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T
disease, caught the world by surprise—so much so that the virus
that causes AIDS (the human immunodeficiency virus, or HIV) was
suspected by some of being an instrument of biological warfare or
an accident of genetic engineering. HIV is now almost universally
accepted as no more than another creation of evolution, but defini-
tive information about its evolutionary past, present, and future is
still lacking. What was the more benign or more confined progen-
itor of HIV? What is its relationship to other viruses with similar
physical or pathological properties? How rapidly do variations of
HIV evolve? What more pernicious forms might yet appear?
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Genealogy of the AIDS Virus

EVOLUTIONARY RELATIONSHIPS AMONG RETROVIRUSES

Such questions are being addressed
by analyzing the characteristics of HIV
at the molecular level, as the following
example illustrates. HIV is a retrovirus
and as such has a genome composed
of RNA rather than DNA (see “Viruses
and Their Lifestyles”). The first step
in the replication of a retrovirus is syn-
thesis of DNA from the RNA template
provided by the viral genome. That
synthesis is catalyzed by enzymes—
reverse transcriptases—that are virtually
unique to retroviruses. Likely evolution-
ary relationships among HIV and other
disease-causing retroviruses have been
deduced from the differences among the
sequences of amino acids that compose
their reverse transcriptases. The same
has also been done for retroviruses by
focusing on their proteases, enzymes
common to all organisms and essential
to the breakdown of other proteins.

Figure 1 shows those evolutionary
relationships depicted, as is customary,
in the form of a phylogenetic “tree.”
Note that the analysis relates HIV more
closely to the lentiviruses (which cause
slowly developing, chronic diseases
affecting the lungs, joints, and ner-
vous, hematopoietic, and immune sys-
tems) than to the oncoviruses (which
cause cancer, often of blood cells). That
closer relation agrees with the classi-
fication of HIV as a lentivirus on the
basis of other characteristics, including
the pathology of AIDS. However, the
similarity between the protease amino-
acid sequences of HIV and of, for ex-
ample, the visna lentivirus (a homology
of about 40 percent) implies only a rel-
atively close relation between the two
viruses, comparable to that between hu-
mans and fungi.

The idea of deducing evolutionary
relationships from molecular rather than,
say, anatomical or morphological data
was first proposed in the early sixties,
roughly a decade after Sanger and his
colleagues published the first amino-acid
sequence of a protein (insulin). Fig-
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Fig. 1. A family tree for a set of retroviruses based on differences among the amino-acid sequences
of their proteases and reverse transcriptases. The tree depicts the “consensus” pattern of
evolution, that is, the pattern in agreement with analyses by a number of investigators. Unlabeled
dots denote assumed intermediate ancestors. The closer relationship of HIV to known lentiviruses
than to known oncoviruses agrees with the classification of HIV as a lentivirus.

ure 2 shows an early example of that
application of amino-acid sequence data:
a phylogenetic tree for aerobic organ-
isms based on differences among the
amino-acid sequences of the cytochrome
c’s of about thirty extant species. (Cy -
tochrome c, a protein essential to all
aerobic organisms, is among the more
highly “conserved” proteins; in partic-
ular, a time lapse of 20 million years
after the divergence of two evolutionary
lines is required to produce a change of
1 percent in the amino-acid sequences
of their cytochrome c’s. ) The tree has

the same topology, or branching pattern,
as do trees based on more conventional
biological data.

Changes in the amino-acid sequences
of proteins are among the raw materi-
als for natural selection and evolution of
new organisms. But those changes are
themselves the direct results of changes
in the sequences of nucleotides that
compose DNA (or, in the case of retro-
viruses, RNA) and encode the proteins.
Now, roughly a decade after Sanger and
Maxam and Gilbert developed meth-
ods for sequencing DNA (and RNA), nu-
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Genealogy of the AIDS Virus

EVOLUTIONARY RELATIONSHIPS AMONG AEROBIC ORGANISMS

Debaryamyces
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Fig. 2. A phylogenetic tree for aerobic organisms based on differences among the amino-acid sequences of the cytochrome c’s of about thirty extant
fungi, insects, amphibians, mammals, birds, fish, and plants. The distance between any two dots is proportional to the dissimilarity between the
cytochrome c’s of the organisms represented by the dots. Unlabeled dots represent assumed intermediate ancestors. (Adapted from a figure in the
article “Building a phylogenetic tree: Cytochrome c" by M. O. Dayhoff, C. M. Park, and P. J. McLaughlin. In Atlas of Protein Sequence and Structure
1972, edited by Margaret O. Dayhoff, 7-16. National Biomedical Research Foundation, Washington, D. C., 1972.)

cleotide sequence data are supplying-
information relevant to nearly all as-
pects of biology and medicine, including
evolution and AIDS. Such data can pro-
vide more detail about recent evolution-
ary changes than amino-acid sequence
data. (The genetic code is highly “de-
generate”; that is, almost all amino
acids are specified by more than one
triplet of nucleotides. Thus many nu-
cleotide changes do not result in protein
changes.) Recognizing that, we have
been using nucleotide sequence data to
construct phylogenetic trees for HIV and
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its close relatives. The number of HIV
samples for which such data are avail-
able is at present rather modest (the first
appeared only in 1985) but is increasing
rapidly—in fact, so rapidly that a center
for compilation and analysis of the data
has been established at the Laboratory
(see “An HIV Sequence Database”).

The procedure for constructing a phy-
logenetic tree from nucleotide se-

quence data is based on a concept intro-
duced by Stanislaw Ulam: a “distance”
between a pair of sequences. The sim-

plest definition of such a genetic dis-
tance, and the one we employed, is the
number of nucleotide substitutions re-
quired to transform one sequence into
the other. More complicated defini-
tions of a genetic distance include other
biologically possible changes to a nu-
cleotide sequence, such as insertions or
deletions of nucleotides or relocations of
fragments of sequences.

To determine a phylogenetic tree for a
set of sequences, one must first assume
a “root,” that is, a sequence ancestral to
all the given sequences. (A random se-
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101100 101100

EVOLUTION OF BINARY SEQUENCES

Fig. 3. Consider the set of binary sequences 000000, 111111, end 010010. Assume that those sequences have been produced from an “ancestral”
sequence 101100 by successive substitutions of 1’s for 0's and O’s for 1’s. There are many paths by which the given sequences might have “evolved”
from the ancestral sequence. Some of those paths are shown above as phylogenetic trees. Assumed intermediate ancestors are depicted in gray.
Below each tree is listed its length L, which equals the total number of substitutions involved in the path represented by the tree. Note the two trees
of minimum length (L = 8)The idea of the evolution of binary sequences can be extended to the evolution of new organisms by point mutations In
the quaternary nucleotide sequences that encode a protein. In that context the tree (or trees) of minimum length is assumed to represent the most
likely course of evolution, subject to the condition that all of the given (or extant) sequences appear at branch tips.

quence is often chosen as the root.)
Then one considers all branching pat-
terns that lead from the root to the given
sequences. (Most of the branching pat-
terns will include postulated branch
points, or intermediate ancestors.) The
branching pattern that minimizes the
sum of the branch lengths (each of
which is the genetic distance between
a sequence and its immediate ancestor)
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is the phylogenetic tree that is most con-
sistent with the assumption that evo-
lution proceeds for the most part with
maximum parsimony. (HIV exemplifies
the conditions under which that assump-
tion is most valid: a high mutation rate
and recent divergence.)

The procedure outlined above is illus-
trated in Fig. 3 for a small set of short
sequences of the digits O and 1. (Nu-

cleotide sequences are of course not
binary but quaternary, since DNA and
RNA are polymers of four different nu-
cleotides. Binary sequences were cho-
sen as the example in Fig. 3 for sim-
plicity.) The analysis is more com-
plex when, as is true in practice, the
sequences are longer and their num-
ber is greater. In addition, since inser-
tions and deletions of nucleotides do
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Genealogy of the AIDS Virus

EVOLUTIONARY RELATIONSHIPS AMONG HIV1, HIV2, AND SIV

I I

Fig. 4. A phylogenetic tree for the two currently recognized types of HIV (HIV1 and HIV2) and the simian Immunodeficiency virus (SIV) based on the
differences among the nucleotide sequences of the env regions of the viral genomes. The total number of nucleotide sites included in the analysis is
1290. The horizontal distance between any two dots is proportional to the listed branch length, that is, to the genetic distance between the sequences
represented by the dote. (Unlabeled dots denote assumed Intermediate ancestor.) Thus, for example, the env nucleotide sequences of the samples
labeled BH8 and RF differ at 131 = 46+ 31 +54 sites out of 1290. Note the relatively close relationship between SIV isolated from captive macaques
and HIV2 and the relatively distant relationship between SIV isolated from macaques and SIV isolated from wild African green monkeys. The ten-year
span between the dates of isolation of the Z321 and JH3 samples permits an approximate temporal calibration of the tree. That calibration places
the latest possible date for divergence of HIV1 and HIV2 at about 1950.

occur, the sequences are often not of the
same length. Then gaps in the shorter
sequences must be assumed as neces-
sary to align regions of the sequences
that are observed to be more highly con-
served. Such regions are assumed to
code for critical features of the protein.
The nucleotides in the longer sequences
corresponding to the gaps in the shorter
sequences are ignored in the analysis.
In other words, the phylogenetic trees
are based on information derived only
from nucleotide positions common to
all the sequences and showing some
variation. The alignment of sequences,
therefore, must be performed with great
care.
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Another complication arises from the
extremely large number of branching
patterns that must be examined in the
search for the one (sometimes more than
one) of minimum length, Algorithms
are available for directing a computer to
perform the search; we used the PAUP
(phylogenetic analysis using parsimony)
algorithm developed by David L. Swof-
ford of the University of Illinois.

Finally, as mentioned above, an abun-
dance of nucleotide sequence data for
HIV and its near relatives is not yet
available, Despite advances in the tech-
nology of sequencing, the process is still
time-consuming and expensive: the viral
samples must be isolated and cultured

and the genomes fragmented, cloned,
and then sequenced. Furthermore, some
researchers are reluctant or unable (be-
cause of agreements with private com-
panies) to make public the sequence
data they have obtained. And, under-
standably, many professional sequencers
do not want such a dangerous human
virus in their laboratories.

The trees we construct for HIV and
its close relatives are based on nu-

cleotide sequences for various regions
of the viral genomes. The topologies
of the trees are remarkably similar ir-
respective of the genomic region upon
which each is based, and that similarity
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Fig. 5. A phylogenetic tree for a set of HIV1 samples based, like the tree in Fig. 4, on differences among the nucleotide sequences of the env regions
of the viral genomes. Again horizontal distances are proportional to the listed branch lengths, and unlabeled dots denote assumed intermediate
ancestors. Note that the tree cleanly separates the samples by geographic origin. The story behind the close relation between the samples labeled
JH3 and SC, which were isolated from a Japanese victim of AIDS and a Californian victim of AIDS, is told in the text.

gives us considerable confidence in our
results. Figure 4 shows a version of
a tree based on the env regions (see
“Viruses and Their Lifestyles”) of the
HIV1, HIV2, and SIV (simian immun-
odeficiency virus) genomes. HIV1 and
HIV2 are the currently known types of
HIV. Both cause similar but not iden-
tical pathologies; that of HIV2, the less
widespread type, is perhaps less lethal.
SIV causes an AIDS-like disease in some
captive non-human primates. The tree
indicates that HIV2 is more closely re-
lated to SIV than is HIV1 and that HIV2
is more closely related to the type of
SIV isolated from captive macaque mon-
keys than to the type isolated from wild
African green monkeys. Resolving the
question of whether the progenitor of
HIV and SIV is a human or a simian
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virus will require sequence data for a
greater number of samples, particularly
of simian viruses. (The nucleotide se-
quences of immunodeficiency viruses
isolated from wild chimpanzees and
mandrills will be known in 1989.)

The samples labeled Z321 and JH3
in Fig. 4 date to 1976 and 1986, re-
spectively. (Z321 was isolated from
a stored blood sample.) The ten-year
span between those two samples, to-
gether with the genetic distance be-
tween them, permits an approximate
temporal calibration of the tree, The
calibration, which assumes a linear
relation between genetic distance and
time, leads to an estimate of about 1950
as the latest possible date of diver-
gence of HIV1 and HIV2. That time
scale for viral evolution is broadly con-

sistent with the known history of the
AIDS epidemic. However, to date both
the epidemiologic records and the nu-
cleotide sequence data are extremely
sparse in information derived from oc-
currences of AIDS earlier than the eight-
ies. Such “fossil” data, which may lie
hidden in stored blood samples, would
be especially revealing.

Figure 5 shows a version of a phy-
logenetic tree focused entirely on HIV I

isolates; it also is based on nucleotide
sequence data for the env region. That
tree is of particular interest for several
reasons. First, its “bushiness,” which
reflects an abundance of distinguishable
variants, suggests that the HIV1 vari-
ants are not competing among each
other for a restricted ecologic niche.
(The tree remains bushy even when
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pruned of those variants not yet proved
to be infectious.) In contrast. the phy-
logenetic tree of the influenza virus is
much less bushy, despite the fact that
the data now available indicate that the
two viruses exhibit roughly comparable
rates of change in genetic distance (on
the order of 1 substitution per 100 nu-
cleotides per year). The changes in the
genome of the influenza virus are man-
ifest primarily as relatively infrequent
appearances of different types. Appar-
ently the influenza virus is occupying a
narrow ecologic niche in which compe-
tition among variants is intense.

Second, the two main branches of
the tree correspond to a grouping of the
viral samples by geographic origin. In
other words, the North American sam-
ples are more closely related to each
other than to the African samples and
vice versa. That geographic intelligibil-
ity mitigates strongly against a hypothe-
sis that the variants of HIV1 have existed
independently confined for a long time.
How then did all break loose more or
less simultaneously? Much more con-
sistent with the phylogenetic analysis
(and with the demonstrated existence in
the same, singly infected individual of
more than one variant*) is the hypoth-
esis that diversification occurs in step
with the growth of the epidemic. Such
a hypothesis is not unreasonable since
replication of the viral genome, which
is necessary for production of daughter
viruses that can spread to other cells in
the same individual or to other individu-
als, often introduces changes in the viral
genome. (Replication of the genome of
a retrovirus is a two-step process: first,
the genomic RNA serves as the template
for synthesis of DNA, catalyzed by re-
verse transcriptase; and second, the re-
sulting DNA serves as the template for

* Much research is currently centered on the diver-
sification of HIV within a singly infected individ-
ual and on the changes in that diversification with
time. However, to date very few results have been
published.

synthesis of new genomic RNA. The first
step, called reverse transcription, is not
subject to any proofreading or error-
correction mechanisms, and the DNA
produced is often not an exact “translit-
eration” of the viral genome. Thus the
second step often leads to a new viral
genome that is not an exact copy of the
original. Furthermore, evidence has re-
cently been found that reverse transcrip-
tion of the HIV genome is more error-
prone than that of other retroviruses.)

A final point to note about the tree in
Fig. 5 concerns the sample labeled JH3,
which was isolated from a Japanese
hemophiliac who contracted AIDS from
transfusion with HIV-infected blood. The
tree relates JH3 most closely to SC,
a sample isolated from a Californian.
How can the genetic similarity of the
two variants be reconciled with their
widely separated geographic origins?
The answer lies in the source of the
transfused blood: Japan imports much
of its blood supply, primarily from the
United States. That tale illustrates the
utility of sequence data and phyloge-
netic analysis to tracking the course of
the AIDS epidemic, a utility so great that
the National Institutes of Health has
embarked on an ambitious program in
“molecular epidemiology”-a worldwide
viral sampling and sequencing project
to track HIV variants through space and
time. Phylogenetic trees will not only
provide a measure of the velocity of the
AIDS epidemic but also help guide re-
search and policy about vaccines.

The course of HIV evolution will be-
come better defined as more nu-

cleotide sequence data accumulate. But
the data now at hand clearly reveal great
diversification of the virus. That diversi-
fication will beget a spectrum of disease
states under the umbrella of AIDS: “HIV1
disease, " “HIV2 disease,” and so on.

What are the implications of HIV di-
versification for the hopes to control,
to cure, to eradicate AIDS? There are

several, and all but one are negative.
HIV may become capable of infecting
an even wider range of cell types (it
now targets primarily T4 lymphocytes,
macrophages, and glial cells) and may
become pathogenic more rapidly. Con-
ceivably, different modes of transmis-
sion of HIV may arise: insect vectors,
colostrum, or respiratory aerosols, for
example. HIV may develop resistance to
azidothymidine (the only antiviral drug
now available in the United States) and
to future antiviral drugs. Tests for the
presence of HIV may not detect newly
evolved variants. (Data reported in the
most recent edition of the HIV sequence
database, Human Retroviruses and AIDS
1989, include HIV variants that, al-
though detectable by the current test,
reside on branches of the phylogenetic
tree different from the one containing
the group of variants on which the test
is based.) And the diversification of HIV
will only exacerbate the difficulties of
developing and testing a vaccine for
AIDS.

To offset the litany of negative impli-
cations is a single positive one. Anal-
yses of nucleotide sequence data have
pinpointed areas of the HIV env region
that are relatively conserved. Those
areas may prove to be “soft spots” at
which to aim in the search for a vac-
cine. The more we learn about the in-
variant regions of the HIV genome, the
better equipped we shall be to design
intervention strategies.

The AIDS epidemic is the first major
medical crisis to occur since molec-

ular biology came of age. In the brief
time since HIV was identified as the
cause of that new disease, much has
been learned about the virus, and few
doubt that some detail of its molecular
biology will be the key to its ultimate
conquest or, at least, containment. ■
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Few can have escaped learning
that once again a deadly virus is
loose among humans. But what

are viruses, and how do they subsist and
reproduce?

Viruses are freeloaders, parasites
that carry out their only function—
multiplication-only by making free
use of the metabolic and biosynthetic
machinery of “host” cells, particularly
their machinery for protein synthesis.
The parasitism of some viruses is fatal
to host cells; that of others is benign.
Many kinds of viruses have evolved,
each adapted to some bacterial, plant, or
animal host. Of course defenses aginst
viruses have also evolved, ranging from
the restriction enzymes of bacteria to the
immune systems of vertebrates. And, in
the case of some animal viruses, such as
poliovirus and rabies virus, research has
provided vaccines that greatly strengthen
the natural immune response to viral
attack.

The complete extracellular form of
a virus is called a virion. Its compo-
nents are few: a genome of nucleic
acid, a proteinaceous housing for the
genome, and, in certain instances, a few
molecules of a virus-specific enzyme.
Multiplication of a virus requires repli-
cation of its genome and synthesis of
the proteins the genome encodes. The
host cell provides all of the energy and
many of the biochemical needed to
carry out those processes.

The genome of a virus may consist of
either one of the two nucleic acids, DNA
and RNA. The nucleic acid polymer may
be single- or double-stranded, linear or
circular. Viruses with genomes of RNA
are unique: in all other organisms RNA
is involved only in synthesis of proteins
and not also in storage of genetic infor-
mation. The smaller viral genomes en-
code as few as four proteins; the larger,
which approach the size of small bacte-
rial genomes, encode several hundred.
(The human genome is thought to en-
code about 100,000 proteins.)

The housing enclosing a viral genome
consists of a coat (capsid) made up of
many copies of a very few types of
virus-specific proteins. The architecture
of the capsid is geometric; in fact, all
simple viruses exhibit helical or icosa-
hedral symmetry (that of a twenty-sided
regular polyhedron) or a combination
of the two. The housing of many of the
more complex viruses includes an “en-
velope” surrounding the capsid. The
envelope is very similar in structure and
composition to the plasma membrane of
the host cell, containing lipids derived
from the cell and virus-specific glyco-
proteins.

The processes involved in the life
cycle of a virus (more properly, its mul-
tiplicative, or reproductive, cycle, since
viruses are not “living” organisms) in-
clude delivery of the viral genome to
the interior of a host cell, replication
of the viral genome, synthesis of the
proteins encoded by the viral genome,
assembly of the newly produced viral
components into new virions, and exit
of the virions from the host cell. Since
the details of those processes are com-
plex and vary from one kind of virus to
another, only their general features are
sketched here.

Delivery of the viral genome to the
interior of a host cell (“infection” of
a cell) is accomplished through site-
specific and often cell-type-specific in-
teraction of the capsid or its envelope
with the cellular membrane. The site-
and cell-specificities are the result of
selective interaction between viral hous-
ing and receptors on the surface of the
cellular membrane. The mechanisms of
infection are varied. For example, the
T4 phage infects Escherichia coli by in-
jection, the Semliki Forest virus infects
mosquito cells by receptor-mediated en-
docytosis (a normal cellular process by
which proteins enter cells), and the hu-
man immunodeficiency virus infects T4
lymphocytes by fusion of the viral en-
evelope and the lymphocyte membrane.

Infection of a cell is followed by
replication of the viral genome and syn-
thesis of the proteins it encodes. Since
the features of those processes depend
foremost on whether DNA or RNA com-
poses the viral genome, that property is
the basis for dividing viruses into two
major classes.

The genome of a DNA virus is pro-
cessed (transcribed and replicated) by an
infected cell in much the same way that
the cell processes its own DNA. That
is, the viral DNA is used as the tem-
plate for synthesis of viral messenger
RNAs (which in turn serve as templates
for synthesis of viral proteins) and as
the template for synthesis of new vi-
ral DNA. However, only the simplest of
viruses (whether DNA or RNA) entrust
the production of new viral components
entirely to the normal workings of a
host cell. Instead, the genomes of most
viruses include genes for enzymes that
“reprogram” the cellular machinery to-
ward preferential (sometimes exclusive)
processing of the viral genome. Such
reprogramming is necessary, for ex-
ample, to achieve rapid replication of
the genome of a DNA virus, since a cell
normally synthesizes DNA only in prepa-
ration for cell division. In addition, the
genomes of most viruses include se-
quences that regulate the timing and
extent of gene expression.

Processing of the genomes of some
DNA viruses does not always immedi-
ately follow infection. Instead the viral
genome can become incorporated into
that of the host cell. There it lies la-
tent, its gene expression repressed, be-
ing passed silently through (typically)
many generations of daughter cells. Ul-
timately, some stimulus triggers the exit
of the viral DNA from that of the host,
and its processing then begins.

Three types of RNA viruses are rec-
ognized. Two are distinguished on the
basis of whether the genomic RNA or its
complement serves as messenger RNA,
that is, as the template for synthesis of
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REPRODUCTIVE PATHWAYS OF VIRUSES

or

RNA Viruses

or

or

Retroviruses

Viral
Proteins

Fig. 1. Reproduction of a virus involves replication of its genome and synthesis of the  proteins encoded therein. Shown here schematically are
general features of the pathways by which those processes are carried out, Each biochemical reaction is catalyzed by an enzyme; however,
only the virus-specific enzymes (those not supplied by the host cell) are listed. The squares represent all viral proteins other than RNA
replicase and reverse transcriptase. For simplicity the viral and cellular genomes are assumed to be single-stranded.
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viral proteins. (We assume here that the
genomic RNA is single-stranded; double-
stranded genomic RNA adds only minor
complications.) Encoded in the genomes
of both those types of RNA viruses is an
enzyme, an RNA replicase, that catalyzes
the synthesis of RNA from an RNA tem-
plate. (Host cells cannot supply such
an enzyme because they never replicate
RNA.)

In the case of an RNA virus whose
genomic RNA serves as messenger RNA,
its RNA replicase is the first of the vi-
ral proteins to be synthesized from the
template of the genomic RNA. The repli-
case catalyzes the synthesis first of RNA
Complement to the genomic RNA and
then of RNA complementary to the com-
plement of the genomic RNA, that is, of
RNA identical to the genomic RNA. Some
of the replicas of the genomic RNA serve
as genomes for daughter virions, and
some serve as messenger RNA for fur-
ther synthesis of viral proteins.

In the case of the second type of RNA
virus, the complement of the genomic
RNA, and not the genomic RNA itself,
serves as messenger RNA. Therefore
some RNA replicase is needed initially
to synthesize the complement and allow
synthesis of viral proteins, including the
RNA replicase. The cycle is started by
entry into the cell, along with the vi-
ral genome, of a few molecules of RNA
replicase produced during the previous
reproductive cycle. Those molecules
catalyze the synthesis of the comple-
ment of the genomic RNA (which then
serves as the template for synthesis
of viral proteins) and as the template
for synthesis of replicas of the viral
genome.

The third type of RNA virus follows
an entirely different reproductive path-
way in which neither the genomic RNA
nor its complement serves as the tem-
plate for protein synthesis. Instead, the
genomic RNA serves as the template
for synthesis of DNA. Viruses of that
type, known as retroviruses, are the only
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HIV STRUCTURE

Lipid

Fig. 2. The diplold genome of HIV, together with two molecules of reverse transcriptase, is housed
within a  capsid made up of many copies of the protein  p24/25. The capsid itself is encased within
an envelope made up of the glycoproteins gp120 and gp41 and a lipid bilayer derived from the
membrane of the host cell. (Adapted, with permission, from a figure in the article “AIDS in 1988”
by Robert C. Gailo and Luc Montagnier. Scientific American, October 1988.)

known exception to the “central dogma”
of molecular genetics, which asserts
that genetic information flows from DNA
to RNA. The synthesized DNA, known
as proviral DNA, is incorporated into
that of the host cell and processed by
the cellular machinery under control of
viral regulatory mechanisms. Unlike the
incorporated DNA of DNA viruses, the
incorporated DNA of retroviruses is not
excised from that of the host cell before
processing.

Since cells never synthesize DNA
from an RNA template (the reverse of
transcription), a retrovirus must have
encoded in its genome an enzyme, a
reverse transcriptase, for catalysis of
that reaction. Furthermore, since the ge-
nomic RNA of a retrovirus is not trans-
lated into proteins, it must be accompa-
nied into the cell by a few molecules of
reverse transcriptase.

The various pathways for synthesis
of viral proteins and replication of viral
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GENETIC MAP OF HIV

genomes are illustrated in Fig. 1.
The next step in the reproductive cy-

cle of a virus is assembly of the newly
synthesized components into daugh-
ter virions. That occurs by sequential
stages of spontaneous aggregation in-
volving formation of weak bonds, such
as hydrogen bonds. Details of viral
morphogenesis have provided insight
into the development of more complex
organisms.

The final step is escape of the new
virions from the host cell. Some naked
(non-enveloped) viruses escape by nat-
ural protein-secretion mechanisms of
the cell, others by destroying the cell
membrane with virus-specific proteins.
Enveloped viruses escape—and become
enveloped—by “budding,” a process
akin to the reverse of receptor-mediated
endocytosis.

To conclude this primer on viruses,
we present a few more details about
retroviruses, particularly the human im-
munodeficiency virus (HIV), the cause of
AIDS.

The unusual nature of retroviruses
was not recognized until 1970, although
some of the diseases they cause, such as
the “swamp fever” that afflicts horses,
had been known for many years. Some
retroviruses cause cancers, others slowly
degrade various physiological systems,
and others apparently cause no dis-
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ease. Only four human retroviruses
have been identified, all within the past
decade. Two cause rare and fatal can-
cers; the others are the two recognized
types of  HIV.

Like all retroviruses, HIV is enveloped
and diploid (that is, its genome con-
sists of two copies of its RNA “chromo-
some”). Figure 2 shows its structure
and constituents. The reproductive cycle
of HIV is basically that of any retrovirus,
but its ability to regulate that cycle,
through both positive and negative feed-
back mechanisms, is much greater than
that of any other known retrovirus. The
very rapid reproductive tempo that HIV
can achieve is the basis for one mech-
anism by which HIV may kill infected
T4 lymphocytes. (Reproduction of most
retroviruses is not lethal to host cells.)

HIV has been, and continues to be,
the object of intensive research. The
nucleotide sequence of its proviral DNA
(and hence of its genome) has been de-
termined, and so have the locations of
its genes along that sequence (Fig. 3).
Numerous details about the biosynthetic
pathways involved in HIV replication
have been ascertained, and many more
will be. Not only are such details nec-
essary to develop drugs and vaccines to
combat AIDS; they also exemplify the
awesome complexity of even those not
quite living organisms we call viruses. ■

Fig. 3. The DNA of the HIV provirus includes
two noncoding long terminal repeats (ltrs) that
flank at least nine genes. Three are genes
for viral components: gag, which encodes
the proteins p24/25 end p9,p7; pol, which en-
codes the enzyme reverse transcriptase; and
env, which encodes the proteins gp120 and
gp41. The genes called tat, rev, vif, and nef
encode biochemicals that regulate expression
of the viral-component genes. Note that both
the fat and rev genes consist of two sepe-
rate segments. The functions of vpr and vpu
are not known. (Adapted, with permission,
from a figure in “The Molecular Biology of
the AIDS Virus” by William A. Haseltine and
Flossie Wong-Staal. Scientific American, Oc-
tober 1988.
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An HIV Database

Three repositories for nucleotide
sequence data exist, all estab-
lished in the eighties. One is

headquartered at Los Alamos National
Laboratory (see “GenBank” by Walter
B. Goad in Los Alamos Science, Num-
ber 9, 1983), another at the European
Molecular Biology Laboratory in Hei-
delberg, West Germany, and the third
at the National Institute of Genetics in
Mishima, Japan. Those databases pro-
vide easy access to nucleotide sequences
determined by researchers worldwide.

The rationale for establishing a sep-
arate database devoted exclusively to
nucleotide sequences of human immun-
odeficiency virus samples is well stated
in the preface to Human Retroviruses
and AIDS 1987, the first edition of that
new database:

From the initial publications of the nu-
cleotide sequences of [HIV samples] in
1985, as well as from the early comparisons
of restriction enzyme maps of many HIV
isolates, it became evident that the HIV
genome could exercise considerable het-
erogeneity. These early results encouraged
further sequencing aimed at delineating the
extent and meaning of the initially observed
variation. These follow-up studies, reported
in the summer of 1986, showed conspicu-

ous sequence variation among isolates ob-
tained from North America and Africa and,
in one study, pointed to the phenomenon of
“swarming’’-distinct sequences could be
cloned over time from individual patients.
The earlier hypothesis of a small number
of stable variants-a New York strain, a
San Francisco strain, etc.-could not be
straightforwardly upheld. And, for a while
at least, sequencing would remain an on-
going endeavor. Thus it became likely that
systematic compilation and analysis of HIV
sequences would contribute to the identifi-
cation of conserved and variable elements
of the viral genome, and perhaps even to
the geographical and temporal tracking of
variants.

At that time the U.S. and European nu-
cleic acid sequence databases-Genbank
and EMBL-Heidelberg-having the formi-
dable task of annotating and maintaining
more than ten million bases of sequence
data, were hard pressed to preferentially an-
notate and enter the numerous sequences
associated with the new human retroviruses,
and the likelihood that individual labora-
tories could keep up with the growing in-
formation was unthinkable. We proposed,
then, to the Acquired Immunodeficiency
Syndrome Program of the National Institute
of Allergy and Infectious Diseases that an
HIV sequence database be established [at
Los Alamos] and that a quarterly publication
of the compiled information be made readily
available, at no cost, to all interested inves-
tigators. The principal goal of the database
would be to eliminate all acquisitional bar-
riers to sequences so that comparison and
analysis could keep pace.

The NIAID agreed to our proposal,
and the third edition of the database will
be appearing in early 1989. Updates
to the yearly editions are published as
acquisition of new data warrants.

The database now includes sequences
for about thirty HIV samples. The se-
quences for about a quarter of the sam-
ples span the entire viral genome of ap-
proximately 10,000 nucleotides. In ad-
dition, the database includes nucleotide
sequences for several other retroviruses
of relevance to the study of HIV: three
simian immunodeficiency viruses, three
non-human lentiviruses, and two hu-
man oncoviruses. Also included are
the amino-acid sequences (as predicted
from the nucleotide sequences) for var-
ious protein-coding regions of the HIV
genome. Floppy diskettes containing the
nucleotide and amino-acid sequence data
are provided.

The staff of the database center not
only compiles and publishes sequence
data but also, as time permits, carries
out some sequence analysis, the results
of which are included in the database.
For example, we have aligned the nu-
cleotide sequences for the 5’ long termi-
nal repeats of fifteen HIV1 samples and
have deduced evolutionary relationships
among various samples from differences
among their nucleotide sequences. We
have also undertaken, in collaboration
with Chang-Shung Tung, helix-twist
analyses of the regulatory sequences of
the long terminal repeats of HIV.

It now seems likely that the HIV se-
quence project will be continued at least
through 1995. Its future scope will in-
clude research on molecular aspects of
HIV immunology. The results of such
research should prove valuable in devel-
oping antiviral drugs and vaccines. ■
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