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Abstract

The molecular evolution of human immunodeficiency virus type 1 (HIV-1) is
reviewed from the viewpoint of the rate of nucleotide substitution, which is defined
as the number of nucleotide substitutions per site per year. The rate of nucleotide
substitution is useful not only for estimating the origin and history of HIV-1
epidemics, but also for detecting natural selection operating at the amino acid
sequence level. The RNA viruses may be classified into two groups, the rapidly and
slowly evolving RNA viruses, according to their rates of nucleotide substitution;
10-3-10-4 and 10-6-10-7 per site per year for the former and the latter, respectively.
HIV-1 is a member of the rapidly evolving RNA viruses, with the rate of 10-3 per site
per year, which is several million times faster than the eukaryotic and prokaryotic
genes. The linear regression analysis of a large number of HIV-1 sequences
revealed that HIV-1 has a weak molecular clock. The latest divergence time between
human immunodeficiency virus type 2 (HIV-2) and simian immunodeficiency virus
(SIV) was estimated as about 30 years ago, and that between HIV-1 and SIV as
several hundred years ago. These observations, as well as the inconsistency
between the topologies of phylogenetic trees reconstructed for primate lentiviruses
and for their host species, indicate that the interspecies transmission occurred
during the evolution of primate lentiviruses. The intrahost evolution of HIV-1 has
been studied to elucidate the mechanisms of producing immune escape mutants
and drug resistant mutants for HIV-1. In particular, the comparison of the rate of
non-synonymous substitution with that of synonymous substitution clarified that
positive selection is operating on the third variable region of the envelope
glycoprotein, which is known as the major target of the immune response and
determinant of cell tropism. An asymmetric pattern of nucleotide substitutions for
HIV-1, represented by the G to A hyper-mutation, predicts a decrease in the GC
content and an increase in the AT content in the HIV-1 genome. The extremely high
rate of nucleotide substitution for HIV-1 provides us with a unique opportunity to
test evolutionary theories using this virus. Further examination of the mechanisms
of molecular evoINion for HIV-1.is required t1‘)c1r developing effective therapies and
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Introduction

Human immunodeficiency virus type 1 (HIV-1), a
member of the genus Lentivirus in the family Retro-
viridae, is the etiological agent of acquired immun-
odeficiency syndrome in humans. The virion con-
tains two homologous genomic sequences, each of
which consists of a linear, non-segmented, single-
stranded, and positive sense RNA of approximate-
ly 9.2 kilobases.

Retroviruses known to cycle>® are considered as
the primary causes of the rapid evolution for HIV-1.
The high evolutionary rate is an obstacle for devel-
oping effective antiviral therapies and vaccines for
several reasons. First, there is a large evolve rapid-
ly"2, and HIV-1 is no exception. A high mutation rate
of viral reverse transcriptase®“, and a rapid replica-
tion amount of genetic variation in HIV-1, which
would infect different individuals. Thus, the effective
vaccine should cross-protect people against a wide
range of antigenic variants of HIV-1. Second, in the
course of intrahost evolution, the immune escape
mutants would arise by changing their antigenic
structures, and the drug resistant mutants against
inhibitors of viral replication would also arise.

A linear relationship between the accumulation of
nucleotide substitutions and the evolutionary time
roughly holds in various organisms and is called the
‘molecular clock.” The property of the molecular
clock seems to be different among viruses. For ex-
ample, influenza A virus is known to have a good
molecular clock’, whereas HIV-1 has a weak mole-
cular clock. Since influenza A virus is air-borne and
HIV-1 is transmitted mainly by blood contamination,
the transmission mode may be one of the causes
giving different properties of the molecular clock.
The rate of nucleotide substitution may be used for
studying the origin and history of HIV-1 epidemics,
such as the divergence times among different HIV-
1 isolates, unless the molecular clock was violated
considerably during the evolution of HIV-1.

Nucleotide substitutions in the protein-coding re-
gion can be divided into the synonymous (silent)
and non-synonymous (amino acid-altering) substi-
tutions, according to their outcome affecting amino
acid sequences. Non-synonymous mutations are
considered to be subject to natural selection at the
amino acid sequence level, while synonymous mu-
tations are not. Thus, the relative rate of non-syn-
onymous substitution to that of synonymous substi-
tution can be an indicafaf of tg}'amEn@ dfnaty
selection operating at the amino acid sequence level.
The higher rate of synonymous substitution than
that of non-synonymous su
with the prediction of the neutral theory of molecu-

the higher rate of non-synonymous substitution in-

place.
The evolution of HIV-1 within a single host may

provide Wit ni pportunity, t
popula i@yn |§§?m&m é
cle, we review the n nis et

ies of the rate of nucleotide substitution for HIV-1.
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How to estimate the rate of nucleotide
substitution for HIV-1

The rate of nucleotide substitution can be defined
as the number of nucleotide substitutions per site per
year. Several methods have been proposed for esti-
mating the rate of nucleotide substitution for viruses
including HIV-1. In this article, we present the follow-
ing three methods, which have been quite often used.

First, when the year of divergence between two vi-
ral sequences is known, the rate of nucleotide substi-
tution (v) can be estimated by

N R
t+t,- 2r

where d,, represents the number of nucleotide sub-
stitutions between the two sequences S, and S,,, t,
and t, the years of isolation for S, and S,,, respective-
ly, and t the year of divergence between S, and S,
(Fig. 1A)'. We call this method the ‘ordinary’ method.

Second, when the years of isolations for many viral
sequences are known, the year of isolation and the
number of nucleotide substitutions from a reference
sequence can be plotted, for each viral sequence, on
the two dimensional space. If the year of isolation and
the number of nucleotide substitutions are linearly
correlated with each other, the molecular clock may
operate for the virus, although it is approximate be-
cause the points plotted are not mutually indepen-
dent. The slope of the linear regression line represents
the rate of nucleotide substitution (v), and the least
squares estimate for can be described as,

~ Cov (t,d)
T

where represents the year of isolation for the viral se-
quence, the number of nucleotide substitutions from
the reference sequence, Cov (t,d) the covariance be-
tween t and d, and V/(t) the variance of (Fig. 1B). This
method is referred to as the ‘linear regression’
method throughout this article.

Third, even when the years of isolation were known
only for two viral sequences, the rate of nucleotide
substitution (v) can be estimated by,
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their common ancestor, respectively, and t, and t, the

@th@@@iggycp nd S,, respectively (Fig. 10)°.

Let us call this' method’'the ‘outgroup’ method.
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Fig. 1. Schematic representation of the methods for estimating the rate of, nucleotide substitution for HIV-1. (A) The ordinary
method. The rate can be estimated by dividing t IF g ﬁ % ions between two viral sequences by their
divergence time. (B) The linear regression meth aﬁ? d on the two-dimensional space, in which the
abscissa represents the year of isolation and the ord/nate the number of nucleotide substitutions from the reference sequence. The
rate of nucleotide substitution is described as the slope of the linear regre, s:on line. (C) The outgroup method. The rate of
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the molecular clock for (at least) only two viral se-
quences in estimating the rate, the rate estimated by
these methods tends to have a larger standard error.

A rate of nucleotide substitution for HIV-1

The rate of nucleotide substitution for HIV-1 has
been estimated as (0.8-12)_10-3 per site per year
(Table 1)'9-12, Specifically, the rates of synonymous
and non-synonymous substitutions have been esti-
mated as (3.5-30.5)_10-3 and (0.5-19.7)_10-3 per site
per year, respectively®'314, Although the different genes
in the HIV-1 genome seem to have different rates®,
they evolve several million times faster than the eu-
karyotic and prokaryotic genes (10°9-10"0 per site per
year). The high rate for HIV-1 may have resulted from
a high mutation rate (3.4 X 10 per site per replica-
tion)>“ and the short generation time (1.2-2.6 days)>®
for HIV-1.

The molecular clock has been supported for HIV-1
sequences obtained from single patients'®, and for
HIV-1 sequences derived from a small set of epidemi-
ologically linked patients'®. Moreover, the rates of in-
trahost and interhost evolution seemed similar to
each other, indicating that the transmission among
humans may not influence the overall rate for HIV-1 to
a large extent'®®, These observations suggest that
the divergence times among HIV-1 sequences can be
estimated under the assumption of the molecular
clock.

However, when the molecular clock was tested us-
ing a larger set of HIV-1 sequences' ', only a weak
correlation was found between the year of isolation
and the accumulation of nucleotide substitutions. In-
deed, it appeared that the rates of nucleotide substi-
tution may be different among subtypes'®, individu-
als'”, and even within a single patient at different time
points'®. These observations, in combination with the
frequent occurrence of recombinations'®, contended
that the molecular clock may be violated for HIV-1 to
some extent.

Nevertheless, the rates of nucleotide substitution
for HIV-1 so far estimated are almost always of the
order of 10-3 per site per year, indicating that the
rate may not change drastically during the evolution of
HIV-1. Therefore, even if the divergence times among HIV-1
sequences, which are estimated assuming the mole-

cular clock, may have relatively large variances, they
would still give us invaluable information about the ori-
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We propose that the RNA viruses can be divided into
the rapidly and slowly evolving RNA viruses, accord-
ing to their rates of nucleotide substitution. The rapid-
ly evolving RNA viruses include HIV-1, influenza A
virus, and hepatitis C virus. These viruses evolve at
the rate of 10-3-10-4 per site per year, which is sev-
eral milion times faster than the eukaryotic and
prokaryotic genes (10-8-10-10 per site per year). The
lack of proof-reading machinery in the replication
process and a short generation time may be respon-
sible for the high rates for these viruses. The ex-
tremely high evolutionary rates may provide us with a
unique opportunity to test evolutionary theories using
these viruses.

In contrast, the slowly evolving RNA viruses evolve
at the rate of nucleotide substitution of 10-6-10-7 per
site per year. Human T-cell lymphotropic virus type |
(HTLV-l) and GB virus C/hepatitis G virus (GBV-
C/HGV) are included in this group. HTLV-I has been
reported to proliferate mainly by a clonal expansion of
infected T-cells®. Thus, the slow rate of viral replica-
tion may be responsible for the slow rate of nucleotide
substitution for HTLV-I. It is interesting to note that
human T-cell lymphotropic virus type Il (HTLV-II)
seems to evolve at different rates in two different hu-
man populations?!. HTLV-II epidemically infecting in-
travenous drug users evolves at the rate of 10-4-10-
5 per site per year, whereas that endemically infecting
Amerindians and Pygmy tribes evolves at the rate of
10-6-10-7 per site per year. A slow rate of viral repli-
cation again seems to be responsible for the slow rate
of nucleotide substitution for endemic HTLV-Il. HTLV-I,
GBV-C/HGV, and endemic HTLV-Il are speculated to
have evolved along with humans for a long period of
time, and are considered as the useful tools for clari-
fying the history of human migration.

Most DNA viruses evolve at the rate of nucleotide
substitution of 10-8-10-9 per site per year, which is of
the same order of magnitude as the eukaryotic and
prokaryotic hosts. However, there is an exception; he-
patitis B virus (HBV) evolves at the rate of 10-5 per
site per year. HBV is known to replicate via RNA tran-
script through reverse transcription, indicating that the
lack of proof-reading machinery may be responsible
for the high rate of nucleotide substitution for HBV.

Divergence times for HIV-1

3 ous oo a1 CRTRL Qb 00U At L a g R an ity of HNEY

substitution is, in general, higher than that of non-syn-
onymous substitution for HIV-[T Tk *QJU@@J&

vation indicates that negative selection is operating on
the evolution of HIV-1, as FfEloted Ey ﬁ e neutral-the-

ory of molecular evolu
the restricted regions in the HIV-1 genome, posmve

selection may be detected, as will be d|s%3§s%%prp L%”ES&

Comparison of the rate of nucleotide
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Table 1 summarises the rates of nucleotide substi-
tution for HIV-1 and various RNA and DNA viruses.
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ep|demlcs although we have to be careful in estimat-
as discussed in the previous

g@mémat important divergence times

to be estlmated is that between HIV and simian im-
Vifus (SY)LHIM and SIV infect humans
and simians, respectively, and they are collectively
mate lentiviruses. If the primate lentivirus-
along with their host species, the diver-
gence time between HIV and SIV should correspond
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Table 2. Divergence times between HIV-1 and related viruses.
Divergence Divergence time References
between primate and ovine visna lentiviruses 300 years ago [72]
between HIV-1 and HIV-2 (and SIVagm?) 1951 [73]
140-160 years ago [72]
150-200 years ago [24]
Considerably earlier than 1940 [23]
between HIV-2 and SIVmac® 30 years ago [72]
among group M subtypes 1940s-early 1950s [23]
1917-1972 [11]
between Z3 (subtype unassigned) and subtypes B and D 1960 [9]
between subtypes B and D (and F) 1969 [9]
a few years before 1959 [23]x
aS|Vagm: SIV from African green monkeys.
bSIVmac: SIV from rhesus macaques.

with the inconsistency between the topologies of phy-
logenetic trees reconstructed for primate lentiviruses
and for their host species, the divergence time be-
tween HIV and SIV would suggest whether the inter-
species transmission occurred or not during the
evolution of primate lentiviruses.

Table 2 summarises the divergence times so far es-
timated for HIV-1. Some variation can be seen in the
estimates for some divergence times, probably due to
the difference in the methods and sequence data
used for estimation, and also the large variance for
the estimate, as discussed in the previous section. It
should be noted here that the group O HIV-1 se-
quences have been identified in the autopsy samples
obtained in 1976%2. This observation indicates that
the divergence time between groups O and M should
predate 1976. Furthermore, a subtype B, D, or F HIV-1
sequence has been identified in a plasma obtained in
195923, suggesting that the divergence among group
M subtypes, and also that between groups O and M,
should be earlier than 1959. Interestingly enough,
most of the estimates in Table 2 are consistent with
these observations.

The latest divergence time between human im-
munodeficiency virus type 2 (HIV-2) and SIV has been
estimated as about 30 years ago, and that between
HIV-1.and SIV. as.several hundred. years.ago. These
divergence times are significantly later than that be-
tween humans and S|m|ans |nd|cat|ng that
Species transmission oc r1f tt@
primate lentiviruses. Further phylo genet|o analyses in-
dicated the mosaic structures in the es of
and HIV-2, and it has been ptda Ut@@
HIV-2 may have originated from reoomb|nat|on events

between ancestral SIVe/Q\‘t” *[h out ‘[h e p r| or

Intrahost evolution of HIV-1
Evolutlon of HIV-1 within a single host provides us

|r
eg., w nt| e i a
survived or become extinct unng the intrahost evo-

lution'®2%26, The infection of a single patient may be

with a unique o ortun|ty to |nvest|gate the ge
change
asu

initiated by a single type of virus. However, because of
the highly error-prone nature of the viral replication
machinery, the genomic sequences will become hetero-
geneous (‘quasispecies’®’)?8 and change over time®,

The third variable (V3) region of the envelope glyco-
protein is of great interest in the intrahost evolution of
HIV-1, because this region is the major epitope3?s!
and determinant of cell tropism 323, that is related to
distinct coreceptor usages®. When the nucleotide di-
versity was compared between the synonymous and
non-synonymous sites, the diversity was higher at the
non-synonymous site at some time points during in-
trahost evolution®. Moreover, the rate of non-synony-
mous substitution often exceeded that of synony-
mous substitution'®%®, These observations indicate
that positive selection may operate on the V3 region
during the intrahost evolution. Interestingly, the rate of
non-synonymous substitution in the V3 region drasti-
cally changed during the course of HIV-1 infection'®.
Thus, the intensity of selection may change over time
within a single host. In addition, the ratio of nucleotide
diversity at the non-synonymous site to that at the
synonymous site was larger in the T-cell tropic lineage
than the macrophage tropic lineage®, and the rate of
non-synonymous substitution was also higher in the
T-cell tropic lineage®. Since the T-cell tropic strain is
known to be more sensitive to the neutralisation than
the macrophage tropic strain, the immune response is

e inter- nsidered as the cause,of positive selection operat-
Lithis oU Sl of

|éncihe U3 tegiond

Recently, three methods were developed for com-

V-1 it i
ynonymous substitution with
fdl @ﬁ@@é@ﬂ%&ﬁsﬂtution at single amino acid

sites®%. The application of one of these methods to

V\}Wt\@q@lfg dentified g0 ||<7ely selected amino acid

sites in this region (Table 3) 0 . Among these sites, po-

itions 13 and 25 are known to be associated with the
of the pulalisie

@zi’nanon36 41, Moreover, positions 24 and 25
are known to change the cell tropism ot HIV-1 from

ac opnage trop|o to T-cell tro - ifuting to
ese a ions indicate
;Ed S | ra e n ell tro-

pism, as well as ant|gen|0|ty, in the intrahost evolution
of HIV-1.
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Table 3. Hypervariable and positively selected amino acid sites in the V3 region of the envelope glycoprotein for HIV-1 within
single hosts.

Positiona Hypervariable sitesb Positively selected sitesc Effect of substitution on phenotype
11 o Cell tropism
13 o (0] Antigenicity
18 o] (o]
20 0
22 o]
24 0] Cell tropism
25 o (0] Antigenicity, cell tropism

aPosition: the position of amino acid site counted from the N-terminal cysteine residue in the V3 region.
PHypervariable sites: the amino acid sites where the substitution rate was higher than other sites in the V3 region [18].
“Positively selected sites: the amino acid sites on which positive selection was detected in the V3 region [40].

Table 4. Relative frequencies of nucleotide substitutions at
the fourfold degenerate site in the env gene of HIV-1.

To
From T C A G
T - 12.5a 3.1 4.1
C 28.6 - 7.5 05
A 3.0 3.7 - 13.1
G 2.0 0.9 21.2 -

aNumbers in the matrix indicate the expected numbers of nu-
cleotide substitutions among every 100 substitutions in a ran-
dom sequence, i.e., a sequence in which four kinds of nu-
cleotides are contained with equal frequencies (25 %).

Pattern of nucleotide substitutions for HIV-1

The pattern of nucleotide substitutions for HIV-1
genome is of particular interest to understand the
molecular basis for generating mutants in HIV-1. Table
4 shows the relative frequencies of 12 kinds of nu-
cleotide substitutions at the fourfold degenerate site
of the env gene. It is clear that transitions are much
more (about six times) frequent than transversions in
HIV-142,

Occurrence of mutations in the HIV-1 genome may
be episodic in time. ‘G to A hypermutation is known
to occur under the condition that there is a significant
imbalance in the deoxynucleotide concentration®*.
The hypermutation is also associated with the neigh-
bouring bases; GpA dinucleotides are highly likely to
change to ApA. The hypgrmutation sometimes results
in a rapid increase in the| A €o a,l’in(ﬂ]ﬂm
the estimation of evolutionary distances when simpli-

affect

u

Conclusions

The extremely high rate of nucleotide substitution
for HIV-1 gives us important information about various
aspects on the molecular evolution of HIV-1.

First, the divergence times between any pairs of
HIV-1 isolates can be estimated unless the rate of nu-
cleotide substitution is easily changeable over a short
period of time. Because of the extremely high rate of
nucleotide substitution, the divergence times for HIV-1
isolates to be estimated are usually in the range from
a few years to several hundred years. These diver-
gence times are often testable by examining medical
records of patients or carriers and by tracing back his-
torical events of host populations. It means that the
so-called ‘molecular epidemiology’ of HIV-1 can
stand itself as one of the testable sciences.

Second, the estimation of the divergence times can
be extended to variants that are generated within a
single host. Along with an analysis of phylogenetic
trees, the extremely high rate of nucleotide substitu-
tion for HIV-1 provides us with detailed information
about how a new variant such as a drug resistant one
shows up within a body. This form of information is
very useful for not only elucidating the molecular
mechanisms of variant generation, but also for con-
ducting effective drugs and vaccine developments.

Third, the estimation of the rates of synonymous
and non-synonymous substitutions gives a unique
opportunity of identifying regions or sites of HIV-1
genes where positive selection may be operating on.
As reviewed in the present article, new methods can
identify even single aming acid sites of possible posi-
b/il Gelclion! It f&l’kﬂ)ﬁ/ thatfunctional significance of

these sites for HIV-1 Can be examined by molecular

"Tan s patem of MOpILeRibr ARDTOCOTYfpity " oo ste-chectd mitzoy

for HIV-1 predicts a decrease in the GC content and
an increase in the AT t'pmi H'gﬁ 1 4@
In fact, the A content(i)g%g g%tgﬂ 3 00%32 th(@
content is low (about 18%) in the HIV-1 genome. In
particular, a very high A content (about 4((%@5” Wi

served at the third codon position, where the func-
tional constraint is not as strong as the first and sec-

HIV-1 genome.

Thus, the study of the rate of nucleotide substitu-

V\yiPWPeWV @mtﬁ@?*@qqortant for understand-

6o

Sehnanled

ing the evolutionary features of this virus and its bio-
I%;i al implication.
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