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ABSTRACT Human immunodeficiency virus type 1
evolves rapidly, and random base change is thought to act as
a major factor in this evolution. However, segments of the viral
genome differ in their variability: there is the highly variable
eny gene, particularly hypervariable regions located within
eny, and, in contrast, the conservative gag and pol genes.
Computer analysis of the nucleotide sequences of human
immunodeficiency virus type 1 isolates reveals that base sub-
stitution in this virus is nonrandom and affected by local
nucleotide sequences. Certain local sequences 6 base pairs long
are excessively frequent in the hypervariable regions. These
sequences exhibit base-substitution hotspots at specific posi-
tions in their 6 bases. The hotspots tend to be nonsilent letters
of codons in the hypervariable regions—thus leading to marked
amino acid substitutions there. Conversely, in the conservative
gag and pol genes the hotspots tend to be silent letters because
of a difference in codon frame from the hypervariable regions.
Furthermore, base substitutions in the local sequences that
frequently appear in the conservative genes occurred at a low
level, even within the variable env. Thus, despite the high
variability of this virus, the conservative genes and their
products could be conserved. These may be some of the
strategies evolved in human immunodeficiency virus type 1 to
allow for positive-selection pressures, such as the host immune
system, and negative-selection pressures on the conservative
gene products.

The human immunodeficiency virus type 1 (HIV-1) has been
shown to be the causative agent in AIDS (1, 2). Extensive
genotypic variation—in particular, the presence of hyper-
variable regions in the extracellular envelope glycoprotein
gp120—has been firmly established as a prominent feature of
this virus (3-8). Sequence changes in the serial virus isolates
taken from a single patient (WMJ) were almost exclusively
nucleotide base substitutions (7). Such substitution, caused
by HIV-1 reverse transcriptase (RT), has hence been as-
sumed to be the primary mechanism for genomic change in
this virus (7), although the rate-limiting step of mutations in
HIV-1 variation has not been established. Another finding
was that the env gene of this virus, encoding gp120 and the
transmembrane envelope glycoprotein gp41, was more highly
variable than the gag and pol genes, which encode the core
proteins and the RT and endonuclease (3—8). The difference
in variability between the env gene and the conservative
genes gag and pol is generally thought to result from natural
selection after random base changes.

The hypervariable regions, however, aid HIV-1 in evading
positive-selection pressures, such as the host immune system
(3, 4), whereas the conservative genes act under negative-
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selection pressures because mutations in those genes put this
virus under great reproductive disadvantages. The effect of
these selection pressures, hence, would be bolstered were the
initial mutations in these genes nonrandom. In fact, despite
the general idea of random base changes, previous data
suggest that base substitutions are not random (4, 7). Fur-
thermore, nonrandom mutations affected by local nucleotide
sequences when HIV-1 RT acts as DNA-dependent DNA
polymerase in vitro have been seen by Roberts et al. (9) and
Bebenek et al. (10), with an assay system for the fidelity of
DNA synthesis in vitro. These results suggest that HIV-1 RT
could have its own specific local sequence in vivo that leads
it to frequently cause single-base substitutions. If that were
the operable cause, the specific sequence could be expected
to appear at a higher frequency in the hypervariable regions
and, therefore, could characterize the hypervariable regions.
To test this hypothesis, local sequences in excess within
the hypervariable regions and those in the other genes were
identified by computer analysis of nucleotide sequences of
the HIV-1 genome. To classify the excess sequences and
characterize the genes, I used the cyclic set defined by
circular permutation of local sequences. Each gene can be
characterized by the cyclic set of sequences composed of
purine/pyrimidines six nucleotides in length (6-mers). Fur-
thermore, error spectra of the 6-mers within env were esti-
mated, and codon frames of 6-mers were tested in each gene.
The data suggest that local nucleotide sequences in vivo
affect base misreading by HIV-1 RT and that this virus has
strategies for positive- and negative-selection pressures.

MATERIALS AND METHODS

Strains. I selected, considering geographical variations, six
sample strains from the AIDS data base (8) for analysis of
local sequences that are in excess: BRU, MN, RF, SF2, ELI,
and MAL. The hypervariable regions and the conservative—
i.e., not hypervariable—regions in the coding region of gp120
are called gpI120-h and gp120-c, respectively, in all. The five
regions of the genome sequences of the strains were ana-
lyzed: gp120-h, gp120-c, gp41 (the coding region of gp4l),
gag, and pol. The strains were used for testing codon frames
of the 6-mers in the regions. I used the env gene variation
among strains WMJ1, WMJ2, and WMJ3, serially taken from
a single patient (7) for estimating error spectra of the 6-mers.

Abbreviations: HIV-1, human immunodeficiency virus type 1; RT,
reverse transcriptase; gpl120-h, hypervariable regions in the i
region of the extracellular envelope glycoprotein gp120; gp120-c,
conservative regions in the coding region of gpl120; gp4l, coding
region of the transmembrane envelope glycoprotein gp4l; 4-se-
quences, local sequences composed of adenine, cytosine, guanine,
and thymine; 2-sequences, local sequences composed of one purine
and one pyrimidine; n-mer, 2-sequence n bases long.
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Nomenclature and Lengths of Local Sequences. Local se-
quences generated by the concatenation of the four nucleo-
tide residues adenine, cytosine, guanine, and thymine are
called 4-sequences—e.g., the dinucleotide AG is a 4-se-
quence in a length of two. Those local sequences composed
of two residues, purines and pyrimidines, are called 2-se-
quences, and 2-sequences n base pairs long are called n-mers.

The hypervariable regions gpl120-h of each sample strain
have only 280-300 bases in total, and the possible numbers
of 4- and 2-sequences in lengths of four and eight, which
appear, as expected, more than once in gp120-h, are both 256.
Accordingly, 4-sequences in lengths of one to four and
2-sequences in lengths of one to eight were analyzed.

Estimating Frequency of a Local Sequence in Length n. In
the whole sequence of a sample strain (L base pairs long),
when a local sequence j in length n occurs p times, the
frequency f; of the sequence j was expressed by a percentage:

fi=[p x100/(L = n+1)}%, (1]

where (L — n + 1) is the total number of occurrences of the
local sequences n base pairs long in the whole sequence.

The frequency F; of sequence j in the whole sequence of
HIV-1, as a viral species, was estimated in the form of the
mean value of f; among sample strains. The frequency R; of
the sequence jin region R of HIV-1 genome was also obtained
in the same way.

Extracting Excess Local Sequences in a Region. I have
subtracted the frequency F; of sequence j in the whole
sequence from R; in a region R: R; — F;. An excess of local
sequence in the region is defined as that which has a positive
value after subtraction—that is, appears significantly at a
higher frequency in the region than in the whole sequence (P
< 0.025, by the paired-sample ¢ test).

Cyclic Sets and Their Frequency Diversities. The cyclic set,
an unusual concept in molecular biology, presented here
characterizes the nucleotide sequence. For example, in the
sequence composed of three types of nucleotide bases,
a;a,a32;a,a32,3,232;2,a;3, the local sequence ajaa; occurs
three times, and aa;a; and asa,a,, defined by the circular
permutation of a;a,a;, a;aa; — aa;a; —> a3a;a,, occur two
times. These local sequences construct the cyclic set {a;a,as,
a,asa;, a;a,a,}. In a length of six, a;ajas;a;aa; and all other
members in the cyclic set defined by the circular permutation
of a;a,a;a;a,a; also occur in the sequence. In lengths of four
and five, however, no cyclic set whose members all occur in
the sequence is found (e.g., a;a;a;a;, aza;a;a,, and a,a,a,a;,
defined by the circular permutation of a;a,a;a,, do not occur).
Thus, the sequence is characterized by the two cyclic sets in
lengths of three and six, but it is not characterized by any
cyclic set in lengths of four and five. As shown here, the
nucleotide sequence is characterized by cyclic sets.

I express a homo-residue cyclic set composed of a single
sequence by putting brackets around the sequence and a
hetero-residue cyclic set by putting brackets around the one
that is the alphabetically youngest in the set. For example,
the homo-residue cyclic set {AAA} is expressed as [AAA]:
the hetero-residue cyclic set {AAG, AGA, GAA}is expressed
as [AAG]; and {uuy, uyu, yuu}* is expressed as [uuy].

The members of a hetero-residue cyclic set would appear
at a different frequency in a region of the nucleotide se-
quence. The ratio between the largest and smallest in fre-
quencies of members is called the frequency diversity of the
cyclic set. When the above example sequence is longer, the
frequency diversities of the characteristic cyclic sets in
lengths of three and six nearly equal 1.0, while conversely,
the frequency diversity of a noncharacteristic set, for exam-

*In this paper the nonstandard abbreviations u and y are used for
purine and pyrimidine, respectively.
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ple, [a;a,a1a,], is very large. In each length, in the frequency
diversities of the sets, the largest and the smallest are called
the maximum and the minimum frequency diversities in
length.

Excess Cyclic Sets for a Region. I have categorized a specific
cyclic set all members of which are excess sequences in a
region as an excess cyclic set for the region. When the excess
set for a region is composed of hetero-residues, the more
nearly equal to 1.0 its frequency diversity is, the more
characteristic the set is for the region. Conversely, in pro-
portion to its frequency diversity, the set becomes less
characteristic for the region.

Estimating Error Spectrums of 6-mers. Focusing on base
substitutions [because sequence changes in WMJ strain ge-
nome variations have been almost solely base substitutions
(7] 1 estimated error spectra of the 6-mers within env from
the variations. It was assumed that the consensus sequence
among the variations was their ancestor and that a 6-mer j
occurred p; times in it. When bases at position i of the 6-mer
Jj in the consensus were substituted for other ones in the env
sequence of a WMJ strain, the base substitutions were
counted as ones occurring in the strain. When v is the
number of counted base substitutions at the position occur-
ring in the strain, the mutation frequency m;; at position i of
6-mer j in the strain was defined as follows:

my; = v;;/p;. [2]

After normalizing the maximum frequency of m; in the strain
to 1.0, the mean value of m; among the variations was used
for the mutation frequency at position i of the 6-mer j within
env of HIV-1.

Error Spectrums of Cyclic Sets. A cyclic set of the 6-mers
defines a single cyclic permutation. The mutation frequency
at each position of the 6-mers in the cyclic set, hence, can be
presented in the form of the mean value among them at the
corresponding position of the cyclic permutation—that is, the
error spectrum of the cyclic permutation. I have defined the
error spectrum of a cyclic set by that of the cyclic permuta-
tion and defined the mutation frequency of the cyclic set by
the total of mutation frequencies at the six positions of the
cyclic permutation. The presentation is advantageous to
discuss mutation frequencies of excess local sequences and
gene variabilities, which is to follow.

RESULTS AND DISCUSSION

Frequency Distributions of 4- and 2-Sequences and Fre-
quency Diversities of Hetero-residue Cyclic Sets. I first tested
frequencies of 4-sequences in lengths of one to four through-
out the entire HIV-1 sequence. BRU, a sample strain of
HIV-1, contains 3289 adenines, 1656 cytosines, 2232 gua-
nines, and 2052 thymines in the whole sequence (8). Accord-
ingly, in a length of two, from the nucleotide ratio the
dinucleotide CC would be predicted to appear in the lowest-
level frequency in the whole sequence but, instead, the
dinucleotide CG appeared at the lowest level, as reported by
Ohno and Yomo (11) (data not shown). When 4-sequences
were grouped by cyclic sets, their frequencies varied more
widely in a hetero-residue cyclic set—in particular, those that
have the 4-sequences containing CG. Moreover, in propor-
tion to length, both minimum and maximum frequency di-
versities increased. In each length, frequency diversities
were 1.024 of [AT] and 5.122 of [CG], 1.056 of [ACT] and
6.514 of [ACG], and 1.125 of [ACCT] and 42.024 of [ACGT].

Conversely, each member of the hetero-residue cyclic set
of shorter 2-sequences showed almost the same frequency in
the whole sequence, and even the sets in lengths of seven and
eight showed narrower variation of frequencies than those of
4-sequences in lengths of two to four. In a length of two, the
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frequency diversity of the single hetero-residue cyclic set [uy]
was 1.000. In lengths of three to eight, the minimum and the
maximum frequency diversities were 1.099 of [uuy] and 1.150
of [uyyl], 1.017 of [uuuy] and 1.127 of [uyyy], 1.219 of [uuuuy]
and 1.466 of [uuuyuy], 1.013 of [uuyuuy] and 1.735 of
[uyyyyyl, 1.223 of [uuuuuuy] and 2.217 of [uyyyyyy], and
1.056 of [uuuyuuuy] and 3.117 of [uyyyyyyy]. As compared
with 4-sequences, the maximum frequency diversity also
increased with length; but the minimum one in even-base
pair-length was <1.06, and the minimum frequency diversity
in odd-base pair-length was >1.09 and increased with length.
In particular, the smallest frequency diversity in lengths of
three to eight was 1.013 of the 6-base-long set [uuyuuy].

Excess Cyclic Sets for the Hypervariable Regions. Fig. 1
summarizes that the cyclic sets [A], [AA], [AT], [AAC],
[AAT], and [ACT] were in excess in the hypervariable
regions gpl20-h, and for the length of four no excess cyclic
set was found for gp120-h. However, except for [AAT] and
[ACT] these cyclic sets also were specific for other regions;
[A] and [AA] were in excess in gp120-c, gag, and pol; [AT]
was in excess in gpl20-c and pol; and [AAC] was in excess
in gp120-c. Therefore, the cyclic sets [AAT] and [ACT] were
characteristic for gp120-h to distinguish it from other regions
and suggest that a length of three is specific for HIV-1.

As for 2-sequences, the cyclic sets [u], [uu], [uy], [uuy],
and [uuyuuy] were in excess in gp120-h; in other lengths no
excess cyclic set was found for gp120-h (Fig. 1). However, [u]
and [uu] were also in excess in gag and pol; [uy] was in excess

gp120-h gp120-¢ gp41 9ag pol
1 [Al [AL [T] [G], (M [Al [C] [A]
[AA], [AC]
[CG], [€T] [AA], [CC]
2 | (AL [AT) {?I} 6" | e | ieal [AAL [AT]
[AAA], [AAC]
[AAC]), [AAT] [CTG), [CTT] | [AAA], [AGC] | [AAA], [AGT]
3 [ACT) %?TTH [eeel [GGG]), [GGT] | [CCC], [GGG] | [ATG], [ATT]
[AAAA]
ok EAAGG]] [AAAA]
[ACAC]
4 No [ATAT) {ggﬁ} [AGCC) [AAAC]
[ccec) [cecec) [AACT]
[GTGT) [TTTT]
[LARRS]
1 [u] Iyl Iyl [u] [u]
2 | {uy), fuy] [uy] lyyl [uu] {uu)
3 [uuy] No [yyy] [uuu] [uuu], [uuy]
[uyyy] {uuuu) [uuuy)
Yl M Lyl (yyyy] [yyyy] (uuuy]
[uuuuy] [uuuuy]
s No No luyym) Iyyyyy) fuuuuy]
fuuuuuu]
6 [uuyuuy] [uyuyuy] [uyyuyy] tyyyyyyl [uuuuuu]
[uuuuuuu)
7 No {:uzuzuy} No {;;UUWL;] [uuuuuuy]
yuyuyy. YYYyy. [uuuuuyy]
[uuuuuuuu)
8 No [uyuyuyuy] No yyyyyywyl [uuuyuuuy]

FiG.1. Excesscyclic sets for the five regions. Numbers in the left
column are lengths of sequences. Hypervariable regions gp120-h
have no excess cyclic set of 4-sequences in the length of four or of
2-sequences in the lengths of four, five, seven, and eight. In each
length, gag and pol had excess cyclic sets, and the homo-residue
cyclic sets of 2-sequences were characteristic for gag. For gp120-c,
no excess cyclic set was found in 3-mers and 5-mers; and for gp41,
no excess cyclic set was found in 7-mers and 8-mers.
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in gp120-c; and [uuy] was in excess in pol. The set [uuyuuy],
hence, was the only one excess cyclic set for gp120-h that
distinguished it from other regions, and this result suggests
that a length of six is also characteristic for this virus. In the
length, in addition to the 6-mers of [uuyuuy], uuuuyu and four
6-mers of [uuyuyy] were significantly in excess in gp120-h.

Excess Cyclic Sets Reveal the Importance of a Length of Six
of 2-Sequences. A length of six of 2-sequences is much more
specific for this virus than a length of three of 4-sequences.
Fig. 1 shows that each of the three regions gp120-h, gp120-c,
and gp41 in env displayed a distinguishable excess in cyclic
sets of 2-sequences only in the length of six. The frequency
diversities of the excess sets were <1.2; the largest was 1.193
of [uuyuuy] in gp120-h. In the length the gag and the pol
regions also have one or two excess, but homo-residue,
cyclic sets of 2-sequences. Hence, the HIV-1 genome dis-
plays significant differences in 2-sequences in a length of six
among the five regions. By contrast, the regions have many
excess cyclic sets of 4-sequences in a length of three, and the
frequency diversities of the excess hetero-residue sets in each
region were >1.2 (the smallest was 1.232 of [ACT] in gp120-
h). These results suggest that the cyclic sets of 2-sequences
6 bases long are more characteristic for this virus than those
of 4-sequences 3 bases long.

Furthermore, Fig. 1 shows that the hetero-residue cyclic
sets containing one or two pyrimidines were characteristic for
pol, but the region has no excess hetero-residue cyclic set in
a length of six. The length of six is the largest one in which
the gp41 region has excess cyclic sets. As stated, in the entire
genome sequence, the smallest frequency diversity in lengths
of three to eight was of [uuyuuy], and it is very surprising that
the set was the one in excess for gp120-h. Thus, the results
presented here suggest that a length of six of 2-sequences is
important for this virus. Moreover, tRNA molecules recog-
nize wobble bases at the third letters of codons and distin-
guish codons by the presence not of the four bases but of
purine/pyrimidine (12-14). For these reasons I suggest that
2-sequences, in particular 6 base pairs long (6-mers), are
better than 4-sequences to analyze error spectra in the HIV-1
genome.

Error Spectra Suggest That HIV-1 RT Base Substitutions
Are Affected by Local Sequences in the Length of Six. Fig. 2
shows error spectra of cyclic sets of 6-mers estimated from
strain WMJ env variations (error spectra of 6-mers are
omitted). In Fig. 2 the error spectra of the cyclic sets differ
from each other. In other words, Fig. 2 suggests that even
only a single-base alteration in 6-mers could cause a different
error spectrum. For example, the two cyclic sets [uuyuyy]
and [uyyuyy] differ in the second letter, and their error
spectra differ. The purines of uyy in [uuyuyy] had almost no
change, but the ones in [uyyuyy] showed transitions. The
first pyrimidines of uyy in [uuyuyy] showed high-level trans-
versions, but the ones in [uyyuyy] showed low-level trans-
versions. Thus, the present results suggest that HIV-1 RT is
error-prone to cause base substitutions at specific positions
during in vivo replication of the viral genome interacting with
6-mers. Furthermore, they suggest a difference in error-
proneness of HIV-1 RT between when it acts as a RNA-
dependent DNA polymerase and when it acts as a DNA-
dependent polymerase (e.g., compare the error spectrum of
[uuuuuu] with that of [yyyyyy]).

Excess of Highly Variable 6-mers and Deficiency of Conser-
vative 6-mers in gp120-h May Be One Reason Why gp120-h Is
Hypervariable. Although the molecular basis of nonrandom
hypervariability of the type presented here is unknown, the
effects on the variability and evolution of HIV-1 might be
interpreted as follows. Fig. 2 shows that the cyclic set
[uuyuuy] excess for gp120-h had the highest mutation fre-
quency as a cyclic set within the WMJ env. [uuyuyy], of
which most 6-mers, as already mentioned, excessively ap-
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peared in gp120-h, had the second highest frequency of any
cyclic set within the env. In particular, at the first purines of
subsequences uuy in [uuyuuy] and the second ones of uuy in
[uuyuyy], transitions occurred at a much higher level; the
purines were, hence, base-substitution hotspots. The first
pyrimidines of uyy in [uuyuyy] also showed high-level trans-
versions and were base-substitution hotspots. Conversely,
most 6-mers in [uuuyyy], [uuyyyyl, [uyyyyyl, and [yyyyyyl,
in which mutations rarely occurred, seldom appeared in
gp120-h (data not shown). Thus, excess of the 6-mers in the
highly variable cyclic sets [uuyuuy] and [uuyuyy] and defi-
ciency of the conservative 6-mers in gp120-h may be a reason
why gp120-h is hypervariable.

In contrast, [yyyyyyl, which appeared excessively in gag
(Fig. 1), changed at the lowest frequency as a cyclic set—i.e.,
the most conservative, even within strain WMJ env. The set
[uuuuuu], in excess for gag and pol, also changed at a lower
level than [uuyuuy] and [uuyuyy], even within env. The
excess 6-mers of [uuuuuu] and [yyyyyy] and their low-level
mutations might explain a part of the gene conservation.

Codon Frames of Excess 6-mers for gpl20-h Differ Between
Hypervariable Regions and Conservative Genes. Besides ex-
cess, deficiency, and mutation frequency of the local se-
quences, structure—function relationships in the gene prod-
ucts also decide their variabilities. Because the hotspots in
the 6-mers of the highly variable sets [uuyuuy] and [uuyuyy]
would seriously affect the relationships according to their
positions in codons, I tested three types of codon frames of
the 6-mers: 123123, 231231, and 312312. There was a definite
one-sided bias: 75-95% of the 6-mers in gp120-h made uuy
and uyy codons (Fig. 3). Besides the 6-mers of the sets,
gp120-h had many 6-mers in which the codon tended to be
one-sided to make uuy and uyy codons (data of the 6-mers of
[uyyuyy] are shown in Fig. 3, and data of the 6-mers of the
other cyclic sets are not shown). In particular, 95-100% of the
6-mers of [uyyuyy] corresponded to codon frames that make
uyy codons (Fig. 3), whereas in gag and pol most 6-mers of
[uuyuuy], [uuyuyy], and [uyyuyy] (50-70% of the 6-mers)
made uyu and yyu codons (Fig. 3). That is, most of the first,
second, and third letters of uuy and uyy codons in gp120-h

corresponded to the third, first, and second letters of uyu and
yyu codons in gag and pol, respectively. The hotspots, the
purines of uuy and the first pyrimidines of uyy in the 6-mers
of [uuyuuy] and [uuyuyy], therefore, would alter the amino
acids in different fashions in the hypervariable regions of the
envelope glycoprotein gp120 and in the conservative gag and
pol products. In the next section, amino acid changes caused
by the hotspots are discussed.

Amino Acid Changes Caused by the Hotspots are Nonsilent
in the Hypervariable Regions and Are Relatively Silent in gag
and pol Products. Amino acid changes caused by hotspots in
the hypervariable regions must be discussed relative to
function of the regions. The potential N-linked glycosylation
sites (Asn-Xaa-Ser/Thr), which occur more frequently in the
regions are important for this virus because the oligosaccha-
rides of gp120 have been candidates for viral attachment and
addressing factors in the host (15-17), and change of the
location or number of the sites could adjust the virus to
various host-specific or tissue-specific properties of the cell-
membrane receptor. Of the amino acids encoded by uuy and
uyy codons, asparagine, serine, and threonine, therefore,
would be important in the hypervariable regions. In fact,
most amino acids encoded by uuy and uyy in the regions were
these amino acids; for example, of the amino acids encoded
by uuy of the 6-mer uuyuyy, 87% were asparagine or serine,
and 70% of those encoded by uyy were threonine. Further-
more, the hypervariable regions have been understood to aid
HIV-1 in evading the host immune system (3, 4).

In the hypervariable regions, amino acid changes caused
by mutations in the two purines of frequently occurring
codons uuy, which are hotspots, are nonsilent. Fig. 44 shows
that by the frequent mutations, amino acids encoded by uuy
codons are changed into amino acids that could alter the
hydrophilicity, surface charge, and secondary structures of
the regions or into amino acids that could break or newly form
potential glycosylation sites. Amino acid changes by muta-
tions at the second bases of uyy codons, the other hotspots
in the excess 6-mers of [uuyuyy] in gp120-h, are also nonsi-
lent to transversions, which are almost mutations at the
bases, except for mutation C — G of AC(T/C), Thr — Ser,

Fi1G. 3. Codon frames of the 6-mers of cyclic sets

% 0 50 100 0 50 100 0 50 100 -
R N R S PP A S | [uuyuuy], [uuyuyy], and [uyyuyy] in gp120-h, gag, and
: ] uuyuuy pol. Black bar, 6-mers whose uuy and uyy were
uuyuuy] uysuyy 77 . whi
Y oy codons; white bar, 6-mers whose yuu and yuy were
Sty — e — codons; and hatched bar, 6-mers whose uyu and yyn
[ — .
uylyyu were codons. For example, in uuyuuy, black shows
[uuyuyy] yuyyuﬂu T codon frame 123123; white shows codon frame 231231;
yyuyl and hatched shows codon frame 312312, In uyuuyu,
yuuyuy R black presents codon frame 231231; white presents
uyyuyy e—7z7z72 ~ Codonframe 312312; and hatched presents codon frame
[uyyuyy] yyuyyu R 123123. Percentages show how many 6-mers corre-
uyyuy . .
y v it Yz spond to each type of codon frame in each region. (SDs
gp120-h gag pol are omitted for clarity.)
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FiG. 4. Transition maps of amino acids caused by mutational
hotspots in [uuyuuy] and [uuyuyy]. (A and B) Transition maps of
amino acids encoded by uuy and uyy codons, produced by error
spectra of the 6-mers of [uuyuuy] and [uuyuyy], respectively. (C)
Transition map of amino acids encoded by uyu and yyu codons
produced by mutations at the first letters. Solid arrows show
nonsilent mutations or mutations that break or newly form potential
glycosylation sites in the hypervariable regions; stippled arrow
shows a silent mutation. The width of an arrow roughly indicates
mutation frequencies. Amino acids in A and B are classified by the
form of characters or by marks: amino acids shown in italics (Asn,
Asp, Gly, and Ser) tend to form B-turns; amino acids marked with a
(Ala, -Glu, His, Lys, and Cys) tend to form a-helixes; amino acids
marked with 8 (Ile, Thr, Tyr, and Val) tend to form B-sheets (18, 19).
The amino acids shown by open characters (Arg, Asn, Asp, Glu, His,
and Lys) are hydrophilic; amino acids in parentheses are hydropho-
bic; the others, except for cysteine, are neutral (20). $, amino acids
that form potential glycosylation site; + and —, charge on amino
acid.

in regard to forming potential glycosylation sites (Fig. 4B).
Thus, the marked amino acid changes in the hypervariable
regions of glycoprotein gp120 caused by hotspots in excess
cyclic sets for gp120-h have the potential to alter the number
and location of potential glycosylation sites in the regions.
Moreover, they would change antigenicity of the regions.

Proc. Natl. Acad. Sci. USA 88 (1991)

In contrast, in gag and pol, as stated above, the 6-mers of
[uuyuuy] and [uuyuyy] were accounted for by uyu and yyu
codons, which encode hydrophobic or neutral and small
amino acids. Fig. 4C shows that of hotspots in the cyclic sets,
mutations at the first bases of uyu and yyu codons are silent
because amino acid changes caused by the mutations are
solely between hydrophobic amino acids or between neutral
and small ones. The amino acids tend to be replaced with
similar ones, thus leading to conservation of the protein. The
third letter of uyu, another hotspot, is clearly silent. There-
fore, in spite of hotspots in the 6-mers of [uuyuuy] and
[uuyuyy], the products of gag and pol would be conserved.
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