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Abstract Olfactory receptors (ORs) constitute the largest
multigene family in multicellular organisms. Their evolu-
tionary proliferation has been driven by the need to pro-
vide recognition capacity for millions of potential odor-
ants with arbitrary chemical configurations. Human ge-
nome sequencing has provided a highly informative pic-
ture of the “olfactory subgenome”, the repertoire of OR
genes. We describe here an analysis of 224 human OR
genes, a much larger number than hitherto systematically
analyzed. These are derived by literature survey, data
mining at 14 genomic clusters, and by an OR-targeted ex-
perimental sequencing strategy. The presented set con-
tains at least 53% pseudogenes and is minimally divided
into 11 gene families. One of these (no. 7) has undergone
aparticularly extensive expansion in primates. The analy-
sis of this collection leads to insight into the origin of OR
genes, suggesting a graded expansion through mam-
malian evolution. It also allows usto delineate a structural
map of the respective proteins. A sequence database and
analysis package is provided (http://bioinformatics.weiz-
mann.ac.il/HORDE), which will be useful for analyzing
human OR sequences genome-wide.

Introduction

The olfactory pathway constitutes a remarkable molecular
recognition apparatus, capable of detecting millions of
volatile chemicals (Lancet 1986; Krieger and Breer 1999;
Mombaerts 1999a, 1999b; Prasad and Reed 1999; Buck
2000). This is afforded by olfactory receptor (OR) pro-
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teins, a large repertoire of G-protein-coupled receptors
expressed in specialized sensory neurons and present in
most vertebrates. Homologs of the putative OR-coding
genes, first discovered in rat (Buck and Axel 1991), are
readily identified in other species by homology-based
cloning or by sequence similarity searches (Parmentier et
al. 1992; Selbieet a. 1992; Ngai et al. 1993; Ressler et al.
1993; Freitag et a. 1995; Barth et al. 1996; Issel-Tarver
and Rine 1996; Nef et al. 1996; Sullivan et al. 1996; Trask
et al. 1998a; Velten et al. 1998; Brand-Arpon et al. 1999;
Rouquier et al. 2000).

The human OR gene repertoire (olfactory subgenome)
is estimated to contain several hundred genes, but its ac-
curate extent remains to be elucidated. OR-like sequences
appear in dozens of genomic clusters on most chromo-
somes (Ben-Arie et a. 1994; Glusman et al. 1996, 2000b;
Buettner et al. 1998; Rouquier et al. 1998; Trask et al.
1998a; Brand-Arpon et a. 1999), with a possible bias to-
ward the chromosomal telomeres (Trask et al. 1998b;
Fig.1A). Such a cluster organization may reflect an evo-
[utionary process of duplication of both individual genes
and entire genomic segments (Glusman et al. 1996; Trask
et al. 1998a; Brand-Arpon et al. 1999; Mombaerts 1999a)
and could be crucia for the regulation of OR gene ex-
pression.

Extensive fluorescence in situ hybridization (FISH)
analysis has revealed 44 human OR-containing genomic
loci (Trask et al. 1998a; Fig.1A). Previous publications
have described severa sequenced human OR clusters.
These include a cluster of approximately 400 kb on chro-
mosome 17p13 containing 17 genes (Ben-Arie et al. 1994;
Glusman et a. 1996, 2000b), and a cluster of approxi-
mately 100 kb with four genes on chromosome 3pl13 and
which isduplicated on 3q13-21 (Brand-Arpon et al. 1999).
Twenty five OR sequences have been reported in at least
seven distinct regions of chromosome 11 (Buettner et a.
1998). In addition, compendia of partial OR-coding se-
guences have been reported by several laboratories (Par-
mentier et al. 1992; Rouquier et a. 1998).

The present paper describes a non-redundant collection
of 224 OR-coding sequences stemming from cloning and



o
o
(8

1]

4y

q >
13 14
A

Fig.1 A The chromosomal locations of OR gene clusters in the
human genome. Red triangles Localization by fluorescence-based
in situ hybridization with mixtures of OR-containing PCR prod-
ucts (Rouquier et a. 1998) or OR-containing genomic clones
(Trask et al. 1998a), light green triangles identified OR clusters
that have not undergone genomic sequencing, dark green triangles
genomically sequenced OR clusters. The chromosomal localiza-
tion of these clones is according to the GenBank annotation, ex-
cept for the clusters at 2p13, 7933, 9933, 14p12, and 17923 for
which locations are based on electronic PCR (e-PCR; Schuler
1997) in conjunction with Unified Database (UDB) coordinates
(Chalifa-Caspi et a. 1997; http://bioinformatics.weizmann.ac.il/udb/).
Independent data from single chromosome PCR amplification
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(Rouquier et al. 1998) are also consistent with the presence of OR
genes on chromosomes 1-21 and X, but not 22 or Y. B Human OR
clusters for which genomic sequences are available. Boxes above
and under the line indicate the absolute orientation of ORs to each
other. Cluster sizes and intergenic distances are shown to scale.
Red boxes OR pseudogenes, green boxes OR genes. Family and
subfamily affiliation are indicated for each gene according to the
nomenclature system of Glusman et a. (2000a). The cluster at
7033-35 is composed of three separate sequence contigs, two of
which are localized by e-PCR/UDB analysis to the same cytoge-
netic region as the one localized to this region by GenBank anno-
tation
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sequencing experiments and from data mining. This cov-
erage isinstrumental for extracting new information con-
cerning the olfactory gene superfamily.

Materials and methods
Generation of olfactory sequence tags

Polymerase chain reaction (PCR) at low stringency (annealing
temperature —55°C) was performed on the genomic DNA of one or
more individuals by means of OR-specific degenerate primers 5B:
CCCATGTAYTTBTTYCTCDSYAAYYTRTC (corresponding to
TM2) and 3B: ATGNTGAAYCCNTTCATNTAYWGYCT (cor-
responding to TM7; Ben-Arie et al. 1994) modified for subsequent
subcloning into the pAMP vector. PCR products were subcloned
into the pAMP vector by using the Clone Amp System as de-
scribed by the manufacturer (Gibco Brl). PCR with vector-specific
primers was performed on subclones. PCR products were sub-
jected to an automatic sequencing procedure (ABI 377). Forward
and reverse sequences were assembled for each clone and visually
corrected by using the computer program Sequencher version 3.0
(Gene Codes corporation). Sequences corresponding to the con-
sensus primers 3B and 5B were removed at both ends of each se-
quence. Sequence identification was performed by BLAST (basic
local alignment search tool) against the human olfactory receptor
specific database (http://bioinformatics.weizmann.ac.il/HORDE).

Sequence analysis

A series of BLAST searches against the GenBank (~20% of the
human genome) was performed by using various OR gene se-
quences as queries. The sequences of the large-scale clones were
retrieved and subjected to BLAST against human OR-specific
database to retrieve regions corresponding to OR sequences.

An electronic PCR (e-PCR) program for finding sequence
tagged sites (STSs) in DNA sequences (Schuler 1997) was applied
to determine the genomic localization of clones. According to the
STSsfound, it is possible to estimate the chromosomal position of
the clone by using the Unified Database (UDB) maps (Chalifa-
Caspi et d. 1997).

The obtained OR sequences were translated conceptually by
using FASTY (Pearson et a. 1997) against a “core” of properly
translated OR sequences, i.e., sequences that we trust with a high
degree of confidence are translated in the correct reading frame.
This translation procedure ensures that pseudogenes bearing
frameshift mutations are corrected in a fashion that allows their
proper alignment with intact OR genes.

Multiple alignment of the deduced amino acid sequences of
ORs was performed by a fully automated application of the
ClustalW program (Thompson et al. 1994; Higgins et a. 1996)
with default parameters.

Results

Previous publications have included more than 100 com-
plete or partial human OR-coding region sequences (Penny
et al. 1989; Ben-Arie et a. 1994; Crowe et a. 1996; Fan
et al. 1996; Glusman et a. 1996; Issel-Tarver et a. 1997,
Kosteas et al. 1997; Vanderhaeghen et al. 1997; Buettner
et a. 1998; Rouquier et a. 1998). We have initiated an ef-
fort targeted at obtaining information about additional OR
genes in the human genome. An interim search in high
throughput genomic sequence data identified 59 full-
length OR sequences in 14 clusters (Fig. 1A, B). Some of
them also appear in the Olfactory Receptor Data Base
(Skoufos et al. 2000). The largest cluster so far is on chro-

mosome 6p21 in the vicinity of the major histocompati-
bility complex locus (Fan et al. 1996; Ziegler 1997) and
contains 27 OR genes. The second largest cluster on
chromosome 17p13 contains 17 OR sequences within a
412-kb region (Ben-Arie et al. 1994; Glusman et al. 1996,
2000b). Two additional clusters on chromosome 19 are
being characterized in more detail (S. Horn-Saban, L.
Ashworth et al., unpublished).

In parallel, we have initiated an effort to sequence new
OR-coding regions from the entire human genome. This
was carried out by PCR amplification on genomic DNA
by using OR-specific degenerate primers corresponding
to the conserved regions in transmembrane helices 2 and
7 (TM2 and TM7) of the OR protein (Ben-Arie et al.
1994). These are termed Olfactory Sequence Tags (OSTs),
as they can be used to identify the complete genomic se-
quences derived from automated data mining. Because of
the obvious danger of sequencing artefacts, a special ef-
fort was made to avoid chimerism and other sequencing
errors (see Materials and methods). An anaysis of 390
such clones revealed 64 novel OR sequences. Of these,
39 were found to match with more than 99% identity with
genomic sequences (G. Glusman, unpublished). Of there-
maining sequences, none revealed the existence of a
chimerism.

Based on these two resources and on previous publica-
tions, a non-redundant set of 224 human olfactory recep-
tor coding sequences (cutoff at 99% amino acid identity)
is presented here. This collection only includes sequences
minimally extending between TM2 and TM7 (Fig. 1B).
Additional information referring to this collection is avail-
able at http://bioinformatics.weizmann.ac.il/lHORDE (un-
der “publications’). The site also contains various tools
for OR gene and protein analysis. In 129 cases, the full-
length coding region and the accurate genomic localiza-
tion are reported. About 50 previously published shorter
sequences (Vanderhaeghen et al. 1997) were not included
in the present analyses. The number of genes represented
by these 224 sequences may be larger, because of the ex-
istence of more than one copy of the same sequence
within large-scale genomic duplications (Trask et al.
1998a). Based on very rough estimates of the size of the
human olfactory subgenome (500-1000 genes; Buck and
Axel 1991; Lancet et a. 1993b), the current OR collection
may constitute between one quarter and one half of the
entire genomic gamut.

Within the entire collection of 224 OR sequences, 119
(53%) show frame disruptions (frameshifts and/or in-
frame stop codons) suggesting that they are pseudogenes
(Fig.2A,B). Among the presently reported full-length se-
guences, 60 are pseudogenes, of which 47 have deleteri-
ous changes in their TM2-TM7 segment. Based on this
knowledge, it is possible to compute an extrapolated num-
ber of potential pseudogenes among the ORs for which
the full-length sequence is not presently reported. There-
fore, the 59 OR partial sequences identified as pseudo-
genes may represent an actual number of 75. Thus, the to-
tal extrapolated pseudogene count in the reported collec-
tion is 135, and the overall extrapolated percentage is 60%.
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The 224 OR coding sequences were subjected to phy-
logenetic analysis based on overal sequence similarity
(Fig.2A). By using standard definitions (Dayhoff 1976),
the sequences encompass 11 families and 73 subfamilies.
A nomenclature system based on such a classification has
been previously proposed (Lancet and Ben-Arie 1993;
Glusman et al. 2000a). This analysis is traditionally per-
formed on the most informative part of the sequence, one
that is also available for a larger fraction of the repertoire
in multiple species, and has led to the current nomencla-
ture for OR genes (Glusman et a. 2000a). Such previous
analyses have indicated that there is no major loss of clas-
sification information when such partial sequences are
employed.

The complete dendrogram was subjected to a duplica-
tion time analysis (Fig. 2C). For each of the nodes (bifur-
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Fig.2 A A similarity dendrogram of all 224 human OR sequences
presented. OR gene families are denoted by circled numbers and
are individually colored. Pseudogenes are marked with a dot near
their trivial name. The 10% divergence bar indicates the corrected
protein sequence difference summed over the distance separating a
given gene pair. The analysis is based on a conceptual translation
of DNA sequences for OR coding regions sequenced at least be-
tween the 2nd to the 7th transmembrane helices (TM2-TM7), and
that bear less than 99% pairwise identity to each other. The iden-
tity scores are computed only for TM2-TM?7 region, shared by all
sequences. The sequences were multiply aligned with ClustalW
(Higgins et a. 1996), and the dendrogram was obtained with the
TreeView program (Page 1996). The family and subfamily classi-
fications were determined by a computerized optimization proce-
dure (Glusman et al. 2000a). B A similarity dendrogram of con-
sensus sequences of each of the 73 OR subfamilies, with family
identification numbers. The area of the circles is proportional to
the number of genes in each family. Dark and light colors respec-
tively indicate the percentage of genes and pseudogenes in each
OR family. The human beta-3 adrenergic receptor (ADRB3)
served as an outgroup. All families are class |1 except for families
51/53, which are class | (fish-like). A 10% divergence bar is
shown. The 224 OR-like protein sequences were obtained by con-
ceptual tranglation of the original DNA sequences. The OR collec-
tion included only those for which the sequence was available at
least from the 2nd to the 7th transmembrane helices and only se-
quences that bore less than 99% identity to each other. The analy-
ses were performed for segments between the 2nd to the 7th trans-
membrane helices shared by all sequences. The consensus se-
quences were multiply aligned with ClustalW (Higgins et al.
1996), and the dendrogram was obtained with the TreeView pro-
gram (Page 1996). The family and subfamily classifications were
determined by a computerized optimization procedure (Glusman et
al. 2000a). C An exponential increase of the node count in the OR
dendrogram. For each of the 223 nodes (bifurcation points) in the
dendrogram containing 224 sequences, a similarity parameter was
computed as S=50-0.5* (100-1)=0.5 I, where | is the average pair-
wise similarity among all sequences stemming from that node. The
experimental points indicate node counts (C), i.e., the number of
nodes that have Svalues within a specified range. The smooth line
isthe curve-fitted exponent C=1.18* 100929, An increment of S=10
(equal to an | increment of 20%) corresponds to an increase of C
by afactor of 1092°[R2. We have previously shown (Glusman et al.
1996) that two OR sequences with mutual similarity of 20% di-
verged 80—100 million years ago. Thus, it is inferred that the dou-
bling time of the olfactory repertoire is roughly within this time
range

cation points) in the neighbor-joining tree, asimilarity pa-
rameter was computed based on the average pairwise sim-
ilarity among all sequences stemming from the node. Un-
der the assumption of an average constant rate of mutation
along al tree branches, this parameter can be assumed to
relate linearly to divergence time. The number of bifurca-
tion points (nodes) in the tree have been found to increas
roughly exponentially with respect to afunction of thein-
creasing percent similarity. A parameter fit suggests that,
on average, the repertoire size may have doubled approx-
imately every 80 million years. A back-extrapolated OR
count of roughly 25 is computed for the arrival of air-
breathing vertebrates approximately 350 million years ago.

Analyses of the protein sequence of al 224 ORs reveal
a highly conserved protein sequence (Fig. 3). Seventy two
residues (amounting to about a quarter of the entire pro-
tein length) are above the 80% consensus line. Such con-
servation patterns are better highlighted and more statisti-
cally evident now that so many OR sequences are avail-



Fig.4A, B Schematic diagram of the OR protein structure, with
the predicted location of the membrane as a shaded box. A Amino
acid residue positions of the OR consensus sequence are grouped
and color-coded according to their typesasin Fig. 3. B Amino acid
variability index (Pilpel and Lancet 1999) calculated for each col-
umn in the multiple alignment of all 224 human ORs, grouped and

Aliphatic
Aromatic
Polar
Negative
Positive
Cysteine
Proline

Variability

color-coded with 6 degrees of diversity. Residues in the two most
conserved levels are indicated by single letter code. In addition,
the 17 hypervariable complementarity determining region (CDR)
residues of the OR protein (Pilpel and Lancet 1999) are marked by
asterisks
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able from one vertebrate species. Among the most notable
positions are seven conserved cysteines, some of which
could play arole in maintaining the structural integrity of
this 7TM protein. Whereas two of these cysteines (at po-
sitions 97 and 179) are common to al G-protein coupled
receptors (GPCRs) and are believed to form a disulfide-
link between extracellular loops 1 and 2 (Baldwin 1994),
the other five are unique to ORs. Two (Cys 170 and
Cys 189) may form another cysteine bridge, conceivably
important for the conformation of extracellular loop 2, a
domain previously proposed potentially playing arolein
olfactory axonal guidance (Singer et al. 1995). At least
two of the other three are intracellular and might therefore
be maintained in a reduced unbridging state. Some of the
conserved cysteines could underlie the known sensitivity
of the olfactory apparatus to thiols (Theimer et al. 1977;
Lancet 1986).

The length of the OR protein is highly stereotyped
(313+8 residues) suggesting functional constraints that
may prohibit larger insertions and deletions. Most of the
length deviations are in the amino- and carboxy-termi-
nals, and rare insertions (1-16 amino acids) can be found
throughout the protein length. The latter practically al-
ways occur in the loops that connect the transmembrane
helices. The seven transmembrane helices occupy more
than half of the total length of the short OR polypeptide
(Fig. 3). Nevertheless, the entire protein is less lipophilic
than expected; its longest uninterrupted run of hydropho-
bic residues is seven amino acids long. Some of the pre-
sumed transmembrane helices are atypical, being inter-
rupted by polar and charged residues, and by helix-kink-
ing prolines. No obvious signal segquence is seen, but
a prominent, highly conserved NXS/T consensus for N-
linked glycosylation is found near to the amino terminal.

In general, the intracellular half of the protein is more
positively charged and more conserved than the extracel -
lular portion (Fig.4A, B). The intracellular loops, which
probably form the G-protein interface of the OR protein,
contain some of the most immutable consensus segments,
rich in positively charged amino acids and in serine and
threonine residues, which are potentia sites for phospho-
rylation (Pilpel and Lancet 1999; Fig.4B). In contrast, the
extracellular loops, in particular the first and the third, and
the N- and C-terminals, show a relatively high inter-OR
variability.

Discussion

Two of the human OR families (51 and 53), presently en-
compassing six genes, show a significant resemblance to
OR genes in fish (Lancet and Ben-Arie 1993; Freitag et
al. 1995). These ORs have been termed class | or “fish-
like”, in contrast to the rest of the OR families that are
known asclass || (Freitag et a. 1995; Fig.2A, B). The hu-
man class | receptors may therefore be relics of an ancient
group of OR genes that survived alongside with the much
expanded set of air-breathing-type class |1 genes.
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It appears that the olfactory subgenome has expanded
steadily throughout vertebrate evolution. This is consis-
tent with results of our data mining, indicating that most
of the OR families present in humans are also found in
other vertebrates as far back as amphibians (Freitag et al.
1995; Glusman et al. 1996, 2000d). Thisfindingisaso in
line with the notion that air-breathing vertebrates have
evolved an OR repertoire distinct from that of fish (Lancet
and Ben-Arie 1993; Freitag et al. 1995).

Interestingly, the duplication time analysis depicted in
Fig.2C aso indicates a local deviation from the overall
exponential trend, forming a peak of gene duplication at
an estimated time period around 200 million years ago,
corresponding to the period of reptile dominance. The sig-
nificance of such inferred “OR radiation” will have to be
elucidated further when the complete human olfactory
subgenome is deciphered.

The general trend of exponential expansion appears to
be true only on average. A closer examination of the en-
tire OR dendrogram (Fig.2A) shows considerable asym-
metries. some families (e.g., families 2 and 5) appear to
have entered a quiescent period long ago, as indicated by
their large subfamily count and small number of genes per
subfamily (average of 3 ORs). On the other hand, family 7
has very large subfamilies, with an average of 12 ORs per
subfamily and one subfamily (7E) having nearly 50 mem-
bers (Fig. 2A, B). This suggests a family- and subfamily-
specific duplication activity, particularly during the more
recent periods of mammalian evolution.

The reported pseudogene fraction (53%—60%) is some-
what lower than the 70% previously reported (Rouquier et
al. 1998), a difference potentially stemming from the
larger statistics in the present data and differences in the
methodology for redundancy elimination. The average
prevalence of pseudogenes in families 1-6, 9, and 10 is
37%, ahigh value, but not completely out of line with that
seen in other multigene families (McCormack et al.
1993). In contrast, family 7 has a very high pseudogene
incidence with only 15% of the ORs seemingly intact.
Some of these inactive genes (mainly subfamily 7E) may
have formed directly by the duplication of an ancestral
pseudogene, as they share a common 4-bp deletion. Yet
others appear to have been individually inactivated, since
the rest of family 7 still has a high pseudogene count
(73%). This may be an extreme example of the general
OR gene loss suggested to have occurred during primate
evolution (Sharon et al. 1999; Rouquier et al. 2000).

Two basic models have been proposed for the expan-
sion of the OR repertoire (Lancet et al. 1993a; Glusman et
al. 1996; Trask et al. 1998a; Brand-Arpon et al. 1999):
one involves duplication of individua genes, and the
other, the replication of entire OR clusters. Some of the
OR clusters are heterogeneous and contain representatives
of several families and subfamilies (Fig. 1B). Thus, a sub-
family-specific expansion may be indicative of a mecha-
nism (e.g., recombination hotspots) that resides near indi-
vidual genes. This, however, does not preclude that, in
some cases, entire clusters would be duplicated, as shown
experimentally (Trask et a. 1998a; Brand-Arpon et al.
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1999). This is aso corroborated by examining a pairwise
distance distribution within and among clusters (not
shown), which shows a bimodality for the intra-cluster
pairs, suggesting a small but significant bias for within-
cluster duplication.

The lowest pairwise similarities observed in the ana-
lyzed OR collection are 20%—25% identity (Fig.2A, B).
These low values are seen for comparisons across class
and remote family boundaries. Such low scores are still
sufficient to define unequivocally any newly sequenced
coding regions such as OR genes and to distinguish OR
genes from other superfamilies of chemosensory receptor
genes.

Of gpecid interest isthe potentially functional variabil-
ity seen in some of the transmembrane helices (Fig.4B).
The binding of odorous ligands to OR proteinsislikely to
occur in hypervariable regions, as is the case for antigen
binding to immunoglobulins. On the other hand, for many
GPCRs, a pocket within the transmembrane helix barrel,
mainly delineated by TMs 2—6, has been shown to be in-
volved in ligand recognition (Baldwin 1994; Herzyk and
Hubbard 1995). Combining these criteria based on an OR
collection from several species (Pilpel and Lancet 1999),
we have recently identified 17 hypervariable residues in
the extracellular two-thirds of TM segments 3, 4, and 5 as
candidate complementarity determining regions (CDRS)
in the OR proteins. The present analysis corroborates
the proposed model, since the CDR positions also show
high variability in the extensive human-only OR arsenal
(Fig.4B).

In conclusion, the olfactory system constitutes a most
interesting model for understanding molecular recogni-
tion, signal transduction, neuronal information process-
ing, and multigene family evolution. The present analysis
of a considerable portion of the OR gene superfamily pro-
vides insights into structure and evolution. It is expected
that, in the future, afully deciphered OR repertoire should
enhance and expand these results.
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