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Human immunodeficiency virus (HIV) exhibits immunological hypervariability, which has been an obstacle to successful 
production of effective anti-HIV vaccines. In this study, we estimated patterns of nucleotide and amino acid substitutions 
in the env gene of HIVs, with the aim of finding characteristics of the mechanism which generates the immunological 
diversity of the env protein of HIVs. We found that nucleotide changes between A and G are predominant compared 
to those between other nucleotides. Since this feature is consistent with the pattern of nucleotide substitutions of other 
retroviral genes but is quite different from those of most eukaryotic genes, a high rate of nucleotide substitution between 
A and G appears to be specific for retroviruses including HIVs. We discuss the biological relationship between this biased 

substitution and the mechanism generating hypervariability of epitopes on the env protein of HIVs. 
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1. INTRODUCTION 

Human immunodeficiency virus (HIV) is 
thought to be the causative agent of acquired im- 
mune deficiency syndrome (AIDS) and AIDS- 
related complex [1-5]. It is well known that HIV 
shows a great immunological diversity which is an 
obstacle to the production of effective anti-HIV 
antibodies in a patient [6,7]. In recent years, 
nucleotide sequences of HIV genomes of various 
isolates have been determined [7-9,16]. In compar- 
ing such sequences with each other, many nucle- 
otide substitutions have been particularly observed 
on e n v  genes [10]. The high rate of nucleotide 
substitution gives rise to great immunological 
diversity in the e n v  protein in HIVs. To clarify the 
molecular mechanism of generating HIV varia- 
tions, we estimated the pattern of nucleotide and 
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amino acid substitutions for the e n v  gene of HIVs 
isolated in various locations in the world. 

Here, we show that for the e n v  gene of HIVs, the 
number of nucleotide substitutions between A and 
G is much larger than for those of other substitu- 
tions. Moreover, the high rate of nucleotide sub- 
stitution between A and G tends to cause changes 
in hydrophilic amino acids much more frequently 
than in hydrophobic amino acids. Since this 
feature of nucleotide substitutions is quite different 
from those of non-retroviral genes, it appears to be 
specific to retroviruses [12]. This specific pattern of 
nucleotide substitutions may play an important 
role in generating the immunological hypervaria- 
bility of the e n v  protein in HIVs. 

2. MATERIALS AND METHODS 

To evaluate a mutation pattern for the env gene of HIVs, we 
used the nucleotide sequences of six molecular clones of HIV 
genomes, BRU [8], BHS, HXB3, HXB2, BHIO [7] and p. v.22 
[9]. Since these clones were all derived from patients in New 
York, they are considered to be evolutionarily close to each 
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other. In fact, the phylogenetic tree of HIVs suggests that they 
have diverged from a common ancestor within a decade [10]. 
For this reason, almost all nucleotide changes between two 
isolates compared can be attributed to single nucleotide sub- 
stitutions. 

We compared nucleotide and amino acid sequences between 
the following pairs of isolates: B R U / B H 8 ,  B H S / H X B 3 ,  
HXB3/HXB2, H X B 2 / B H I O ,  B H l O / p . v . 2 2 ,  and H X B 2 /  
p . v .22 .  Because these pairs showed the closest relationships in 
the phylogenetic tree, these comparisons were made to avoid 
counting multiple nucleotide substitutions as much as possible. 
We then counted the number of nucleotide changes between the 
pairs A/G, A/C, A/T, G/C, G/T, and T/C, separately. The 
frequency of nucleotide changes is given by p(X,Y)= n x v /  
(nx+nv), where nxv represents the number of nucleotide 
changes between nucleotides X and Y, and nx and ny are the 
total numbers of nucleotides X and Y, respectively (X or Y = A, 
T, G or C). Subsequently, the relative frequency of nucleotide 
changes between X and Y is obtained from fxv= 
p(X,Y)/x ~ vp(X,Y). 

Similarly, we also determined the number of amino acid 
changes within: hydrophilic, hydrophobic, neutral amino acids; 
and between: hydrophilic/hydrophobic, hydrophilic/neutral, 
hydrophobic/neutral amino acids [14,15]. The frequency of 
amino acid changes is also given by nAa/(nA + na), where nAB is 
the number of amino acid changes between two hydropathic 
characteristics A and B (A, B = 'hydrophilic', 'hydrophobic', 
or 'neutral'), and nA and na are the total numbers of amino 

Table 1 

Relative frequencies of six types of nucleotide changes at the 1 st, 
2nd and 3rd positions of codons in the entire env  gene and in the 
extracellular and transmembrane domains of the env  protein of 

HIVs 

Nucleo- Codon position 
tide 

change 1st 2nd 3rd All 

A ~ T 15.0 (5) a 8.1 (5) 3.3 (3) 7.0 (13) 
A ,---' C 19.1 (6) 19.5 (10) 9.2 (7) 13.5 (23) 
A '--' G 54.'/(21) 36.__._Q (20) 43.._..99 (37) 42.8 (78) 
G ~ T 7.3 (2) 0.0 (0) 2.6 (2) 2.0 (4) 
G o C 3.9 (1) 16.1 (7) 15.5 (10) 13.9 (18) 
C ~ T 0.0 (0) 20.2 (10) 25.5 (18) 20.7 (28) 

Domain of the env  protein 

Extracellular Transmembrane 

A ~ T 10.5 (11) 2.5 (2) 
A ,-, C 16.1 (16) 10.4 (7) 
A ~ G 41.3 (41) 45._._55 (37) 
G ~ T 0.0 (0) 4.2 (4) 
G ~ C 7.1 (5) 21.9 (13) 
C o T 25.0 (18) 15.4 (10) 

a Numbers in parentheses show the absolute numbers of 
nucleotide changes. Values expressed as 07o 

acids which have hydropathic characteristics A and B, respec- 
tively. 

These frequencies were compared separately for the entire env  
gene and its coding regions for the extracellular and transmem- 
brane domains of the env  protein. Furthermore, nucleotide 
changes were counted separately at the 1st, 2nd and 3rd posi- 
tions of codons. 

3. RESULTS 

Table  1 lists the relative frequencies of  n u d e -  
otide changes between A / G ,  A / C ,  A / T ,  G / C ,  
G / T ,  C / T  for the entire region of the e n v  gene and  
its coding regions for the extracellular and  t rans-  
m e m b r a n e  domains  of  the e n v  prote in  of  HIVs.  
T h r o u g h o u t  these regions, we counted  the n u m b e r  
of  nucleot ide changes at the 1st, 2nd and  3rd codon 
posi t ions separately. It should be pointed out  that  
for all three codon  posi t ions in the whole e n v  

region,  the rates of  nucleot ide subs t i tu t ion  between 
A / G  were always found  to be the highest followed 
by those of  C / T .  For  the 2rid and  3rd codon posi- 
t ions,  the rates of  nucleot ide subs t i tu t ion  between 
A / G  are approx.  2-fold greater t han  those of  T / C .  
As most  of the nucleot ide subst i tu t ions  at the 3rd 
codon  posi t ion do not  cause al terat ions in the 
a mi no  acids, the pat tern  of  nucleotide changes at 
tha t  pos i t ion  can reflect the pa t te rn  of  mu ta t i on  at 
the nucleot ide level. 

At  the 1st codon  posi t ion in the e n v  gene, the 
rate of  nucleotide changes between A / G  is the 
highest bu t  no  nucleotide change between C / T  was 
found .  The absence of  nucleotide changes between 
C / T  seems to be a t t r ibutable  to r a n d o m  errors by 
a low frequency of  nucleot ide subst i tut ions  at the 
1st codon  posi t ion,  because its relative frequency 
would  become 3.9°70 if only one nucleotide change 
between C / T  had occurred. 

Table  2 shows the propor t ions  of  nucleotide 
changes at the 1st, 2nd and  3rd codon posi t ions in 

Table 2 

Proportions (°7o) of nucleotide changes at the 1st, 2nd and 3rd 
codon positions for the env  gene of HIVs 

Codon Domain of the env  protein Entire env  
position Extracellular Transmembrane region 

1st 26.4 15.5 21.2 
2nd 38...0 28.2 33.8 
3rd 35.6 56.____33 45.0 
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the e n v  gene. For the coding regions of  the ex- 
tracellular domain of  the e n v  protein, the propor-  
t ion of  nucleotide changes at the 2nd codon posi- 
tion is the highest among all codon positions. This 
feature suggests that the functional constraint 
against amino acid changes is imposed very weakly 
on the extracellular domain of  the e n v  protein, 
since all nucleotide substitutions at the 2nd codon 
position lead to amino acid changes. On the other 
hand, for the coding regions of  the t ransmembrane 
domain  of  the e n v  protein, the proport ion of  
nucleotide changes at the 3rd codon position is 
much higher than those at the other two codon 
positions. This feature suggests that the functional 
constraint against amino acid changes is strongly 
imposed on the t ransmembrane domain of  the e n v  

protein of  HIVs,  since most  of  the nucleotide 
substitutions at the 3rd codon positions are syno- 
nymous (silent). This feature also indicates that 
nucleotide substitution between A / G  can be 
generated much more frequently than other types 
of  substitutions of  HIV genomes. 

In table 3, we show the relative frequencies of  
changes among hydrophilic, hydrophobic and 
neutral amino acids for the e n v  protein of  HIVs.  
For  the extracellular domains of  the e n v  protein, 
the changes within hydrophilic amino acids and 
between hydrophilic/neutral  amino acids occur at 
much higher rates compared to other types of  
amino acid changes. For the t ransmembrane do- 
mains of  the e n v  protein, the changes within 
hydrophobic  amino acids and between hydrophi- 
l ic/neutral  amino acids also occur at much higher 
rates than other types of  amino acid changes. It is 

Table 3 

Relative frequencies of changes within or among hydrophilic, 
hydrophobic and neutral amino acids (in %) 

Amino acid Domain of the Entire env  

change a env  protein region 

Extra- Trans- 
cellular membrane 

Philic o Philic 22.4 12.7 19.6 
Philic o Neutral 27.0 38.2 30.8 
Phobic o Phobic 17.8 32.4 22.4 
Phobic ~ Neutral 13.8 8.8 11.9 
Philic ~ Phobic 13.2 7.8 11.2 
Neutral o Neutral 5.7 0.0 4.2 

Philic, phobic and neutral: hydrophilic, hydrophobic and 
neutral amino acids, respectively 

thought that most o f  these three types of  amino 
acid changes do not impair the biological function 
and structural conformat ion of  the e n v  protein. 
This is because such amino acid changes do not 
greatly alter the distribution of  electric charges on 
the e n v  protein which is important  in maintaining 
the structural conformation.  The rate of  changes 
between hydrophil ic/hydrophobic amino acids ap- 
pears to be lower vs other types of  amino acid 
changes in the extracellular and t ransmembrane 
domains.  These types of  amino acid changes often 
affect the biological function and structural con- 
format ion of  the e n v  protein, because they produce 
significantalterations in the electric charges on the 
e n v  protein. 

In table 4, we show the frequency of  four kinds 
of  nucleotides at the three codon positions when all 
61 sense codons of  the genetic code are classified 
into three groups of  codons encoding hydrophilic, 
hydrophobic and neutral amino acids. It should be 
noted that at the 2nd codon position, the codons 
for  hydrophilic amino acids contain only A or G 
and not C or T. The codons for hydrophobic 
amino acids, on the other hand, have only C or T 
and not A or G at the same position. Thus, the 
nucleotide substitutions between A / G  at the 2nd 
codon position result in changes in hydrophilic 
rather than hydrophobic amino acids. Further- 
more,  amino acid changes caused by the nucleotide 

Table 4 

Frequencies of four kinds of nucleotides at the 1st, 2nd and 3rd 
codon positions when all 61 sense codons of the genetic code are 
classified into three groups of codons encoding hydrophilic, 

hydrophobic and neutral amino acids 

Amino acid Nucleotide Codon position 

1st 2nd 3rd All 

Hydrophilic 

Hydrophobic 

Neutral 

A 6/18 12/18 5 /18  23/54 
G 4/18 6/18 5/18 15/54 
C 8/18 0/18 4/18 12/54 
T 0/18 0/18 4/18 4/54 

A 4/20 0/20 5/20 9/60 
G 8/20 0/20 5/20 13/60 
C 4/20 4/20 5/20 13/60 
T 4/20 16/20 5/20 25/60 

A 6/23 4/23 5 /23  15/69 . 
G 4/23 7/23 6/23 17/69 
C 4/23 12/23 6 /23  22/69 
T 9/23 0/23 6 /23  15/69 
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substitutions between A / G  and between C /T  (tran- 
sitions) may not greatly affect the structural con- 
formation and biological function of  proteins. This 
is because, according to the genetic code, nucle- 
otide substitutions between A / G  and between C / T  
never cause changes between hydrophilic/hydro- 
phobic amino acids. 

However, epitopes on the e n v  protein of  HIVs 
are believed to consist mainly of  hydrophilic amino 
acids. Therefore, if nucleotide substitutions be- 
tween A / G  occur much more frequently than the 
other types of substitutions in the HIV genomes, 
they would give rise to significant alterations in the 
antigenicities of the e n v  protein of HIVs. 

4. DISCUSSION 

In this study, we have examined the patterns of  
nucleotide and amino acid substitutions for the e n v  

gene of  HIVs in order to clarify the mechanism of  
generation of the immunological diversity of  the 
e n v  protein. We have found that nucleotide 
substitutions between A / G  occur much more fre- 
quently than other types. Moreover, we observed 
that according to the genetic code, codons for 
hydrophilic amino acids have only A and G at the 
2nd position where all nucleotide substitutions are 
nonsynonymous (amino acid altering), and that the 
codons for hydrophobic amino acids have only C 
and T at the same position. 

Based on these findings, we speculate that the 
immunological diversity of  HIVs is generated dur- 
ing replication of the HIV genome as a result of  
mutations between A / G  occurring much more fre- 
quently than other base changes. This is supported 
by the pattern of nucleotide substitutions for the 
g a g  gene. In fact, we also observed that for the 3rd 
codon position of  the g a g  gene the relative frequen- 
cy (60.2%) of nucleotide changes between A / G  
was the highest of  all the types of  nucleotide 
changes, and that it Was much greater than the 
relative frequency (12.3%) of nucleotide changes 
between C /T  which was the second highest. It was 
also found that for the frequency of nucleotide 
substitutions at the 3rd codon position between 
viral and cellular oncogenes, the change between 
A / G  was much more frequent than other types of 
changes [12]. For influenza viruses, on the other 
hand, the rate of  nucleotide substitutions between 
A / G  is comparable to that between C /T  [13]. The 

HIV genomes and all viral oncogenes have a 
reverse transcriptional step in their replication 
cycles whereas the influenza viruses do not. 
Recently, low fidelity of  the reverse transcription 
of  HIV has been reported [11]. For this reason, we 
speculate that the reverse transcription of  retro- 
viruses including HIVs causes nucleotide changes 
between A / G  much more frequently than other 
types of  changes. 

Since the codons for hydrophilic amino acids 
have only A and G at the 2nd position, the nucle- 
otide substitutions between A / G  can result in 
higher rates of change in hydrophilic compared to 
hydrophobic amino acids for the e n v  protein of  
HIVs. Since epitopes on the e n v  protein of  HIVs 
consist mainly of  hydrophilic amino acids, a high 
rate o f  nucleotide substitution between A / G  can 
markedly alter the antigenicities of epitopes on the 
e n v  protein without affecting the distribution of  
electric charges in it. Thus, the frequent nucleotide 
substitution between A / G  may help to generate the 
immunological hypervariability of  the e n v  protein 
in HIVs. 

In this report, we have shown the pattern of  
nucleotide and amino acid substitutions in the e n v  

gene of  HIVs and tried to explain the mechanism 
for generating the immunological diversity of 
HIVs. We believe that our findings will provide in- 
sights into studies not only on the molecular evolu- 
tion of  HIV genomes, but also on the development 
of  effective anti-HIV drugs and vaccines. 
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