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observation prompted the conclusion that the 
extracellular domains of the MRG receptor family have 
experienced strong positive selection. 

The PBL method is based on the number of 
transitional and transversional substitutions on the 0-fold 
degenerate sites (where any nucleotide substitution leads 
to a nonsynonymous substitution, e.g., the second codon 
position), 2-fold degenerate sites (where one nucleotide 
substitution, typically a transition, is synonymous, and 
the other two nucleotide substitutions are 
nonsynonymous; e.g., the third codon position of lysine 
codons AAA and AAG), and 4-fold degenerate sites 
(where any nucleotide substitution is synonymous, e.g., 
the third codon position of glycine codons GGA, GGC, 
GGG, and GGU). The equations for computing the 
window-specific Kaw and Ksw under PBL method are 
as follows: 
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where L0w, L2w, and L4w are the numbers of 0-fold, 2-
fold, and 4-fold degenerate sites, and Aiw and Biw are 
the numbers of transitional and transversional 
substitutions per i-fold degenerate site, respectively, in 
the given window, w. 

In the practical application of the PBL method, Ksw 
may often become 0 when the window size is small 
and/or when the closely-related sequences are 
compared.  In this case, investigators will compute the 
Kaw/Ks ratio (where Ks is estimated from the whole 
sequence comparison), rather than the window-specific 
Kaw/Ksw ratios. The Kaw/Ks profile for the MRG gene 
family was obtained in this way 8.  Thus, any fluctuation 
seen in Kaw/Ks is simply the fluctuation of Kaw (Fig. 
1).  

We observed that Kaw/Ks fluctuation for MRG 
sequences was associated negatively with the number of 
4-fold degenerate sites in a window (L4w).  This 
negative correlation is highly significant (Pearson r = -
0.45246, P = 0.003; Fig 1) and means that codons in the 
extracellular domains contain a rather small number of 
4-fold degenerate 3rd codon positions.  A survey of the 
amino acid composition of extracellular domains 
provides the answer: extracellular domains contain (and 
require) hydrophilic (polar) amino acids that are mostly 
coded by 2-fold degenerate codons (we restrict �polar 

amino acids� to refer to the eight strongly polar amino 
acids only, i.e., Arg, Asn, Asp, Glu, Gln, Ser, Lys, and 
His).  The negative correlation between the window-
specific L4w and the number of polar amino acids (Npw) 
is also statistically highly significant (Fig. 2; Pearson r = 
-0.5946, P < 10-5). 
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Fig. 1. Kaw/Ks increases with decreasing L4W. The Kaw/Ks 
curve is identical to that in Fig. 2a in ref. 8 for MRGX1 vs 
MRGX4. The number of 4-fold degenerate sites (L4) is 
superimposed for easy comparison. Shaded areas mark the 
extracellular domains. The analysis is performed with DAMBE 
24, 25 

 
The negative association between L4w and Kaw in 

the extracellular domains, which implies that 
nonsynonymous substitutions at the extracellular 
domains mainly occur at 2-fold degenerate sites, points 
to a reason for the higher Kaw in the extracellular 
domains. The nonsynonymous substitutions at the 2-fold 
degenerate sites involve amino acids that are 
biochemically more similar to each other than those at 
the 0-fold degenerate positions. This can be seen by 
considering the extent of amino acid dissimilarity, which 
can be measured by Grantham�s 26 or Miyata�s 
biochemical distance 27. Grantham�s distance is based on 
the chemical composition of the side chain, the volume 
and the polarity of the amino acid residues, whereas 
Miyata�s distance is based on the volume and polarity 
only. It is well established that amino acid pairs with a 
small Grantham�s or Miyata�s distance replace each 
other more often than those with a large Grantham�s or 
Miyata�s distance 28. With this we address the question 
of whether amino acid substitutions at the 2-fold 
degenerate sites have smaller Grantham�s or Miyata�s 
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distance. Among the 196 possible codon substitutions 
involving a single nucleotide change for the universal 
genetic code 28, 58 are transversions at the 2nd codon 
position (i.e., 0-fold degenerate site), with the average 
Grantham�s 26 distance between the two involved amino 
acids equal to 102.48.  In contrast, 24 nonsynonymous 
transversions at the third codon position and 56 
nonsynonymous transversions at the first codon position 
(i.e., 2-fold degenerate site) have an average Grantham�s 
distance equal to only 67.67 and 69.27, respectively. A 
similar trend is observed with Miyata�s distance 27.  
These Grantham dissimilarity values are close to those 
reported for interspecific variation in many different 
proteins 28-30.  
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Fig. 2. The increased number of polar amino acids (Npw) in the 
extracellular domains results in low L4w values (a), leading to 
significant negative correlation between L4w and Npw (b). Based 
on comparisons between MRGX1 and MRGX4. Only strongly 
polar amino acids (Arg, Asn, Asp, Glu, Gln, Ser, Lys, His) were 
included. The shaded areas mark extracellular domains. 
 

The observations mentioned above suggest that an 
increase in the number of 2-fold degenerate positions in 
a sliding window increases the opportunity for 
nonsynonymous substitutions involving more similar 
amino acids that would be subjected to less intense 
purifying selection and would yield elevated fixation 
rates of nonsynonymous mutations. This possibility is 

supported by the fact that some of the polar amino acids 
(present in high frequency in the extracellular domains) 
have high substitution rates.  For example, Serine is 
known to be the fastest-evolving amino acid in the PAM 
and JTT substitution matrices 31, 32.  

In the windows with the highest Kaw/Ks peak in 
Fig. 1 (corresponding to the second shaded extracellular 
domain), six of the eight serine residues are involved in 
nonsynonymous substitutions. The MRGX1 and 
MRGX4 sequences code for 194 strongly polar amino 
acids, with 50 (25.8%) involved in nonsynonymous 
substitutions, which is in contrast to the 450 non-polar 
or weakly-polar amino acids with only 86 (19.1%) 
involved in the nonsynonymous substitutions. In short, 
the high Kaw/Ks peaks associated with the extracellular 
domains in the MRG gene family may be attributed, at 
least partially, to the biochemical constraint that 
extracellular domains need to have a high frequency of 
polar amino acids, i.e., it may not be necessary to invoke 
positive selection. 

3.   SIMULATIONS CONFIRMING THE 
ASSOCIATION BETWEEN HIGHER 
Kaw/Ks RATIO AND INCREASED 
FREQUENCY OF POLAR AMINO 
ACIDS 

While the above-mentioned properties of extracellular 
domains explain the elevation of Kaw, they do not 
explain why Kaw/Ks ratio is greater than 1 for some 
peaks.  In order to investigate how this can happen, we 
examined the effects of the overabundance of codons 
coding for polar amino acids (hereafter referred to as 
PAA-coding codons) on the estimation of Ks and Ka 
values.  We simulated the evolution of protein-coding 
genes with codon frequencies derived from MRGX1 and 
MRGX4 sequences by using the Evolver program in 
PAML (abacus.gene.ucl.ac.uk/software/paml.html).  

We set transition/transversion ratio (κ) = 2, 
sequence length = 90, the branch length = 1.5 nucleotide 
substitutions per codon, and omega = 1 (i.e., no 
differential selection against synonymous and 
nonsynonymous substitutions). We performed two types 
of simulations, designated MorePolarAA and 
FewerPolarAA, that differ only in the frequencies of 
codons coding for the polar amino acids. The codon 
frequencies used in these two types of simulations differ 
as follows. First, the codon frequencies for the MRGX1 
and MRGX4 sequences used in Choi and Lahn 8 were 
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obtained. Second, designating PPAA.i.obs as the observed 
frequency of ith PAA-coding codon in the two 
sequences, the PPAA.i value equals (10/11)*PPAA.i.obs in 
the MorePolarAA simulation and (1/11)* PPAA.i.obs in the 
FewerPolarAA simulation. Thus, the PAA-coding 
codons are 10-fold more frequent in the MorePolarAA 
simulation than in the FewerPolarAA simulation. A 10-
fold difference such as this is not drastic because, for the 
window-specific codon frequencies, the extreme values 
for the frequencies of PAA-coding codons are 3.3% and 
63.3%, respectively (a nearly 20-fold difference) in 
MRG genes 8. The codon frequencies for non PAA-
coding frequencies are the same for the two types of 
simulations. 

Each simulation was repeated 150 times, and the 
Ka, Ks and Ka/Ks ratios were calculated.  The use of 
PBL method on these simulated data produced a mean 
Ka/Ks of 1.22 for the MorePolarAA simulation, and 
0.79 for the FewPolarAA simulation (t = 5.1372, df = 
298, P = 0.0000). Thus, those Kaw/Ks peaks may be 
caused at least partially by the presence of high 
frequencies of codons coding for polar amino acids in 
the extracellular domains.  Therefore, we conclude that 
the heterogeneous distribution of polar amino acids 
along the protein sequences and the problem with 
estimating Ka/Ks for short sequences may generate 
spurious peaks and valleys in the Ka/Ks profiles not 
indicative of positive selection. 

The association between the extracellular domains 
of the MRG gene family and the high Kaw/Ks peaks 8 
may be interpreted in two ways. First, it is possible that 
these domains are under positive selection, but it is also 
possible that these domains carry high frequencies of 
polar amino acids because of the hydrophilic necessity 
of being extracellular.  In the second case, the high 
Kaw/Ks peaks may simply arise because of higher 
intrinsic mutability of polar amino acids.  Unless we can 
exclude the second possibility, it is prudent to refrain 
from interpreting the existence of high Kaw/Ks peaks as 
evidence in favor of positive selection. 

4.   DISCUSSION 
How robust are our conclusions drawn from the analysis 
of the MRG genes using the PBL method? In particular, 
do other methods suffer the same problem as the PBL 
method? Our answer is positive because the high 
Kaw/Ks peaks for the extracellular domains of the MRG 
genes are also recovered when other statistical methods 

are used (Fig. 3). Therefore, the potentially erroneous 
interpretation that extracellular domains (which contain 
an overabundance of polar amino acids) are subject to 
positive selection will be made using many different 
existing methods, as they all suffer from the similar 
biases caused by the heterogeneous distribution of polar 
amino acids along the protein sequences. 
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Fig. 3. The window-specific Kaw/Ks values between the MRGX1 vs 
MRGX4 sequences, estimated by four different methods: YN00 13, 
Codeml 34, PBL 11, 12 and modified Nei-Gojobori  4, pp. 57-59. 
 

The association between the statistically-detected 
positive selection and polar amino acids is not restricted 
to the MRG gene family. This is evident from results of 
our examination of data from a recent study in which 
positive selection was inferred in protein-coding genes 
from HIV1 genomes 33. Amino acid sites statistically 
inferred to be under positive selection tend to be 
occupied by polar amino acids. In particular, amino acid 
sites inferred with a greater posterior probability have a 
greater chance of being occupied by polar amino acids. 
For example, polar amino acids account for 41.88% of 
all amino acids coded in the reference HIV1 sequence 
HXB2 33, but 49.55% of all amino acids at the positively 
selected sites detected with the posterior probability P ≥ 
0.90, and 59.52% of all amino acids at the positively-
selected sites detected with the posterior probability P ≥ 
0.95 (data from Table 3 in ref. 33). The pattern is even 
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stronger for the env gene, which harbours the 
overwhelming majority of the statistically-detected 
positively-selected sites. Polar amino acids account for 
40.54% of all amino acids coded in this gene, but 
52.46% of all amino acids at the positively selected sites 
detected with the posterior probability P ≥ 0.90, and 
68.97% of all amino acids at the positively selected sites 
detected with the posterior probability P ≥ 0.95 (data 
from Table 3 in ref. 33). These results well exemplify the 
association between an increased Ka and a high 
frequency of polar amino acids. 

The result from the HIV protein-coding genes is 
particularly noteworthy because the method used to 
detect positive selection is not the sliding-window 
approach, but a more recently developed site-specific 
approach 35. We may therefore conclude that positively 
selected sites detected by current statistical methods 
should be interpreted cautiously. In particular, we 
suggest that statistically detected �positively selected 
sites� by qualified with the word �putative�.  
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