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Every functional protein appears to have some conserved amino acids which are critically
important to the basic structure and function of the protein and thus under purifying selection.
Some proteins also have variable amino acids which, when changed, offer a selective
advantage, and thus undergo adaptive evolution.  These amino acids are also important to the
structure and function of the protein, although in a different way.  It seems that the selective
pressure in every protein varies among sites.  Maximum likelihood models developed
recently for comparison of silent and replacement nucleotide substitution rates allow for
variable selective pressures among amino acid sites, and provide a powerful approach to
studying the evolutionary process of protein-coding genes.  This paper applies the likelihood
models to analyze a data set of 186 HIV-1 gp120 env gene sequences for comparison with a
previous analysis of the same data set.  The maximum likelihood analysis identified a number
of sites under positive selection, some in the conserved regions of the protein.

1  Introduction

The HIV-1 env gene is one of the best-known examples of molecular adaptation
(e.g., [1-4]).  The envelope glycoprotein interacts with the receptors on target cells
in the host, and amino acids involved in such interactions are expected to be
constrained by purifying selection to maintain viral infectivity.  On the other hand,
the same viral protein is involved in immune recognition by the host, and amino acid
changes resulting in viral escape from the host immune surveillance will be at a
selective advantage.  Such evolutionary changes will be promoted by Darwinian
selection.  Positive selection in the HIV-1 env gene has been demonstrated by viral
escape experiments [5, 6] and by the observed higher nonsynonymous  (amino acid-
altering, dN) than synonymous (silent, dS) substitution rates [1, 4].

Comparison of synonymous and nonsynonymous substitution rates provides an
important means for studying the selective pressure on a protein.  The
nonsynonymous/synonymous substitution rate ratio (ω = dN/dS) provides a sensitive
measure of selective pressure on the protein, with values of ω = 1, > 1 and < 1
indicating neutral evolution, positive (diversifying) selection and negative
(purifying) selection, respectively.  Note that the definition of ω accounts for the fact
that more nonsynonymous than synonymous mutations are expected due to the
structure of the genetic code.  Most previous studies calculated the dN and dS rates
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(and their ratio ω) by averaging over all sites and ignored the fact that the selective
pressure varies among amino acid sites.  As many amino acids may be under strong
structural or functional constraints with very small dN or ω and adaptive evolution
likely affects only a few amino acids, such analysis rarely found ω ratios >1 or
detected positive selection [7].  Some genes showed similar synonymous and
nonsynonymous rates and similar rates at the three codon positions and were thus
falsely claimed to be completely neutral [8, 9], while the patterns in fact reflect
strong diversifying selection at a few sites and purifying selection at others.

Recent efforts have focused on methods that account for variable selective
pressures among sites.  Fitch et al. [10] and Suzuki and Gojobori [11] reconstructed
sequences in extinct ancestors using parsimony and counted synonymous and
nonsynonymous changes along the phylogeny at each site to determine which sites
have undergone excessive nonsynonymous substitutions and may thus be under
positive selection.  Nielsen and Yang [12] and Yang et al. [13] developed
probabilistic models of codon substitution that allow for variable ω ratios among
sites and implemented them in the likelihood framework.  The method uses a
statistical distribution to describe the variation of ω among sties; that is,  there are
several classes of sites in the sequence, which have different ω ratios.  We use the
likelihood ratio test to determine whether allowing for sites with ω > 1 significantly
improves the fit of the model to data.  If the ω ratio for any site class is > 1, we use
the Bayes theorem to calculate the (posterior) probability that each site, given its
data, is from such a site class.  Sites with high probabilities are inferred to be under
positive selection (see [12, 13] for details of the models).  The maximum likelihood
(ML) method has several advantages.  The substitution model accounts for
important features of DNA sequence evolution that are often ignored by other
methods, such as biased transition and transversion rates and biased codon usage.
The model naturally accounts for the genetic code, and the probability theory
underlying the method corrects for multiple hits properly.  Applications of the ML
method to real data suggest that the method is powerful in detecting adaptive
evolution at a few sites in a background of purifying selection [12-14].  For example,
in an analysis of HIV-1 nef gene, Zanotto et al. [15] detected a number of sites under
positive selection, many of which corresponded to previously-identified epitopes,
while both pairwise comparison and sliding window analysis failed.

The data sets analyzed in most of the studies mentioned above are relatively
small.  Recently, Yang [16] made some improvements to the ML algorithm,
enabling the method to be applied to large data sets of a few hundred sequences.  In
this paper, I use the ML method to reanalyze the data set of Yamaguchi-Kabata and
Gojobori [4] containing 186 HIV-1 gp120 env gene sequences.  The env gene is well
characterized and provides a good test example.  It is also interesting to compare the
ML analysis with the previous analysis [4], which used inferred ancestral sequences
to count synonymous and nonsynonymous changes at each site along the tree [11].
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2  Data and Methods

The data consisted of 186 HIV-1 env gene (gp120) sequences from subtype B,
aligned and analyzed by Yamaguchi-Kabata and Gojobori [4].  Since my analysis
does not require inference of ancestral sequences, I did not use the outgroup
subtype-D sequence those authors used.  The reference sequence for numbering
amino acid positions is from strain HXBc2 (K03455).  Following Yamaguchi-
Kabata and Gojobori, sites involving alignment gaps are removed, with 421 codons
left in each sequence.  Those sites are identified in figure 1, together with the amino
acids in the reference HXBc2 sequence.  Site 31T is removed in the present analysis,
although it was used and found to be under positive selection by Yamaguchi-Kabata
and Gojobori [4].

The methods of Nei and Gojobori [17] and Yang and Nielsen [18] are used to to
perform pairwise comparison to calculate the numbers of synonymous (dS) and
nonsynonymous (dN) substitutions per site and the number of nucleotide substitutions
per codon (t), resulting in three distance matrices for each method.  The neighbor-
joining method [19] was used to infer phylogenies from each distance matrix, with
the neighbor program of the PHYLIP package used [20].  The resulting six trees
were evaluated using the baseml program in the PAML package [21], with
different substitution rates, transition/transversion rate ratios, and base frequencies
assumed for the three codon positions.  The tree based on the t distance from the
method of Yang and Nielsen [18] had the highest likelihood and was used in fitting
codon-substitution models later.  The estimated substitution rates at the three codon
positions are in proportions 1 : 0.87 : 1.28, while the transition/transversion rate
ratios for the three positions are κ = 2.98, 3.26, and 4.68.

Codon-substitution models that allow the selective pressure, indicated by the ω
ratio, to vary among sites are fitted to the sequence data by ML [13].  Parameters
involved in those models are explained below in the Results section.  The codeml
program in the PAML package [21] is used.

3  Results

3.1 Pairwise Sequence Comparison

Estimates of synonymous (dS) and nonsynonymous (dN) substitution rates in pairwise
comparisons of the 186 sequences are plotted in figure 1.  The method of Yang and
Nielsen [18] is used.  In some pairs, dN > dS, while in the majority of comparisons,
dN < dS.  As those distances are averages over all sites in the sequence, they are not
very informative about the selective pressures exerted on the protein.  However, it is
noteworthy that the calculated dN/dS ratios are much higher than in most other
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