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ABSTRACT: The human olfactory subgenome represents several hundred olfactory re-
ceptor (OR) genes in a dozen or more clusters on several chromosomes. One OR gene clus-
ter on human chromosome 17 has been characterized by us in detail. Based on a large-
scale DNA sequence analysis, we have identified events of gene duplication and fusion as
well as the generation of pseudogenes. The latter instances of ‘gene death’ could under-
lie the widespread phenomenon of human specific anosmias. Sixteen OR coding regions
were found on this cluster, and six of them are pseudogenes. One of these pseudogenes,
OR17-23, was found to be an intact open reading frame in an old world monkey. This may
be a reflection of an OR repertoire diminution in man. A homology model of the OR pro-
tein was constructed by utilizing the rich information available on ~ 200 OR sequences.
The putative odorant complementarity determining regions (CDR) was found to consist
of 20 hypervariable residues facing an interior caving defined by transmembrane helices
3, 4 and 5. Such a model could be useful in analyzing additional OR gene sequences in the
human genome in terms of odorant binding.

INTRODUCTION

Multigene families are divided into two main types: variant and invariant gene fam-
ilies.! Invariant multigene families constitute multiple identical copies of the same gene,
and in some instances may be correlated with the need to synthesize increased amounts
of a gene product. Representative examples include the genes for ribosomal RNA? and
histones.? Variant multigene families consist of genes that are similar to each other, but
differ in their sequence to some extent. A representative example is the immunoglobu-
lin gene family.* In both types of families, gene conversion and unequal crossing-over
are thought to be the two most important mechanisms that account for concerted evo-
lution.>¢

The main force that accounts for gene family expansion is gene duplication, followed
by a concerted evolution mechanism in which selection acts on each member of the gene
family with regard to the other family members. Acceleration of nonsynonymous sub-
stitution is often found to be related to gene duplication, which causes one of the copies
to diverge gradually and become a new functional gene or a functionless pseudogene.”

Olfactory receptor {OR) genes are an outstandingly variant multigene family, with
100-1000 genes per genome. While most biological receptors evolved to perform a spe-
cific recognition function, the OR gene product repertoire interacts with practically all
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volatile chemicals, constituting millions different odorous chemicals. The currently
known collection of OR genes can be grouped into more than 20 gene families, whose
members share 25-97 percent of amino acid identity, thus formally constituting a gene
superfamily.® OR proteins are seven-transmembrane domain, G protein-coupled re-
ceptors (GPCRs),>"! 304-333 amino acids long. ORs are expressed mainly in the ol-
factory epithelium, where each cell expresses only one OR gene!? and even just one al-
lele at a given locus.!® This expression pattern is believed to provide the molecular basis
of odor sensitivity and discrimination.'*!!

The mammalian genomes contain several hundred OR genes, which are organized
in several clusters.'>!® The collection of all genomic regions that code for ORs has been
named the olfactory subgenome.!” In the human genome, several OR clusters have
been studied: in addition to the presently described cluster on chromosome 17,!>!8 OR
clusters have been reported on chromosome 3, chromosome 6, chromosome 11,%
chromosome 14 (L. Hood, personal communication), and chromosome 19?2 (Olsen, A.,
D. Lancet & S. Horn-Saban, in preparation).

The rapid expansion of the number of known OR sequences, and accumulation of
structural knowledge in many other GPCRs, has made it now possible to employ novel
bioinformatics tools to the problem of OR structural modeling. This has led to our ac-
curate identification of the variable site of ORs which may constitute the odorant com-
plementarity determining regions (CDR), analogous to the antigen binding site in im-
munoglobulins.?

THE OR CLUSTER ON HUMAN CHROMOSOME 17

The OR cluster on human chromosome 17 (17p13)" includes at least 16 OR genes.
Previously, a detailed study was reported by us, which included the sequence analysis
of cosmid 39, located in the center of the cluster.’® This analysis revealed two OR genes
(OR17-40 and OR17-228) and two OR pseudogenes (OR17-24 and OR17-25), all be-
longing to the same subfamily (3A). The two genes were found to have evolved by an-
cient tandem duplication, about 100 million years old, of an 11-kb-long fragment, po-
tentially mediated by recombination between mammalian-wide interspersed repeats
(MIRs). Sequence analysis of the large duplication revealed evidence for the presence
of a long upstream intron and a conserved, putative control region. The two pseudo-
genes were found to be fused by nonhomologous recombination. This study served as
a template for the more extensive elucidation of the entire chromosome 17 OR cluster.

In the original report'> OR genes were mapped according to their presence in, or ab-
sence from, the various cosmids, and the resolution level of their tentative locations was
+ 5kb. At present, of the 10 cosmids selected as a minimal set that cover the cluster, four
are fully sequenced (cosmids 39, 46, 58 and 73), four are in finishing stages (cosmids 17,
26, 32 and D53), and one is in the shotgun stage (cosmid 68). Currently, about 300 kb
of sequence are available.?

With the almost complete sequence data, the map is brought to its maximal reso-
lution: the exact location and orientation for all 16 OR coding regions is now available
(F1G. 1). No other non-OR genes were identified within the cluster. Sequence analysis
revealed five previously undetected OR coding regions (OR17-1, OR17-7, OR17-25,
OR17-30, and OR17-208). Of the 16 OR genes identified, six are pseudogenes. The
open reading frames of these pseudogenes are interrupted by base deletions (OR17-1,
OR17-23, and OR17-210), base substitution lead to a premature stop codon (OR17-
208), gene fusion (OR17-24) or a combination of gene fusion and base deletions
(OR17-25). Analysis of the sequences available from this cluster revealed a putative evo-
lutionary dynamics, by which genes may have been born by duplication, and become
inactive by gene fusion, base substitutions or base deletions (F1G. 2). In this proposed



184 ANNALS NEW YORK ACADEMY OF SCIENCES

I N R N N N R N S S Y S R i —_ Je—
QUG A RROOLD B ——m— m N = == ) > » W
L= bibsbibe o Wk b o == =3 — W

Chromosome 17

228 24
93 201 2 1 7 30 23 40 25 31 4 210 209 208
y VoW v v

} - The position and direction of OR coding regions

b
? - A pseudogene ()

FIGURE 1. The olfactory receptor cluster located on human 17p13. Upper part, human chro-
mosome 17 with numbers indicating the cytological bands. Lower part, cluster map. OR genes are
denoted by trivial names and their orientations are represented by arrow heads. Pseudogenes are
marked by P.
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model, the OR ancestral genes were duplicated to form clusters. Further expansion of
the OR repertoire may have occurred by the generation of new clusters by large-scale
duplications.

The OR coding regions located on the chromosome 17 OR cluster as well as iden-
tified ORs elsewhere in the human genome were multiply aligned, and the resulted
evolutionary tree is presented in FIGURE 3. The chromosome 17 OR genes belong to
four subfamilies of family 1 (1D, 1E, 1G, 1P) and one subfamily of family 3 (3A).
Subfamily 3A has only five known members in the human genome, all of which are lo-
cated on this cluster. Subfamilies 1G and 1P contain only one human OR member
each (OR17-209 and OR17-208, respectively) and subfamily 1E contains three human
genes, all located on this cluster. This evolutionary tree pattern shows that the OR
genes located on chromosome 17 originated from at least two ancestral genes, and rep-
resent a relatively specialized segment of the human OR repertoire.

THE EVOLUTION OF THE OLFACTORY RECEPTOR
PSEUDOGENE OR17-23

Pseudogenes have been found in almost every gene family that has been examined
in detail.>*?» Nonfunctional pseudogenes may be involved in gene conversion events
and thus serve as variability donors to the functional gene pool.* On the other hand,
pseudogenes can be corrected by gene conversion events and return to be functional.”’

At least 35% of all known human OR coding regions are pseudogenes, mainly due
to base deletions or insertions, which cause frameshifts and premature stop codons. One
specific human OR pseudogene in the chromosome 17 cluster, OR17-23, is of partic-
ular interest. OR17-23 belongs to the subfamily 1D (F1c. 3), which contains five other
known members, three of them located on the same cluster (17-4, 17-30, and 17-31). Se-
quence analysis of the members of this subfamily revealed that OR17-23 sustained two
single base deletions: 496delG and 846delT, which cause a frameshift and therefore a
premature stop codon. An intriguing question is how long ago did this variation arise?
Our working hypothesis is that the human olfactory subgenome has undergone a rel-
atively recent contraction, following a relaxation of the selective advantage of a keen
sense of smell. In other words, many pseudogenes in humans may be active functional
genes in lower mammals.

In order to shed light on this question, we have launched a study of OR genes in dif-
ferent primates. The coding regions of the orthologous genes (same gene loci in differ-
ent species) for OR17-23 were sequenced from one ape (gorilla) and one old world
monkey (macaque). Two potential alleles were cloned and sequenced from one gorilla
individual. Both alleles share the same base deletions as the human ortholog; however,
they differ from one another by six base substitutions and an internal duplication of 17
bp present only in allele #2 (F1c. 4A,B). Sequencing the PCR product from one
macaque individual revealed two potential alleles, both of which have an intact open
reading frames and differ in three base substitutions.

According to the above results, it is reasonable to assume that the human and go-
rilla orthologs have a common ancestor that contains the two base deletions, while the
old world monkeys appear to have diverged from these species before the occurrence of
the two deletions. Thus, the two base deletions, Gdel496 and Tdel846, are estimated to
have happened between 8 to 31 million years ago, after the divergence time between old
world monkeys and apes but before the divergence time between gorilla and human.
This finding may represent one instance of the diminution of the OR repertoire in
higher primates.
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FIGURE 4. (A) Multiple alignment of human OR17-23, its orthologs from gorilla and macaque,
and its paralog (human OR17-30). For clarity, the only complete sequence shown is the human
OR17-23; nucleotides are shown for other genes at positions where the sequence differs from that
of human OR17-23. Gaps, represented by ‘-’, were introduced to minimize nucleotide differences
among aligned sequences.

A STRUCTURAL MODEL OF THE OLFACTORY RECEPTOR PROTEIN

A recent effort in our laboratory has utilized the large amount of available infor-
mation on OR protein sequences to shed new light on the potential structure of odor-
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ants and G protein binding sites.”> An amino acid variability profile was generated
based on the multiple sequence alignment of 197 ORs from human, rat, mouse, dog and
fish. This has lead to a definition of the relatively conserved sites of ORs, a subset of
which is common also to other GPCRs. Among the OR-unique sites are the conserved
motifs in the second and third intracellular loops that are implicated in G protein bind-
ing and specificity in other GPCRs (FiG. SA). In addition, four cysteines are implicated
in two OR-unique S-S bridges, one within extracellular loop 2, and the other between
intracellular loops 2 and 3 (F1G. 5A). Such additional S-S bridges could be important
for an enhanced structural stability of the OR proteins, known to be located only a few
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(B) The evolution of pseudogene OR17-23 in primates. The evolutionary tree is based on the nu-
cleotide sequences of OR17-23 in human, gorilla, and macaque with OR17-30 as outgroup.
Pseudogenes are underlined. Genomic DNA was isolated from blood of two monkeys provided by
the Israeli Safari Zoo: a gorilla ( Gorilla gorilla) individual and a macaque ( Macaca fascicularis)
individual. The polymerase chain reaction (PCR) primers used were: upper—ATTTGTTGGT-
GTTAATGTTGC and lower—CACTTCAATGCCCAAAATTAC. PCR products were cloned
and sequenced using the standard procedures. Sequences were aligned using the ClustalW pro-
gram.? Accession numbers: OR17-23: U04679; OR17-30: U04681.
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FIGURE 5. (A) Schematic flattened diagram of the OR protein. The set of the 20 variable posi-
tions that constitute the putative CDR on transmembrane segments 3, 4, and 5 are shown in
dark. These positions are mainly clustered along one side of each helix. Highly conserved positions
are either unique to ORs (‘encircled in black) or conserved in all GPCRs (‘encircled in gray). Pu-
tative cycteins bridges are marked in black line (unique to ORs) or gray line (conserved in all
GPCRs). (B) A two-dimensional schematic representation of the OR protein, an extracellular
view. The putative CDR residues are shown by circles. Positions populated mainly by hydropho-
bic side chains are marked with white circles, while positions populated mainly by hydrophylic side
chains are marked with “*”. A schematic odorant is shown on the putative binding site.
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micrometers away from the external environment and thus exposed to more extreme
temperature and pH changes.

In order to study the structure of the odorant binding site, to identify potential
odorant contact residues, and to examine the notion that they should harbor excess in-
tersequence variability,*!! we have constructed a homology-derived three-dimensional
model for OR proteins, using rhodopsin as a template. Amino acid variability analy-
sis confirmed that the transmembranal segments 3, 4, and S are highly variable (Fic.
5A).

Significant new insight has been subsequently obtained by performing a Fourier
analysis on the patterns of sequence variability. This analysis has indicated that most
of the variability is positioned along one side of these helices (Fic. 5A,B). Superim-
posing the variability information onto the three-dimensional model suggests that
many of the variable residues may face the interior of the receptor barrel. The set of 20
interior-facing, variable residues thus defined is proposed to serve as the odorant com-
plementarity determining region (CDR), in analogy to immunoglobulins.?® This pre-
diction is further supported by the finding that a considerable portion of the proposed
OR CDR residues overlap, in a multiple alignment, with ligand-binding residues iden-
tified experimentally in other GPCRs.

Importantly, there exists a subset of variable OR positions with no such corre-
spondence to ligand-binding positions in other GPCRs. This suggests the existence of
a specialized ligand pocket unique to olfactory receptors, located in the cleft between
transmembranal segments 4 and 5 (FiG. 5B). The existence of such an OR-unique lig-
and binding interface has important implications to our general understanding of
GPCR function. In the future, when ligands are identified for specific ORs our pro-
posed structural model could be verified.
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