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Viral Quasispecies

The standard definition of a biological species does not apply
to viruses. A more expansive and dynamic view of viral
populations holds clues to understanding and defeating them

ceording to Greek mythology,
when curious Pandora openad a
forbidden box she set loose all

the miseries and evils known to the

world. Ope of them was undeubtedly
the vimis—the very name of which is

‘Latin for slime, poison and stench. ¥i-

ruses cause a mind-boggling assortment
of illnesses, ranging from the common
cold to acquired imnunodeficency sin-
drome (AIDS), perhaps the most feared
scourge of modern tmes.

- Viruses have the ability to mysitfy lay-
people and experts alike. Early in their
studies of virnses, investigators became
puizzled by the high mutation rates they
observed: the magnitudes indicated that
viruses mmst evolve more than a mil-

by Manired Eigen

“species™ is not merely semantic. It of-
fers insighis into the behavior of vimses.
In the case of AIDS, for example, it helps
in determining when the lman imem-
nodeficiency virus (HIV) first evolved
and where it may have come from B viruses consists of retroviruses. Afier a
one were to extrapolate only from the retrovirus infects a host cell, a viral en-
epldeminlogic data, AIDS would seem {0 zyme calied reverse wanscriptase chang-
have first appeared in 1979. Our data, in  es the single sirand of viral RNA into a
contrast, suggest that HIV is a very old  double strand of deoxyribormcleic acid
virus. Moreover, the quasispecies conr  (DNA). That DNA can then incorporate
cept points toward potential treatmerts - itself into the host's genome, thereby
for AIDS and other diseases that have making the viral message an inherit-
so far been resistant to vaccines. able feature of the cell. HIV helongs to
the retroviral family. Its target is the im-
mune system, which ought to provide

plementary plus strands before viral rep-
licaticn: can begin. Influenza A, one of
the most common epidemic diseases,
is caused by a minns strand virus.

A third class of single-sirand RNA

o begin o understand viral qua-
sispecies, we must ask purselves, protection against the virus.
What is a virus? In 1959 Nobel Because virlises are so dependent on
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fon fEies faster than cellular mMicroor-

‘ganisms. If that were true, how could vi-
“ruses maintain their identities as path-
. ogenic species over any evolutionarily

o7 nkar e

stphificatt period? Why didn't they o=
L tate ot 6f existence?
" Thise questions have generally been

unanswerable within the traditional theo-
retical framework of biology. Borrow-
ing ideas from both mathematics and

. chemistry, however, my colleagues and

T have recently introduced & concept, the
quasispecies, that can illuminate the
problems in new ways. A viral species,
we have shown, is actally a complex,
self-perpetuating population of diverse,
related enities that act as a whole.

The substimation of “guasispecies” for

MAMNERED EIGEK is direcror of bio-
chemical kinetics research at the bax
Planck insttute for Biophysical Chem-
istry in Gittdngen, where he began his
undergraduate studies im 1851. For his
ground-breaking wark in developing
techniques for measuring high-speed
chernical reactions, Eigen was named
as a co-recipiont of the 1967 Nobel Prize
for Chemistry. in roore pecent vears the

. major.focus of his.research has been

~ the sigmificance of the information con-
cept 1o molecular evolubon and its ech-
nological applications.
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[aiTeate André TWolf*s aiswer was “A the teplicative systems  of thefr hosts,
virus is a virus!"—a truism, perhaps, but  scientists generally believe viruses in
one that cuts to the unigueness of vi- . their present form roust have evolved
ruses in the living world. Essendally, a  after cellular life. it is even possible that
virus is-a-genetic prograr that carries - viruses descended from parts of their
the simple message “Reproduce mel™ host's genetic programs that tumed
from one cell to another, Because & vi-  their inside knowledge of cells to the
rus represents only one or a few of the  goal of duplicating themselves. What-
messengers vying for the attention of  ever the case, viruses are useful models
its host, it must employ certain bio- for studying how molecules may have
chemical tricks to recruit the host's rep-  organized themselves into self-perpet-
lication machinery for its selfish pur- wating units at the dawn of life. They
pose. Often those ploys result in the
host cell's death. ed and processed at the molecular lev-
Viruses fall into many different cat-  el. The essence of their genetic infor-
egories, but one way to distinguish mation is self-preservation, which they
among them is by looking at the mole-  achieve through nmutagenesis, reproduc-
cules that carry their genetic messages.  tion, proliferation and adaptation to a
Perhaps the simplest form of virus is  steadily changing environment.
represented by a single sirand . of ri- The genome of a single-strand RENA
benucleic acid {(RNA), made up of sev-  vims such as HIV, which comprises only
eral thousand individual nucleotdde sub- 16,000 nucleotides, is small and simple
units. If this RNA is a so-cailed plus compared with that of most cells. Yet
strand, it can be read directly by the from a molecular standpoing, it is un-
host's translation apparatus, the ribo-  imaginably complex, Each of those nu-
some, murch as the host's own messen-  cleotides contains one of four possible
ger RNA can. Exarnples of such plus  bases: adenine, uracil, gnanine or cyto-
strand viruses are the barteriophage  sine. The unique sequence specified by
3R, a parasiie of the bacteriwm Esche- the genome of HIV therefore represents
richia coli, and the polio-1 virus, which  just one choice out of 4'* possibili-
causes spinommscular paralysis. Other  tes—a number roughly equivalent to a
vimses encode their messages as mi-  one followed by 6,000 Zeros.
nus strangds of RMA. Inside a cell, minos Most such sequences would not gual-
strands roust be transcribed into com-  ify as vimses: they could not direct

show how information can be generat-
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VYIRUSES BELONG to many diverse familias, which
may be distinguished by the type and actvities of
their gemetic molecules. In some viruses the genes
are in single urduublestmndsofDNA,inuthem the
genes are RNA molecules, Some ENA viruses carry

plus strands that can be translated directly by the

_ reverse-transcribed ingo double strands of DNA. Onbr

RECVIRUS
{PATHOGEN OF PLANTS
AND ANIMALS)

DOUBLE-STRAND
DNA VIRUSES

OF BACTERIA)

host cell's protein-making machinery. For minus
strand viruses, the RNA must first be transcribed
into compiementary plus sirands. Regoviruses, such
as those that canse AIDS, require that their RNA be

a few of the many varieties of viruses are shown.
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How to Construct a Sequence Space

O ne way to study the diverse nucleotide sequences
in the genes of viruses is to map them into a mudtidi-
mensional matrix called a Hamming sequence space. In
this space, each point represents a Unigque sequence, and
the degres of separation between points reflects their de-
gree of dissimilarity. The space can be most easily drawn
for short sequences consisting of binary digits. For a se-
quence with Just ane position, there are only two possible
sequences, and they can be drawn as the end points of a
line {g). For a sequence with two positions, there are four

permutations, which form the comers of a square (k). The
warfations on a three-digit sequence become the corners
of a cube (¢, and the variations on a four-digit sequence
are the vertices of a four-dimensional hypercube {d). Each
higher-dimensional space is built iteratively by drawing
the previous diagram twice and connecting the correspond-
ing points. The sequence spaces for viral genomes are far
maore complex than these simple figures because they in-
volve thousands of positions that can each be occupied
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their own. duplication. Nevertheless,
even-if only a-tiny fraction of them are
viruses, the numbey is still huge. If the
entire universe were completely filled

ahout 10 of them. Hence, an array of

.. 10%9% differing RNA sequences is be-
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yond comprehension.

- Fortunately, it is not beyond the ana-

" “tytic reach of mathematics. We can con-

stuct a theoretical framework that en-
compasses that vast array and reveals
relations among the elements. To do
s50; we.nust first develop a geomety—
a-concept of space—that wounld allow

" us to represent the informational dif-

férences among the sequénces as pre-
cise spatial distances. In this space, each
nuclectide  sequence must ocCupy a
unique position. The positions nmst also
be arranged to reflect-the information-
al' kinship between the sequences. -

B athier words, each seqyence should be.
- only ene unif away from alkthe other

“sequences that differ from it by only
one nucleotide; it should be two units
away from those differing by two -nu--
dectides, and so on.

Sequence space Proves to be an -

- valuable tosl for internreting what a vi-

ral species is. The term “species” is used
in both biology and chemistry. In chem-
istry, a species is a_defined chemical
compound, such as minirotoluene or
benzene. In biology, the definition is
not quite as sharp: members of a given
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living species mmst show common
traits and must be at least potentially
able to produce offspring by recombin-
ing their genetic material. At the genet-

sented by a gigantic variety of differing
DNA molecules.
Binlogists generally speak of the wild

__Iype of a species: the form that predom-
inates il & popiilation and that is par-

ticularly well suited to the envirorment
in which it lives. If one found an indi-
vidual that perfectdy embodied that wild
type, its unique seqguence of genomic
DM would specify the wild type at the
genetic level and would ocoupy a single
point in the sequence space. That view
of the wild type accords with the classi-
cal model of natural selection. Although
matations occur steadily, they presum-
ahly disappear because the mutant types
are less fit than the wild type. Alterna-
tively, a mutant may have advantages,
in which case it becomes the new wild
type. Either outcome tends to keep all
the members of a species at or very near
one point in a genome Seguerce space.

hat picture was modified by the

neutral theory advanced in the

1960s by Motoo Kimura of the
National Instinte of Genetics in Mishi-
ma, Japan. Kimura argued that many
mutatdons, such as those causing dif-
ferences in blood types, are neither ad-
vantageous nor disadvantageous. Con-
sequeniiy, a small but siatisticallv de-
fined fraction of the neutral mutations

woudd contimuously replace the edst-
ing wild rype in the populatien. The ge-
nome of a species would therefore drift
steadily but randonily ithrough a certain

! tomse— e_i¢ level, a hiclogical species is repre- _volume of sequence space.
. triRionth of a trillionth of a cubic cen-
" tmseter in volume—it could hold only

Despite those differenices, both the
classical Darwinian and the neutralist
theories favor the idea that wild-type
populations will localize sharply in se-

“fénce space after completing an ad-
vantageous or neutral shift. Also, both
theories assume that mmtations appear
blindly, irrespective of their selective val-
ue. No single neutral or advantageons
mutation wowld occur more frequently
than any disadvantageous one.

That view, however, is not sustained
by the modern kinetic theory of molec-
nlar evoludon, nor is it backed by ex-
periments with viruses. After all, evo-
Iutionary selection is a consequence of
the ability of a genome to replicate it-
self accurately. Imagine a case in which
the process of replication is so highly
error-prone that no copy resembled its
parential sequence. The resultng popu-
latdon would behave like an ideal gas,
expanding untl it filled the sequence
space at a very low density. Selection
acting on such a population couwld not
define it or confine it in any way. The
population would lose all its integrity.

If we were 1o reduce the error rate of
replication progressively, variation in the
population would disperse less and less
as the offspring came to resemble their
pafents more and more. At some criti-
cal error rate, the effect of selection on




the population would change radically: interpreted as a kind of “melting point™
the expansive force of mutation would  for the genome information: The popu-
strike a balance with the compressive Iation density at each point of seguence
force of selection. The diffuse gas of re-  space depends on the fimess value of
laied sequences woutd suddenly con-  that partioular sequence. A mathemati-
dense into a finite but extended region.  cian would describe the distribution of
This region in sequence space cartbe  sequences in a quasispecies with a vec-
visualized as a cloud with a center of tor that refers to the maxdmum growth
gravity at the seguence from which all  within the set of coupled kinetic equa-
the miztations arose. It is a self-sustain-  tions for all the mutants.
ing population of sequences that repro- One might wonder why in this mod-
duce themselves imperfectly bui well ¢l an advantageous or newtral mutant
enough to retain a collectve identity would have a better chance to occur
over dme. Like a real cloud, it need not  than a deleterious one. New mutants
be symmetric, and its protrusions can  appear at the periphery of the quasi-
reach far from the center because some  species distribution, where they are pro-
mutations are more likely than others  duced by the erroneous copying of nm-
or may have higher survival values that  tants aiready present. Becanse the popu-
allow themn to produce more offspring.  lation of a mutant in the quasispecies
That cloud is a qusasispecies. depends on its degree of fimess, well-
Biologically, the qmasispecies is the adapted mutants have a better chance
e target of selection. All the members  of producing offspring; deleterious mu-
of a quasispecies—not just the consen- tants produce no offspring at all. Be-
sus sequence—help to perpetuate the  cause the chance of finding 4 well-adapt-
stable populaton. The fimess of the ed or advantageous mutant is greatest
entire population is what matters, rot  in a region of sequence space associ-  icated, it will replicate, Before an infec-
the fitness of individual members. The  ated with high fitness, there is a large  tion is detectable, the viral population
wild type of a quasispecies tefers to  bias toward prodociag Suth well-adapt- st ¥ise 16 aound 108, Which would
an average for all the members, not to  ed mutants. Calculations show that this  take about 30 generations. If the error
a particularly fit individual. Chemical- effect speeds up the evolutionary op-  rate is more or less equal to the recip-
ly, the quasispecies is a mmltitude of portunization of viruses by many orders  rocal of the sequence length, then on
distinct - bat- related -macieic - acid-poly=-— ef-magnihrde=s-compared-with-tmaly—-average-cne-errorwitt ioree
mers. its wild type is the consensus se-  random, unbiased nmtations.
quence that represents an average for
all the mutants, weighted 1o reflect their
individual frequency. Physically, the
quasispecies is a localized disoibution
in sequence space that forms and dis- ing characteristdc of a virus. The error
solves cooperatively in very muach the rate is the probability that an error will
same way that molecules of water pass  coour when one nucteotide in a sequence
through phase wansitions as they freeze  is being copied. It can depend both
; or evaporate, its stability is constrained  on the type of nucleptide substitution
t by the error threshold, which may be  taking place and on its position in the

sequence. The position is important be-
cause the ribosome interprers the mo-
deotides three at a tme, in a group
called a codon. In mast codons the first
two positions suffice to specify the ami-
no acid to be incorporated into & pro-
tein. Mutations in the first two posidons
may therefore be more sringently main-
tained by selection. When researchers
speak of the error rate of an entire viral
sequence, they are referring to an aver-
age for all the positions.

In general, the error rate of a virus is
roughly proportional to the reciprocal
of its sequence length—that is, about
One eIrer pet replicated sequence. IF the
eITor rate were much larger, almost ev-
ery replication event would produce an
unfit mmtation. For an entiry that pro-
duces as many offspring as a virus, an
error rate reciprocal to the sequence
length is highly significant Consider a
typical infection process, which starts
when at least one viable virus enters &
host organism, If that vitus is not erad-

DT SOOE
in each generation.

{Consequently, any two vireses taken
from an obviously infected host are like-
ly to differ from each other at 30 no-
cleotide positions or more. When re-
searchers first noticed the sequence di-
versity of the HIV viruses they found in
individzal patients, they thought it was
evidence of multiple infections by dif
ferent strains. The work of Simon Wain
Hobson of the Pasteur Institute in Par-

ecause the error rate divectly de-
termines the size and integrity of
a quasispecies, it is the most tell-

HIGHLY IMPERFECT
REPLECATICIM

FERFECT REPLICATION

QUASISPECIES
CF WILD TYPE

el

POPULATION DYMAMICS of a virus depend on the ertor rate
of its replicaticn process. These figures are highly simplified
representations of the sequence spaces that might contain a
viral population, If the replication process of a virus were per-

fectly aocarate, all the viral offspring would occupy-the samye -

position in sequence space {a}. If replication were highly im-

perfect, mutant viruses would scon gecupy every position in
sequence space {b}, and the viral pepulation would lose its
integrity. At some intermediate error rate, however, the viral
population wonld become a coherent, self-sustaining entity

that resembles a cloud centered on the original consensus P o

gquence (c). That cloud is a quasispecies.
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HYPERCYCLES govern the replication of viruses inside host
cells. A hypercycle consists of interlocked feedback leops. In
the replication of the phus-sirand bacteriophage virus Q B, for
example, the reproduction cycle (tan) for the genedc infar-
mation is promoted by a second cycie (kue) involving the
production of a viral replicase enzyme. At the same time, vi-

ral replication is inhibitad by the production cycde {green) of
the viral coat protein, which prevents the synthesis of repli-
case subunits. The combined influence of these cycles deter-
mines the propoertions in which viral components are made
and thereby the rate of viral replication. Becaunse errors can
accumulate in the hypercycle, vitmses are prone 1o mutation.

is has demonstrated, however, that the
diverse HIV sequences in patients are
usitally related to one another. His work
clearly confirms that viruses, and imrma-
nodeficiency vimises in pardcular, are
quasispecies.

The profiferation of a viral quasispe-
cies is & more complex phenomencn
than the simple replication of a wild
type. Viral replication takes the form of
a hypercycle, a set of interlocking feed-
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baclk loops that describes a regulated co-
evolutdon within a cefl of the viral genes
and the viral proteins essential to repli-
cation that are encoded by those genes,
Michael Gebinoga of the Max Planck n-
stimite for Biophysical Cherristry in Git-
tingen has quantified the precess in vivo
for the Of bacteriophage. He found evi-
dence of two feedback cycles, one based
on the enzyme replicase, which pro-
motes replication, and the other based

on the viral coat protein, which limits
it. The first molecules of replicase and
other proteins produced by the infec-
tous plus strand are faily acourate be-
cause most copies of the viral genes
in the cell ara similar to the originals.
Errors accumulate wmostdy during lat-
er stages in the infection cycle. For that
reason, the synthesis of replicase seems
0 occur primarily early after infecton.
Yet even viral sequences that make de-

s




fective proteins are copied because the
replicative machinery acts on all the
strands indiscriminately. When an in-
fected E. cofi cell bursts after 40 min-
utes, it releases around 10,000 phage
particles, of which onky 1,000 or less
are infectious.

Analyses of sequence space can reveal
information about the evolution of viral
quasispecies that would otherwise be in-
accessible. A smaightforward procedure
for studying the evolution would be to
follow the changes in a viral gene over
time. A researcher would need to col-
lect samnples of a virus over a period of
many successive years. The difficulty is
that even for quickly mutating viruses,
the amount of change that can acournu-
late in only a few years—say, the kife
time of a Ph.D. thesis—is too small to
measure meaningfully. Hence, the ex-
periment would never be done.

In the mid-1980s Peter Palese of
Mount Sinal School of Medicine found a
better way. He was lucky enough to ob-
tain samples of influenza A virus that
had been isolated and frozen during
ocuthreaks of the disease over d span of
about 50 vears. Palese and his co-work-
ers analvzed the gene sequence com-
mon to thase samples. From that infor-

such a tree for the AID3-causing strain
HIV-1, using samples coliecied from
1935 1o 1987,

The principal difference between the
tree for HEY-1 and that for influenza A
virus is the length of their bramches.
According to the scheme Myers devel-
oped, all the early strains of HIV-1 came
from African sources. Looking at the
{ree, we can almost Tace the journey
of the viras from that continent to the
rest of the world. Indeed, one can ex-
tentd the tree even further back infp evo-
lution by finding the relations between
HIV-1, HI¥-2 and various forms of simi-
an immunodeficiency viruses {SIVs).

For determining when these vimuses
diverged, it would be helpful if the sep-
aration in the sequences could be used
as & measure of evolutionary time. Sad-
v, the problem is not thai simple. If
two long, originally identical sequences
martate randomly, it is at first unlikely
that they will undergo the same chang-
e5 at the same positions. Mutatons will
increase their distance from the ori-
ginal consensus seguence, and those

‘chdnges will apcimialate aimost linéars

1y with respect to time.
Eventually, howewver, when enough no-
tations have accomulated, some of them

mation, they plotted-the evolutorary ——will probably-reversea previous change

relations among the viruses from each
epidemic. The “family tree” they creat-
ed shows the worldwide spread of the
virus from a common source in succes-
sive waves during each epidemic. The
tips of the branches are the isofated vi-
rus samples; the nodes, or connections
of branches, correspond to the consen-
sus sequences of their shared ancestors.
In collaboration with Walier M. Fitch of
the University of California at Irvine, Pa-
lese foumd for influenza A an essentially
linear relation between the degree of dif-
ference for any two sequences and the
amount of time since their divergence.
Depending on the sequences ihey exam-
ined, two to four mutations appeared
per year. The tip-to-node distances on
the tree, which reflected the spread of
individual sequences, corresponded ic
roughly five years of evolution.

nfornmately, the case of influen-

za A is as vet unique: no other
) collections of virases that extend
across 50 years currently exist. Never-
thelass, other researchers have made
progress by employing a different ap-
proach. Whereas Palese tracked the eve-
lution of a virus over time, those work-
ers have reconstructed evolutionary
rees by making infersnces from the
similarities of different viruses and vi-
ral strains that abound at approximate-
Iy the same tme. Gerald Myers.of Los
Alamos National Laboratory has made

or duplicate a change in the cther se-
quence. As g result, the amount of dif-
ference between the seqoences will de-
Crease or stay constant, and their dis-
tance from the original consensus se-
guence will finalky fluctuate around a
given value. Past a certain point, then,
the passage of more time does not add
more distance. For a genetic sequence
in which any one of the four nucleo-

tides could ocoupy any position, that

distance is 75 percent of the total se-
gquence length.

Morecver, the assumption of uniform
substitution prebabilities is usually not
correct. Soine positions are aimost con-
stant because of fimess constraints;
some vary at a normal rate, whereas
still others are hypervariable and change
rapidly in response to the selection pres-
sure imposed on them by the immune
response of their host. The constant, var-
iable and hypervariable positions wold
each evolve according to a different dis-
tance-time relation. Applying different
relations to an interpretation of the evo-
Intionary distances woirld give results
for olé divergences that differed by or-
ders of magnimade. The lengihs of the
branches in the evolafonary irees can-
not dividge when new viruses evolved.

Sequence space diagrams can, how-
ever. My colleagues Katja Nieselt-Struwe
and Ruthild Winkler-Oswatitsch of Got-
tingen, Andreas Dress of the mathemat-
ics deparmment of Bielefeld University

and 1 have taken that approach. We de-
veloped a mathematical method of an-
alyzing the relations within a guasispe-
cies that we call statistical gearnetry in
sequence space. That analysis allows
us to determine how ofien on average
different types of changes occur at dif-
ferent positions. It enables us 1o classify
different positions in the viral sequenc-
es as constant, variable or hypervari-
able. From that information, we can de-
duce roughly how long different viral
lineages have existed and the frequen-
v with which different types of muta-
tomns oocUE.

hat do the statistical geome-
tries of the influenza A, polio-
1 and immunodeficiency virus-
es reveal? For the tree of influenza A
virus, the probability of mutations that

~ woudd parallel or reverse previens chang-

e5 is small. As Palese’s study indicated,
the amoumi of difference between strains
of the vims increases almost linearly
over fime. An intrigning prediction also
emnerges from the data: if all the moutz-

bl pisEiaons In the Wnis condinie o
change at the indicated rates, the influ-
enza virus should completely lose its
idenidty within a few hundred years. Be-
d ot CIOTE OOTES JARESE LI oS LAl
the influenza A virus will probably re-
main a pathogen, because to servive, it
will need to infect humans, but we can-
not predict what its pathology will be.
For polie-1 virus, the picture is en-
tirely different. In the stadied sequence
segiment, the nucleotides that occupy
the first and second positions in each
codon scarcely change at all. Mutations
at those positions must be strongly elim-
inated from: the quasispecies by selec-
tion. Conversely, the nuclectides at the
third codon positions are almost com-
pletely randomized. As a resulf, even
though the poliovirus has about the
same error rate as the influenza virus,
oitly mutations that do not change the
encoded aming acids appear in the gua-
sispecies. The proteins in the poliowi-
Tus are very highly conserved.
The immunodeficiency viruses have
a third tvpe of statstical geometry. All
three codon positions are appreciably
randomized for all tvpes of changes. We
have been able to deiermine the preva-
lence of constant, variable and hyper-
variable sites within the gene for an HIV
surface protein that we analvzed. From
that information, we were able &0 est-
mate how long it must have taken for
the immunodeficiency vimses to have
diverged to the observed degree.
About 20 percent of the positions are
constani, apparent]y because they are

necessary.for HIV.to function as a rel= - —

rovirus, They establish that HIV is the
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* EVOLUTION MACHINES” of various types are used in the au-
thor's laboratory to study the evasive changes that viras pop-
ulations can make when subjected to selection pressure, The
rrachines create systems of cell cultures in which viruses grow
under tightly conirolled conditions for many generations. Nu-

descendant of an eld viral family. About

70 percent of the positions are variable
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W
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“and have an average lifetime of about

1,000 vears (give or take a few hua-
dred). They seemn to give HIV its specific
characteristics. Many of these posidons
differ in HIV-1, HIV-2 and the STV se-
quences, which indicates that they must
have evolutonarily diverged long ago.
My colleagues and I estimate that it was
600 1o 1,200 years ago (or even long-
eF, hecanse more constant positions may
yet be hidden in the data). Conirary to
the svidence of the epidemiologic curves,
therefore, HIV is not a new vims, al-
though its pathogenicity may have var-
ied over the centuries.

About 200 posidons in the stdied
HIV gene—about 10 percent of the 1o-
tal—are hypervariable and change on
average within 30 years. They provide
the wemendous varighility that enables
HIV to thwart the attempts by its host's
jminune sysiem 1o eliminate it. They
may also be directly responsible for
rmuch of the damage that the virus does
to the immmme system. Accerding to a
theory advanced in 1992 by Robert M.
May and Martin A. Novak and their col-
leagues at the University of Oxdord, HIV
uses its capacity for variance 1o out-
Hank the imrmune rasponse of its host.
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trient soiution is pumped into a fermenter in which grow host

FLOW REACTORS

The munber of different sequences that
result from mutations at hypervariabie

" gites puitrang by faF the capacityof the

immmme system to generate lyrmapho-
cytes, If HIV can change at all its hyper-
variable sites in 30 years, it could ex-
hanst the immume systern in only a frac-
ton of that time. The virus can pro-
duce nmtants that evade the immuno-
logic defenses, particularly because its
infection targets are the T lymphocytes
that control the Imnmune response.

- Computer simmlations carried out by
the Oxford group verify those predic-
tons. That theory, based on the quasi-
species nature of the virus, also satis-
factorily explains the decade-long delay
that usually occurs berween the initial
viral infection and the fatal state of
the disease, when the immune systeim
breaks down Fairly suddenly. It may take
that many years for HIV to exhaust the
adaptive resources of the immune sys-
temn. Nesw experiments will test whether
this explanation is correct.

The statistical geometry data also of-
fer insights into ways of fighting HIY
and other viruses. The mest common
way to rid an infected individual of a
virmus is to stimulate, activate or sup-
port the immune system, as a vaccine

does. An awareness of the variational .

SAMPLES

pumped into an array of environmentally controlled vessels
called Bow Teactors, where the virnses can parasitize their
hosts. Samples of the virs populations can be withdrawn
from the Aow reactors for analysis. A computer regulates
compopents of the system, such as the pumps and the con-
trols for stirring medium mrbidity, that deterniine the growth

flexdbility of viruses suggests that three
additional strategies must also be ex-

-plored to improve-vaccines. Une is to

find stable imrmunclogic features in the
viral quasispecies against which high-
Iy specific monoclonal antibodies could
be directed. The second is 1o craate an-
tibodies that can act against a broad
spectrum of the likely mutani viruses
that would otherwise permit a quasi-
species to escape attack. The third is o
spot such escape mutants during an
early phase of infection and to outma-
peuver them with specific agents be-
fore they can produce progeny.

he most freitful approaches may

vary with different vises, For

exarnple, the immune systei Can
quickly learn to recognize the almost
constant protein features of the polio-
virus. That virus has no chance of sur-
viving if it encounters a vaccinated host.
The real effectiveness of that pretection
became apparent only recently when
researchers discovered that the mild
strain of polio-1 virus in the Sabin vac-
cine differs from the pathogenic wild
type at only two nucleotide positdons.
It is entirely possible, therefore, that a
few of the polioviruses from a vaccine
do mutate into a pathogenic state inside

T,




the host. Yet by the time those muta-
tions accur, the imrmunologic protection
of the host is already practically per-
fect. The success of the Sabin vaccine
in saving tite lives of countless children
is unchallenged.

Influenza is a quite different case, as
are other viruses. The targets for the im-
nonne response against influenza change
steadily. Although the immune system
eventually copes with the virus and
quells the infection, there is no lasting
protection. As a consequence, people
can contract influenza repeatedly, and
new vaccnes mast be prepared every
few years. John |, Holland of the Univer-
sity of California at San Diego and Este-
ban Domingo of the Independent Uni-
versity of Madrid have observed that the
viruses responsible for foot-and-mouth
disease and vesicular stomatitis, an in-
fection of the oral membranes in live-
stock, behave in a similar way. HIV, with
its many variable and hypervariable po-
sidons, mutates even more rapidly and
radically. Vaccines may not have any
lasting value against such infections.

But vaccines are only cne way to fight
vimses, The administration of drugs that
block viral replication is an extremely
common therapy—and for AIDS it is

VACCINATION has been extremely effective in controlling polio and some other
diseases. Because the proteins of poliovirus change very ltile over time, it is rela
tively easy to find consistently good immamologic mrgets. Against more mutabie

viruses, such as the AIDS virus, vaccination is much less potent.

pressures. Evolutionary biotechnology,
of applied molecular evolution, as it is

currently the sole therapy that is in ane—often-called, is-a-rapidlv-emersngfield

way effective at slowing the progress of
the disease. In theory, artficial chains
of RNA could be administered to pa-
tients to prevent or eliminate viral in-
fections. Those RNA molecales would
hinder viral replication, either by bind-
ing to the viral RNA or by competing
with it for essential enzymes. Specific
factors thar interfere with viral replica-
tion could also ke incorporaved into host
cells by genetic techniology. Yet all these
approaches may have harmful side ef-
fects or would need 1o clear significant
technical hurdles,

A further coraplication is that virus-
es may be able to mutate around sech
obstacles. In my laboratory Bjom F. Lin-
demann has nsed the understanding of
the replicative mechanism of the Q& bac-
teriophage to test one antiviral strate-
gyv. He inserted the gene for the viral
coat protein into cells. The cells he-
came resistant to mfection becanse the
coat protein, a natural regnlator of the
phage’s replication, blocked the tran-
stription of viral genes. _

Yet this strategy did not work perpet-
ually: given sufficient time and genera-
tions, the QF bacteriophage adapted by
rmutating into a ferm that {gnored the
Coat protein signal. Lindemann demon-
strated that fact using one of the auto-
mated “evolution machines” developed
recently in my laboratory. In these de-

 vices, viruses grow in host cells for ex-

terided periods under mild selection

of research that may have many appli-
catioms in new anwviral strategies [see
"Directed Molecular Evolution,” by Ger-
ald F. Jovce; SCIENTIFIC AMERICAN, De-
cember 1992}

Orne strategy may be resistant to the
evasive manenvers of viruses: it would
exploit their nature as quasispecies and
thereby undermine the very basis of
their existence. Even in a successful vi-
ral quasispecies, only a small fraction
of the viral sequences in a host cell are
viable_ If the error rates of viruses can
be increased moderaiely, just encagh
to cross the critical error threshold that
defines their quasispecies, they would
experience a catastrophic loss of infor-
matior. The viral quasispecies would fall
apart because it would be producing too
many nonviable mutants.

Using drugs that produce mutations,
Domingo and Holland have demonstzat-
ed that this approach works against the
vires that canses foot-and-mouth - dis-
ease. For such a strategy to work as a
therapy, howeser, the drugs must change
the errar rate of only the viral replicase
and not of enzymes essentdal to the
host's well-being. Careful study of rep-
licase mechanisms should bring about
such a possibility of interfering with
virus infection. This strategy would be
precisely the opposite of immunization
therapies that attempt to prevent the

_ appearance of escape mutants, .
As of today, we know little about the

origin of vimses or their role in the eve-
luiion of the biosphere. Viruses come

g0 U, O] LOSdEdT .

- The uﬁdﬂﬂahle reality is that an esti-

mated 13 million people waorldwide are
irfected with HIV. Pandora’s box is sdll
open and releasing new ills. Neverthe-
less, our growing understanding of vi-
ruses suggests that, as in the original
myth, hope has not escaped.
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