this computation (excluding Selenocysteine and Pyrrolysine).

1k
Hog = % X (TL()R +1-— k) > 1 (2)
N=>" 8iiHon ®3)

krepresents the number of matched sites with a target motif and, nopr is the sequence length of each OR.

Notably, k cannot exceed the length of the target motif. The equation 5 represents chance level depending on

k while nor + 1 — k accounts for the repetitive calculation of the chance level along the entire OR length. Since
k represents the number of matched sites, we subtracted & from nog. For instaglce, if we consider an OR with
alength of 100 and five matched sites, we iteratively compute and aggregated ;" over 96 times. Note that if we

incorporate a window size of five and shift one site at a time within the 100-length OR, we obtain 96 iterations.
We obtained the number of true values from these steps, which indicates the number of OR-containing segments
in the sequence matching the specified conservation rates for the target motif.

Calculation of interaction score of residue pairs
We evaluated the interaction score using the residue-residue contact score (RRCS)'>. The following steps were
performed to calculate the RRCS.

fA:B = ['Th T2, T3y «-v ',L)I‘L] (4)

where f, g 18 distance data from the target residue pairs (e.g., A: V45 and B: Y288), and x is the inter-atomic
distance among heavy atoms (A). If the target residue pairs were located within four amino acids of the protein
sequence, only side chain heavy atom pairs were considered; otherwise, all possible heavy atom pairs were used

to calculate the RRCS. Next, we normalized f to reduce receptor variation among individuals.

U min (F) 5)
" max (F) — min (F)
fnm‘m = [1'/ 1L ¥ oy xly, X/ n] (6)

where F is the total residue pair distance data from a targeted receptor and, f,
we sum the total . elements to calculate RRCS:

RRCSA:B = Z fnorm (7)

is the normalized f,. ;. Finally,

Using the RRCS, we calculated the general interactions between the total intact ORs. We summarized the total
RRCS for each residue position from the entire OR. We set the threshold to a significant level for the RRCS. We
set one RRCS per OR, which represented max(F); therefore, the threshold was set at 384.

Multivariate analysis

We employed Principal Component Analysis (PCA) and a Gaussian Mixture Model (GMM) to cluster the
ligands responsive to specific hORs (Fig. 6). Prior to analysis, the input data underwent z-score normalization.
Subsequently, after dimensionality reduction, we applied the GMM with 1000 iterations for the expectation-
maximization algorithm and k was fixed at two. A full covariance matrix is used to construct the Gaussian
model. To classify hORs (Fig. 2) and assess the similarity of ectopic expression patterns (Fig. 3), we employed
Agglomerative Hierarchical Clustering (AHC) using Euclidean dissimilarity with Ward’s linkage. Detailed
procedures for classifying hORs are outlined in the “Procedure of classifying hORs” section of the methods. The
statistical analysis was performed using MATLAB 2018b and R.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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