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Summary. Comparison of DNA sequences of the 
rat (Rattus norvegicus) olfactory receptor gene fam 2 
ily revealed an unusual pattern of nucleotide sub- 
stitution in the gene region encoding the second ex- 
tracellular domain (E2) of the protein. In this 
domain, nonsynonymous nucleotide differences be- 
tween members of this subfamily that caused a 
change in amino acid residue polarity were over 
four times more frequent than nonsynonymous dif- 
ferences that did not cause a polarity change. This 
nonrandom pattern of nucleotide substitution is ev- 
idence of lbast directional selection favoring diver- 
sification of the E2 domain among members of this 
subfamily. This in turn suggests that E2 may play 
some important role in the functions unique to each 
member of the olfactory receptor family, and that it 
may perhaps be an odorant binding domain. 
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The duplication of genes, leading to the formation 
of families of genes whose members have distinct 
but related functions, is fundamental to adaptive 
evolution (Ohno et al. 1968; Li 1983). However, it is 
not well understood how such duplicated genes 
evolve new functions. One hypothesis is that after 
gene duplication One gene copy is redundant and 
thus is free to accumulate nonsynonymous nucle- 
otide substitutions in positions where such substi- 
tutions would be deleterious to the functional pro- 
tein. These replacements then fortuitously adapt 
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the product of this gene to a new function (Kimura 
and Ohta 1974). Alternatively, it has been argued 
that gene duplication may be followed by a burst of 
amino acid replacements fixed by directional selec- 
tion that adapt the duplicated locus to a different 
function from that of the parent locus (Goodman et 
al. 1975). In order to decide which of these two 
models of evolution is applicable to a family of rat 
(Rattus norvegicus) olfactory receptor proteins 
(Buck and Axel 1991), we examined rates of nucle- 
otide substitution in different regions of genes be- 
longing to this family. 

Functionally important regions of proteins are 
usually identified by conservation of amino acid se- 
quence. However, when members of a multigene 
family have diverged functionally, regions impor- 
tant to the specific function of each protein will not 
be conserved across all members of the family. 
Thus, it is difficult to identify such regions by se- 
quence comparison alone. If there is evidence that a 
region has undergone past adaptive evolution lead- 
ing to diversification among members of a gene fam- 
ily, such evidence suggests that the region involved 
may be important to the specific function of each 
family member. Here we present such evidence in 
the case of one of the extraceUular domains of the 
rat olfactory receptor. The evidence of past adap- 
tive evolution in this region in turn identifies it as a 
candidate odorant binding domain. 

DNA Sequences Analyzed 

The rat olfactory receptors are members of the G 
protein-coupled receptor or heptahelical superfam- 
ily (O'Dowd et al. 1989; Mollon 1991). Members of 
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this family are transmembrane proteins with the 
N-terminus extracellular and the C-terminus intra- 
cellular; there are four extracellular domains (E l -  
E4), seven transmembrane domains (T1-T7), and 
four intracellular domains (11-14). For the 10 cDNA 
sequences available for members of this family from 
the rat, we computed proportions of amino acid dif- 
ferences and numbers of nucleotide substitutions 
per site in pairwise comparisons. The sequences 
were aligned following Buck and Axel (1991); so 
that a comparable data set was used in each pair- 
wise comparison, codons where the alignment pos- 
tulated a gap were excluded from all comparisons. 
The numbers of codons analyzed in each domain 
were as follows: E1 (23); E2 (21); E3 (38); E4 (19); 
T1 (25); T2 (22); T3 (20); T4 (19); T5 (23); T6 (24); 
T7 (21); I1 (6); 12 (18); I3 (17); I4 (16). 

Results 

Phylogenetic Analysis 

Phylognentic trees of rat olfactory receptor genes 
were constructed by the neighbor-joining method 
(Saitou and Nei 1987) based on the number of non- 
synonymous substitutions per site (dy), which was 
estimated by Nei and Gojobori's (1986) method. In 
a preliminary analysis, separate phylogenetic trees 
were constructed separately for the 15 different do- 
mains in order to determine whether different gene 
regions have different phylogenetic histories. The 
only domain which differed markedly from others 
was 13. Here, we present two phylogenetic trees: a 
tree based on all domains except 13 (Fig. 1A) and a 
tree based on 13 (Fig. 1B). In domains other than 13, 
the rat olfactory proteins could be separated into 
three subfamilies, which we designate I, II, and III. 
The lengths of the internal branches separating 
these three subfamilies are all significantly nonzero 
(Fig. 1A). Subfamily III has the most representa- 
tives (six) among the available sequences; and, as 
indicated by the fact that branch lengths within the 
subfamily III cluster are shorter than branch lengths 
within the other two subfamilies (Fig. 1A), the 
available sequences from subfamily III are more 
closely related to each other than are members of 
the other two subfamilies. 

In 13, the subfamily III gene F5 clusters with 
subfamily I. This clustering is not statistically sig- 
nificant, but the number of nucleotide sites in this 
domain is quite small. If it is not simply the result of 
chance, the resemblance of F5 to subfamily I in I3 
might be explained by either of these two hypothe- 
ses: (1) an interlocus recombinational event, involv- 
ing a mechanism such as exon-shuffling or gene 

conversion, has given F5 an 13 sequence originating 
from subfamily I; or (2) F5 has come to resemble 
subfamily I in the 13 region through convergent evo- 
lution. On the former hypothesis but not the latter, 
F5 would be expected to resemble subfamily I se- 
quences at synonymous sites as well as nonsynon- 
ymous sites. Unfortunately, synonymous sites are 
almost saturated in comparisons among these 
genes; thus the number of synonymous substitu- 
tions per site cannot be estimated accurately for 
most comparisons among these genes (data not 
shown). Thus it is not at present possible to decide 
between these two hypotheses. 

Adaptive Evolution of Protein Domains 

Table 1 shows mean percent amino acid difference 
(p) in the 15 domains for comparisons within and 
among the three subfamilies. None of the four ex- 
tracellular domains consistently showed any differ- 
ence in extent of conservation from the other re- 
gions analyzed (Table 1). Likewise, none of the 
intracellular domains was consistently more con- 
served than the others, while among the transmem- 
brane domains, the most consistent tendency was 
to conserve T2 (Table 1). The consistent conserva- 
tion of T2 both within and between subfamilies sug- 
gests that this domain may play an important func- 
tional role common to all members of the family. 

In order to test further for differences among re- 
gions, we applied a method of examining the extent 
to which amino acid properties are conserved 
(Hughes et al. 1990). This method divides nonsyn- 
onymous (amino-acid-altering) nucleotide differ- 
ences into those that are conservative and those 
that are radical (nonconservative) with respect to an 
amino acid residue property of interest. Each non- 
synonymous site (or fractional site, as defined by 
Nei and Gojobori 1986) is classified as a conserva- 
tive or radical site (or some fraction conservative 
and some fraction radical), and the number of con- 
servative nonsynonymous differences per site (PNc) 
and the number of radical nonsynonymous differ- 
ences per site (PNR) are calculated, ff in a given 
region PNC > PNR, amino acid replacements have 
occurred in such a way as to conserve the amino 
acid property. On the other hand, if PNR > PNC, 
amino acid replacements causing a change in the 
amino acid property have occurred at a greater rate 
than expected under random substitution; thus, P~R 
> PNC is evidence of positive selection acting to 
change the amino acid properties of a protein re- 
gion. 

The presence of polar groups characterizes many 
odorants known from behavioral data to be recog- 
nized by mammals (Wheeler 1977, Beets 1978). 
Thus, we reasoned that interaction of olfactory re- 
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Fig. 1. A Phylogenetic tree of coding regions (excluding the I3 domain) of 10 cDNAs sequences from rat olfactory receptor genes 
based on number of nonsynonymous nucleotide substitutions per site site (dN) in 287 aligned codons. Tests of significance of internal 
branches (Li 1989): *P < .05; **P < .01; ***P < .001. B Phylogenetic tree of 13 domain from the same genes (17 aligned codons). 

ceptors with different volatile compounds might in- 
volve patterns of residue polarity. We computed 
mean PNc and PNR with respect to residue polarity 
in comparisons among and within subfamilies of rat 
olfactory protein genes (Table 2). In E2, in the com- 
parison among subfamily III sequences, PNR was 
over four times Pr~c, and the difference between the 
two was highly significant statistically (Table 2). In 
other comparisons, PNR in E2 was not significantly 

different from Pnc. However, PNR in E2 was always 
considerably higher than PNR in the other extracel- 
lular domains or in the transmembrane or intracel- 
lular domains, whereas PNc in E2 was generally 
very similar to PNc in these other regions (Table 2). 
On the other hand, in El ,  E3, and E4 and in the 
transmembrane and intracellular portions, Pnc al- 
ways exceeded PNR, and this difference was statis- 
tically significant in a majority of cases (Table 2). 
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Table 1. Mean percent amino acid difference (p) (~-S.E.) in comparisons of different domains in three subfamilies of rat olfacto- 
ry proteins a 

Domain I vs I I vs II I vs III II vs II II vs III IlI vs III 

E1 65.2 +- 9.9* 67.4 ± 8.5* 70.7 - 9.3 56.5 --- 10.3"** 68.5 ±- 9.5 38.8 ± 6.7*** 
E2 61.9 --- 10.6' 66.7 ± 10.1' 65.5 --- 9.7 33.3 - 10.3 54.4 --- 9.8*** 27.4 ± 5.1"* 
E3 42.1 +- 8.0 71.1 ±- 7.7** 49.8 ± 7.0 42.1 ± 8.0** 63.4 ± 7.7* 27.4 +- 5.1"* 
E4 76.9 --+ 11.7'* 86.6 --- 12.2"* 85.3 --- 12.0' 53.9 --- 13.8'* 74.4 ±- 12.5"* 41.5 ± 8.2*** 
T1 64.0 ± 9.6* 56.0 --- 8.9 55.0 ± 7.9 28.0 ± 9.0 43.0 ± 7.8** 30.9 ± 6.2** 
T2 31.8 --- 9.9 38.6 --- 9.3 50.0 -+ 10.1 13.6 ± 7.3 27.7 ± 7.8 10.3 ± 3.9 
T3 30.0 - 10.2 56.3 ± 10.5 50.8 --- 9.7 40.0 --- 11.0' 45.0 --- 7.8 36.3 --- 7.5** 
T4 57.9 - 11.3 76.3 - 10.6'* 76.3 ± 10.5 52.6 ± 11.5"* 56.6 ± 8.9* 48.1 ± 8.3*** 
T5 65.2 ± 9.9* 80.4 +- 9.4** 75.4 ± 9.4 56.5 ± 10.3"** 71.0 ± 9.5*** 44.9 ±- 7.1"** 
T6 37.5 ± 9.9 49.0 ± 9.6 46.2 --- 0.9 12.5 ± 6.8 30.9 ± 8.0 16.1 --- 4.7 
T7 57.1 ± 10.8 48.8 ± 9.9 52.8 ± 9.4 9.5 ± 6.4 25.3 ± 7.7 16.2 ± 5.2 
I1 66.7 ± 19.2 58.3 ± 17.2 68.1 --- 18.9 50.0 -+ 20.4 25.4 ± 7.7 16.2 ± 5.2 
I2 50.0 ±- 11.8 38.9 - 8.5 38.9 ± 8.9 27.8 ± 10.6 36.6 --- 9.2 22.6 --- 6.2 
I3 52.9 ± 12.1 73.4 ± 11.6" 66.7 --- 10.1 23.5 -+ 10.3 62.7 ± 11.3" 62.7 ± 11.3"** 
I4 37.5 ±- 12.1 43.8 - 9.5 52.6 ± 10.8 50.0 --- 12.5" 56.3 ± 10.6" 56.3 ± 10.6'** 

a Standard errors were computed by Nei and Jin's (1989) method. Tests of significance of the difference between p and that in T2: *P 
< .05; * * P <  .01; * * * P <  .001 

Table 2. Mean percent conservative (PNc) and radical (PNR) nonsynonymous nucleotide difference with respect to ,amino acid residue 
polarity (±S.E.), in comparisons among rat olfactory protein gene subfamilies a 

E2 El ,  E3, E4 

Comparison PNc PNR PNC PNR 

I vs I 39.8 - 9.0 45.1 ±- 11.8 39.1 -+ 6.4 23.8 --- 7.9 
vs II 46.2 - 7.8 34.1 - 10.1 36.5 z 4.6 17.1 ± 5.7** 
vs III 44.2 ± 7.3 45.1 ± 10.1 41.0 ± 5.3 26.3 ± 5.6 

II vs II 20.9 ± 6.8 13.7 ± 9.0 34.6 ± 5.9 7.2 ± 4.9*** 
II vs III 38.1 ± 7.6 33.1 ± 9.4 32.8 ± 5.9 20.8 ± 6.2 

III vs III 14.2 ± 3.5 57.4 ± 12.4"** 15.5 ± 2.9 16.1 ± 4.2 

Transmembrane Intracellular 

Comparison PNC PNR PNC PNR 

I vs I 39.7 --- 3.4 23.2 ± 3.6*** 42.1 --- 5.6 26.4 ± 6.5 
I vs II 44.1 ± 3.1 31.3 --- 3.6** 44.6 --- 4.6 23.4 ± 5.1"* 
I vs III 43.0 ± 2:9 31.0 --- 3,5** 45.6 --- 4.6 27.4 ± 4.6** 

II vs II 20.5 ± 2.8 8.6 ± 2.4** 29.6 ± 4.8 7.2 ± 4.0*** 
II vs III 31.8 +- 2.5 22.7 ± 3.2* 36.4 ±- 4.2 24.6 +- 5.6 

III vs III 19.4 ± 1.7 11.5 -+ 1.7'* 20.1 ± 2.7 17.5 ± 3.4 

a Amino acids were categorized as nonpolar (A, F, I, L, M, P, V, W) or polar (all others). Any nonsynonymous difference leading to 
a change in polarity was counted as a radical difference (Hughes et al. 1990). Tests of significance of the difference between PNC and 
PNR: *P < .05; **P < ,01; ***P < .001 

I n  c e r t a i n  c o m p a r i s o n s  a m o n g  c l o s e l y  r e l a t e d  

s u b f a m i l y  I I I  s e q u e n c e s ,  e v e r y  a m i n o  a c i d  d i f f e r -  

e n c e  in  E 2  i n v o l v e d  a p o l a r i t y  d i f f e r e n c e  (F ig .  2A) .  

H o w e v e r ,  in  c o m p a r i s o n s  b e t w e e n  E 2  d o m a i n s  o f  

m o r e  d i s t a n t l y  r e l a t e d  o l f a c t o r y  p r o t e i n s ,  t h e  p r o -  

p o r t i o n  o f  a m i n o  a c i d  d i f f e r e n c e s  in t h i s  r e g i o n  t h a t  

i n v o l v e d  a p o l a r i t y  d i f f e r e n c e  w a s  l o w e r  (F ig .  2A) .  

A s  a c o r i s e q u e n c e ,  t h e r e  w a s  a n e g a t i v e  r e l a t i o n s h i p  

b e t w e e n  t h e  e v o l u t i o n a r y  d i s t a n c e  b e t w e e n  t w o  ol-  

f a c t o r y  p r o t e i n s  (as  m e a s u r e d  b y  t h e  p r o p o r t i o n  

a m i n o  a c i d  d i f f e r e n c e  b e t w e e n t h e m )  a n d  t h e  p r o -  

p o r t i o n  o f  a m i n o  a c i d  d i f f e r e n c e s  in  E 2  t h a t  in- 

v o l v e d  a p o l a r i t y  d i f f e r e n c e  (F ig .  2A) .  In  E l ,  E 3 ,  

a n d  E 4 ,  e x a c t l y  t h e  o p p o s i t e  r e l a t i o n s h i p  h e l d ,  

H e r e ,  t h e  p r o p o r t i o n  o f  a m i n o  a c i d  d i f f e r e n c e s  t h a t  

i n v o l v e d  a p o l a r i t y  d i f f e r e n c e  w a s  p o s i t i v e l y  r e l a t e d  

to  t h e  e v o l u t i o n a r y  d i s t a n c e  b e t w e e n  t w o  p r o t e i n s  

(F ig .  2B) .  

Discussion 

T h e  r e s u l t s  s u g g e s t  t h a t  t h e r e  h a s  b e e n  p a s t  d i r e c -  

t i o n a l  s e l e c t i o n  to  d i v e r s i f y  p o l a r i t y  p r o f i l e  in  t h e  E 2  
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AMINO ACID DIFFERENCE 

The proportion of amino acid differences which involve 
a polarity change (ordinate) in E2 (A) and in El ,  E3, and E4 (B) 
plotted against the mean proportion amino acid difference in the 
entire molecule (abscis.sa) for all pairwise comparisons among 10 
rat olfactory proteins. Linear regression lines are drawn in each 
case. In A, r = -0.624; in B, r = 0.629. 

domain of different members of the rat olfactory 
receptor gene family. The data on polarity differ- 
ences in E2 of subfamily III members are consistent 
with the hypothesis that within this subfamily there 
has been a relatively rapid burst of positively se- 
lected amino acid replacements shortly after gene 
duplication (Goodman et al. 1975). On the other 
hand, comparisons between more distantly related 
genes suggest that, once functional divergence in 
E2 is achieved between two olfactory receptors, 
such directional selection no longer is present, and 
fixation of neutral mutants becomes the predomi- 
nant mode of evolution. Such a process of evolution 
would explain the negative relationship between ev- 
olutionary distance and the proportion of amino 
acid changes involving a polarity change that is seen 
in the case of E2 (Fig. 2A). It would also explain 
why PNR with respect to polarity in E2 greatly ex- 
ceeds PNC when the closely related members of sub- 
family III are compared, yet why PNC seems to have 
become equal to PNR when more distantly related 

sequences are compared. In El ,  E3, and E4, how- 
ever, the pattern is what would be expected under 
neutral evolution, with two proteins gradually ac- 
cumulating more polarity differences as they di- 
verge (Fig. 2B). 

It would be difficult to explain the significant bias 
toward nonsynonymous differences causing a po- 
larity change in E2 in comparisons among subfamily 
III genes on Kimura and Ohta 's  (1974) model 
whereby gene duplication is followed by a period in 
which one gene copy accumulates amino acid dif- 
ferences essentially without constraint. On this 
model, one might indeed expect that, shortly after 
gene duplication, certain nonsynonymous substitu- 
tions causing a polarity difference in E2 might occur 
by chance. But nonsynonymous changes in E2 not 
causing a polarity difference would be equally likely 
to  o c c u r .  

This need not imply that Kimura and Ohta's 
model of evolution of new function after a period 
without function is not applicable in other cases. 
Indeed, this model seems well suited to explain cer- 
tain cases reported in the literature. One example is 
the discovery that an interleukin 1 receptor antag- 
onist is a member of the interleukin 1 gene family 
(Eisenberg et al. 1991). It is easy to imagine how a 
duplicate interleukin gene could have accumulated 
ordinarily deleterious mutations that would cause it 
to block the interleukin receptor without triggering 
an appropriate response and yet how, if appropri- 
ately regulated, such an antagonist molecule could 
play a useful role. 

The mode of evolution seen in the case of the rat 
olfactory receptors may in fact be rather excep- 
tional. It is perhaps significant that the best- 
documented cases of positive Darwinian selection 
at the molecular level have involved proteins play- 
ing a role in recognition of other molecules (Hughes 
and Nei 1988, 1989; Lee and Vacquier 1992) or in 
evading such recognition (Hughes 1991). Since the 
rat olfactory receptors have presumably diversified 
under selection favoring the ability to bind a wide 
variety of odorant molecules (Buck and Axel 1991), 
it is not surprising to see evidence of positive selec- 
tion favoring diversification within this family. 

The fact that the E2 domain is the focus of this 
selection suggests that E2 may play a role in odor- 
ant molecule recognition, perhaps as an odorant 
binding domain. Experimental evidence will be re- 
quired to test this hypothesis. It is already known 
that I3 plays a role in interaction with the G protein 
(Hamm et al. 1988; Kobilka et al. 1988). Thus, the 
process of recombination or convergent evolution 
whereby I3 of F5 has come to resemble those of 
subfamily I (Fig. 1B) may have adaptive signifi- 
cance in that a novel receptor type has arisen which 
combines an E2 domain characteristic of subfamily 
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III with an 13 domain resembling subfamily I. Fur- 
thermore, the finding of adaptive evolution in the 
case of the rat olfactory receptors is of interest in 
that it provides evidence at the molecular level in 
support of the classical ethological hypothesis that 
genes affecting behavioral traits can be subject to 
adaptive evolution (Tinbergen 1951) 
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