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PREFACE

This book was written during a period when the technologies of genetic
engineering were being applied to the study of animal viruses and when the
organization and function of individual virus genes were being elucidated.
This book, which uses human and animal viruses as models, aims to under-
stand the developments in molecular virology during the last 20 years. Al-
though molecular virology could also be taught by means of bacteriophages or
plant viruses, the advantage of using animal viruses is in their ability to cause
human and animal diseases as well as to transform cells, a primary problem in
medicine.

For the sake of clarity and convenience, not all the individual contributors to
the various aspects of molecular virology were cited in the text. Instead, the
reader is referred to review articles or key papers that list the numerous excel-
lent publications that have contributed to clarification of the various molecular
processes. Thus the end-of-chapter bibliographies will guide the reader to the
publications in which the original contributing authors are quoted. References
given under the heading Recommended Reading are intended to assist those
interested in pursuing a given subject further.

I hope that this book will fulfill the purpose for which it is designed, and I
urge readers to contact me if errors are found or updating is required.

ix
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I. MOLECULAR ASPECTS OF ANIMAL VIRUSES



1. STEPS IN THE DEVELOPMENT OF VIRUS RESEARCH

VIRUSES AS DISEASE-CAUSING AGENTS

Evidence that even many centuries ago viruses were human pathogens causing
epidemics and death can be obtained from examining sources that have sur-
vived through the ages. These include ancient scripts, art, and archacology.
Epidemics in humans and animals were vividly described in the Bible and
other historic writings, but our ability to distinguish between an epidemic
caused by a pathogenic bacterium and one originating from a virus did not
develop until the end of the nineteenth century and gained momentum during
the first half of the twentieth century.

One of the first indications that viruses caused diseases in humans several
thousand years ago can be found in Egyptian archaeology. Examination of the
3,000-year-old mummy of Pharaoh Ramses V revealed pockmarks similar to
those found on the faces of persons infected with smallpox virus (figure 1).
This suggests that the Egyptian king may have contracted smallpox. Another
example is recorded on a wall covering dating from the period of 1500 B.C., in
which an Egyptian prince is depicted leaning on a cane becausc his left leg is
thinner and shorter than the right one (figure 2). Comparing the picture of the
ancient prince to a contemporary victim of paralytic poliomyelitis leads us to
deduce that infantile paralysis has been prevalent in North Africa, and possibly
the Mediterranean basin, for at least 3,500 years.

The Persian physician, Muhamad ibn Zakariyya (Rhazes), who was born
August 27, 865 A.D. and lived in Baghdad, described smallpox as an epidemic
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4 1. Molecular aspects of animal viruses

Figure 1. Pockmarks on the 3,000-year-old mummified head of Egyptian Pharaoh Ramses V
testify to the length of time that smallpox has scourged humanity.

(WHO/11617, General, Health Historical, SM 2-3, 1977. Reprinted by permission from World Health Or-
ganization, Geneva, Switzerland.)

brought into Arabia during the sixth century A.D., most probably by troops
arriving from Abyssinia. In his writings, Rhazes also referred to the fact that
smallpox had been described by the physician Galen in the second century
A.D. and by the Hebrew physician El Yehudi who lived in the seventh century
A.D. Smallpox spread through Africa during the sixteenth century and, with
the advent of slavery, infected Africans brought the disease to the New World.

During the sixteenth century, smallpox also spread in England, and during
the eighteenth century the disease wrought havoc in many parts of the world
among children under the age of ten. Rhazes wrote a treatise on smallpox and
measles but did not recognize them as separate diseases. The physician Avi-
cenna, in his book, Canon, written 115 years later, recognized that smallpox
and measles were two different diseases (Elgood 1951).
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Figure 2. An Egyptian youth with a withered leg paralyzed by what may have been polio-
myelitis is depicted in a sculpture that is 3,500 years old.

(WHO/8063, General, Health Historical, SM 2-3, 1977. Reprinted by permission from World Health Organi-
zation, Geneva, Switzerland.)

Viruses before the dawn of human history

Viruses infect all prokaryotic and eukaryotic cells in nature. Although the
ancestors of viruses and their evolution are not known (chapter 21), it is
possible to assume that viruses paralleled the evolutionary processes in nature.
Viruses can be looked upon as primitive forms of evolution that have lost their
ability to live an independent life and have attained the form of parasitic nucleic
acids. Studies on viruses of vertebrates and mammals revealed relatedness
between more ancient viruses (such as rodent viruses) and viruses of monkeys
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higher on the evolutionary ladder. It is assumed that viruses adapted them-
selves to infect and colonize more advanced forms of life in order to maintain
themselves in nature and avoid extinction together with the disappearing
species of animals that could not adapt to the changing environmental condi-
tions.

Attempts to immunize humans against smallpox and measles

In the eighteenth century, smallpox was widespread in Europe, especially in
England. A medical procedure called variolation was developed in Turkey to
immunize humans against the discase. In this procedure, material taken from a
vesicle on the skin of a smallpox patient was inserted into a scarification in the
skin of the individual being immunized. At the site of inoculation, a vesicle
usually formed within a few days, and the vaccinated person invariably fell ill,
but with a milder form of the disease than that contracted naturally. However,
some of the people immunized did develop a devastating infection and died.
This method of variolation was practiced in England starting in 1721.

Francis Home attempted to immunize humans against measles by scarifica-
tion of the skin with blood of infected individuals. The procedure was partially
successful.

The concept of virus (meaning poison)

The English physician Edward Jenner was the first to realize that vesicles that
appeared on the hands of farm workers in contact with cows protected them
from smallpox. Jenner noted that the cows had vesicles on their udders which
were similar to those on the hands of the laborers and concluded that the
reason for the farm workers’ resistance to smallpox was their exposure to
infection with cowpox. To test his hypothesis, Jenner used fluid from vesicles
on the hands of a milkmaid infected with cowpox to inoculate an cight-ycar-
old boy and subsecquently infected the child with material taken from vesicles
of a smallpox patient, thus challenging him with the virulent form of the
discase. The boy developed a mild illness after the second procedure and
recovered. Thus Jenner, using the procedure of variolation, demonstrated that
cowpox is capable of protecting humans against the more deadly smallpox.

In his study published in 1798 (Brock 1961) Jenner used the term virus to
describe the fluid taken from the skin vesicles. He assumed that the fluid
contained a poison (virus in Greek), and the transfer of cowpox material to a
nonimmunized person was named vaccination (vacca being the Latin word for
cow). Both expressions introduced by Jenner have remained in use, even
though the nature of viruses began to be understood only about 40 years ago.
Jenner’s method of vaccination against smallpox is employed today almost
without modification.
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The concept of virus as a filterable agent not visible in the light microscope

The groundwork of immunization against many viral diseases was laid by
Louis Pasteur in his efforts to produce a vaccine against the rabies virus (chap-
ter 13). Pasteur injected a brain homogenate from a rabid dog infected with
street virus into the brains of rabbits and then used the rabbit brains and spinal
cords to produce a vaccine by gradual desiccation. This was done without
knowledge of the nature of the causative agent of the disease or what effect
drying would have on the agent. Pasteur hoped that injection of the desiccated
material into humans would lead to the production of neutralizing antibodies
that would protect against the disease. Pasteur’s technique, in modified form,
was used for many years; but today vaccine is prepared from inactivated virus
particles grown in cultured cells under in vitro conditions.

During Pasteur’s era, researchers became aware that bacteria give rise to
sickness, but Pasteur suggested that agents smaller than bacteria might also
trigger human diseases. These tiny agents are below the resolution of the light
microscope and pass through filters that retain bacteria. This theory subse-
quently proved to be true when tissue homogenates of infected animals were
passed through a filter that retained bacteria and cell debris. Injection of the
filtrate into susceptible animals led to development of a disease. The term used
for these filterable agents was virus, as suggested by Edward Jenner 100 years
earlier.

The use of filters that retain bacteria caused two other agents to be classified
with the viruses. The microorganisms Chlamydia and Mycoplasma were subse-
quently demonstrated to be prokaryotic cellular organisms that are obligate
parasites of eukaryotic cells.

Mosaic disease of tobacco plants

In 1887, A.E.M. Mayer described the mosaic disease of tobacco plants and
demonstrated that the disease could be transferred from sick to healthy plants.
D.I. Ivanovski showed in 1892 (Lechevalier 1972) that, after passing a
homogenate of infected leaves through a filter that retains bacteria, the filtrate
could still cause disease in healthy plants. Ivanovski suggested that the causa-
tive agent was a toxin. Beijerinck repeated Ivanovski’s experiment in 1899 and
concluded that the cause of tobacco mosaic disease was a virus. Studies on this
virus by W.M. Stanley 40 years later made the breakthrough into understand-
ing the role of nucleic acid as the carrier of virus genetic information (Brock
1961).

Foot and mouth disease in cattle

The first written description of foot and mouth disease in cattle was provided
in 1514 by Hyronimus Proctorius, who lived in northern Italy. The disease-
causing agent was not known then or 240 years later when the disease appeared
in Germany.
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In 1898, F. Loeffler and P. Frosch (Brock 1961) published their report on the
nature of foot and mouth disease. They used fluid from vesicles of infected
cattle to demonstrate the absence of bacteria and the presence of an agent
capable of infecting calves and heifers via the mucous membrane of the lips.
They showed that bacteria-free filtrates of lymph from discased animals were
as infectious as the unfiltered material and that the agent was active at a higher
dilution than that found with tetanus toxins. They speculated that other dis-
eases like smallpox, cowpox, measles, and so on might also be caused by these
filterable agents (viruses) capable of replication in the infected host. Subse-
quently, in 1901, J. Caroll discovered the virus of yellow fever.

Viruses cause cancer

Using the filtration technique to separate filterable agents from tissue cells, the
investigators V. Ellerman and O. Bang of Copenhagen were able to transmit
leukemia of hens in 1908 (Gross 1978). In 1911, Peyton Rous in New York
succeeded in demonstrating that sarcomas in chickens are also caused by
filterable agents. Sarcomas were removed from chickens, homogenized, and
filtered, and the filtrates were injected into healthy chickens. At the site of
inoculation, a tumor developed that was similar to the original sarcoma used
for the experiment (Hughes 1977).

Viruses infect bacteria: the discovery of the bacteriophages

These viruses were discovered independently by two investigators. F.W.
Twort in 1915 described a phenomenon that he named glassy transformation in
bacterial cultures (micrococcus) that were isolated from a preparation of small-
pox vaccine. Twort suggested that the glassy transformation is caused by
living protoplasma, an enzyme that can replicate, or possibly by a virus. In
1917, F. d’Herelle published an investigation into the properties of an agent
antagonistic to dysentery bacilli isolated from convalescing patients, using
Chamberland filters to retain the bacteria. The filtrates were able to lyse both
cultures of dysentery bacteria and to cause the appearance of clear spots in
bacterial cultures on agar. The clear spots contained bacteria that were unable
to infect test animals. In his communication, d’Herelle used the term bac-
teriophage for the first time. His work was based on his previous study (per-
formed in 1910 but not published) on the isolation of bacteria pathogenic to the
locust. In cultures of the locust bacteria, clear spots appeared with a diameter
of 2-3 mm, and the bacteria in the clear spot disappeared. The agent causing
the clear-spot phenomenon was still active after it was passed through filters
that retained bacteria (Brock 1961; Duckworth 1976).

Viral diseases in test animals

The search for a suitable host susceptible to different viruses led to the use of
mice, rabbits, guineca pigs, ferrets, hamsters, horses, cattle, monkeys, and
others as test animals. However, it became apparent that injection of tissue
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homogenates into test animals and the demonstration that they developed a
disease could be misleading, since in certain circumstances a virus already
latent in the test animal could be reactivated. In addition, animals to be used in
virus research must be bred and kept under special conditions to protect them
from infections by viruses or other agents, and large numbers of test animals
are needed for quantitation of each infectious-virus preparation. Also the
growing need for wild animals like monkeys might eventually threaten their
existence. Thus the introduction of the chick embryo as a test animal during
the 1930s was a great step forward in virus research. Fertilized eggs can be
obtained in large numbers, and they provide a closed, sterile environment in
which different viruses are able to develop, either in the embryo’s tissues or in
the different membranes surrounding the embryo. In the laboratory, the fer-
tilized eggs are incubated for 10 or 11 days prior to inoculation with viruses,
and the virus yield is harvested after a few more days of incubation.

Yellow fever virus attenuated by passage in chick embryos

The use of the chick embryo by Theiler for the cultivation of the virus of
yellow fever led to a new breakthrough in the immunization of humans
against virus diseases. Consecutive passages of yellow fever virus in the yolk
sac of chick embryos led to the selection of a new virus strain that retained the
antigenic properties of the original virus but lost its virulence for man. Thus
the newly developed yellow fever virus, named 17D, is the attenuated form of
a highly pathogenic virus that can be safely administered to individuals who
live or travel in areas where the yellow fever virus is endemic in local monkeys
and mosquitoes. Theiler’s investigation, therefore, added a new dimension to
Jenner’s concept that a safe, attenuated live-virus vaccine confers lifelong im-
munity. In the case of yellow fever, the virus was a laboratory-selected variant
or mutant that developed when the wild-type virus was passed through an
unnatural host like the chick embryo, which is a different species and has a
higher developmental temperature than monkeys or mosquitoes, the natural
hosts of the virus.

Viruses replicate in the infected host in selected tissues

Infection of test animals with disease-causing viruses led to the observation
that different viruses infect different tissues. Pasteur’s studies on rabid dogs led
him to the understanding that the infectious agent resides in the dog’s brain
and saliva, and Pasteur’s attempts to develop a heat-inactivated vaccine from
brains of experimentally infected rabbits were based on these observations. In
order to classify viruses precisely, it became acceptable to group the different
viruses according to the tissues they affected. Thus viruses were classified as
neurotropic if they affected the brain and viscerotropic if they affected the
viscera. These observations on the tropism of viruses for specific tissues in the
infected animals led to the realization that, in order to develop inactivated
human virus vaccines, large numbers of animals would have to be infected to
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provide sufficient infected tissues for vaccine preparation. Thus preparation of
an inactivated vaccine to protect against poliomyelitis, which appeared during
the 1940s as a worldwide epidemic, was not feasible since poliovirus is a
neurotropic virus capable of infecting monkey brains by direct inoculation. It
became obvious that the use of monkeys for the preparation of such a vaccine
was impractical, and scientists warned that injection of foreign neurological
material into humans could lead to brain damage. In the face of an epidemic
causing paralysis and death in large numbers of children and adults, a break-
through was of the utmost urgency.

Animal viruses can replicate in isolated tissues in culture

Parallel with the development of virology, scientists made attempts to explant
tissues from vertebrates in the hope of adapting them to growth under defined
conditions in vitro. The technique was to remove tissues from animals or
humans (such as skin explants) and to culture them under sterile conditions in a
medium containing the essential nutrients. Enders, Weller, and Robbins (1949)
used cultured human-embryonic tissues to determine whether poliomyelitis
virus replicates in tissues other than those of neural origin. A small amount of
poliovirus from a mouse-brain suspension was inoculated into human-
embryonic tissue in culture, incubated at 37°C, and after a few days the virus
content of the culture fluid was monitored in mice or monkeys. It was demon-
strated that poliovirus replicates in embryonic muscle cells grown in culture.
This finding opened up a new phase in virus research, since large quantities of
poliomyelitis virus could now be obtained from cells cultivated under in vitro
conditions.

Trypsinization of animal tissues was used to digest the connective tissue
holding the cells together and to release the cells into a suspension that was
placed in culture medium and seeded into suitable glass or plastic containers.
The cells attach to the glass or plastic surfaces and develop into a monolayer.
The use of antibiotics like penicillin and streptomycin put an end to the prob-
lems of bacterial contamination, and a new wave of activity was generated in
all virus laboratories to isolate viruses in cell culture. Viruses were now charac-
terized according to their ability to affect the cultured cells and cause a cy-
topathogenic effect (CPE) or a change in cell properties like cell transforma-
tion. The more practical impact of the introduction of cell cultures for
virological research was their use for the production of human and animal
vaccines. Shortly after the investigation by Enders, Weller, and Robbins, it
was found that poliomyelitis can grow in monkey-kidney-cell cultures. Large
quantities of poliovirus were produced in such cultures, and the formal-
dehyde-inactivated poliovirus vaccine was produced in the early 1950s by J.
Salk.

It was thought that cultured cells are free of viruses, but subsequently it was
discovered that monkey-kidney cells harbour a virus named simian virus 40
(SV40) in a latent form. This virus was activated in the cultured monkey-
kidney cells under in vitro conditions, and the poliovirus vaccine was indeed
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found to be contaminated with an undesirable virus that was shown to be
capable of transforming cells in vitro. Subsequently, this virus was removed
from the vaccine preparations. More rigorous control measures are now ap-
plied to the cell systems used in vaccine production. The large-scale vaccina-
tion of large numbers of people with the Salk vaccine had an immediate impact
in reducing the severity of poliovirus epidemics throughout the world.

Plaque assay for animal viruses allowed quantitative analysis

Developments in culturing of cells made it possible to titrate animal viruses in
cell monolayers. Dulbecco (1952) demonstrated that cells infected with an
animal virus which were then covered with an agar overlay produced foci of
infection called plaques. This plaque method of titration considerably enhanced
the study of animal viruses.

Electron microscopy and the visualization of virus structure

Coincidentally with developments in adapting viruses to growth in cultured
cells, the electron microscope as a tool in virus research became available.
Until the introduction of the electron microscope, viruses had never been seen,
with the exception of the poxviruses, which have a diameter large enough for
resolution in the light microscope after staining of the virus particles. All other
viruses were detected by their effects on animals or by their ability to cause
pocks on the chorioallantoic membrane of the chick embryo. During the
1950s, the electron microscope became the eyes of the virologists, and for the
first time it became apparent that viruses differed in their structure and mor-
phology. Viruses were seen both outside and inside infected cells, in in vitro
cultures as well as in situ in infected tissues. A new wave of research, which
started with identifying all viruses morphologically, eventually led to the de-
velopment of techniques for the visualization of the viral nucleic acids in the
electron microscope.

Viruses and mouse leukemia

The role of viruses as causative agents of mouse leukemia was elucidated in
1951 by L. Gross, who was aware that spontaneous leukemia appeared at a
high rate in mice from AK and C58 breedings, while C3H mice had a very low
rate of leukemia. Gross injected into newborn C3H mice homogenates of
tissues from normal female AK or C58 mice, after filtration to remove intact
tissue cells, and showed the inoculated newborn C3H mice developed
leukemia. Thus vertical transmission of leukemia by a filterable virus (namely
introduction of the virus into the animal) is possible (Gross 1978).

Fungal viruses (mycorna)

Fungi, like plants and animals, are also infected by viruses. In 1950, J.W.
Sinden and E. Hauser noted a disease in the fungus Agasicus bisporus and
suggested that a virus was the causative agent. Electron microscopy of infected
fungi revealed the presence of viral particles (Lemke and Nash 1974). These
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viruses of fungi were found to have a double-stranded ribonucleic acid (RNA)
genome and belong to the family of Reoviridae (chapter 12).

MOLECULAR ASPECTS OF VIROLOGY: NUCLEIC ACIDS
AS CARRIERS OF THE VIRAL GENES

Tobacco mosaic virus (TMV) genes in the viral RNA

The studies by D.I. Ivanovski and M.W. Beijjerinck, which revealed that
mosaic disease in plants is caused by a filterable agent, were continued by
Stanley (1935), who noted that addition of ammonium or certain acids to the
juice of infected plants resulted in the formation of crystals. These crystals
were found to contain the tobacco mosaic infectious agent since inoculation of
the dissolved crystals into tobacco plant leaves resulted in the development of
the mosaic disease. Analysis of these crystals revealed that, in addition to a
protein, they also contained a nucleic acid of the RNA type. Using available
extraction procedures, Cohen and Stanley (1942) separated the RNA from the
protein and analyzed its physical properties. Stanley subsequently inoculated
tobacco plant leaves with the purified RNA and showed unequivocally that the
typical disease symptoms occurred only in leaves infected with the viral RNA
in which infectious virus particles were made. Stanley’s conclusion that the
viral RNA is the genetic element of the TMV (Stanley 1946) opened the way
for the development of molecular virology and led to the understanding that
TMV RNA molecules are the viral genomes that carry viral inheritance.

Experimental evidence that viral deoxyribonucleic acid (DNA)
contains the viral genes

The studies by Rosalind Franklin and Maurice Wilkins on the x-ray crystallo-
graphic structure of the B form of DNA and the double-helix model of DNA
provided by J. Watson and F. Crick in 1953 gave an insight into the three-
dimensional structure of DNA (Olby 1974). Watson and Crick (1953a,b) ana-
lyzed the genetic implications of the double-helix model regarding DNA
molecules present in virus particles and suggested that the viral DNA or RNA
contains the genetic information necessary for expression of the virus in in-
fected cells.

Hershey and his colleagues used T4 bacteriophage of Escherichia coli (E. coli),
labeled with different radioisotopes in the DNA and proteins, to show that
after attachment of the bacteriophage to the bacterial cell wall, the viral DNA
is injected into the cell, while the viral protein coat is retained on the outside.
Replication of the viral DNA in the bacterial cell leads to the formation of new
viral particles that contain DNA coated with proteins. Thus Hershey con-
cluded that the T4 DNA carries the viral genetic information that codes for the
viral functions.

Viral DNA as template for messenger RNA in the synthesis of viral proteins

The central dogma in molecular biology, which states that the genetic infor-
mation of an organism or virus is encoded in nucleotide sequences of the DNA
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and DNA molecules are made on DNA templates, came from the studies of
Watson and Crick. However, the mechanisms that operate during the process
of gene expression and that lead to the formation of the gene products—
namely, the proteins—were not known. The concept of messenger RNA
(mRNA) was first provided by Jacob and Monod (1961), when they proposed
that the intermediate stage between the genes in the DNA and the final protein
product represents short-lived RNA molecules that are transcribed from the
DNA, keeping the base sequence of the genes unchanged. The first demon-
stration that mRNA molecules are transcribed from the DNA genome of a
virus was presented by Becker and Joklik (1964), using cells infected with
vaccinia virus. The mRNA molecules are then translated by the protein-
synthesizing machinery of the cell-—namely, the ribosomes that interact with
the RNA and form polyribosomes. Penman, Scherrer, Becker, and Darnell
(1963) were the first to show that RNA viruses can serve as mRNA in the
infected cell on their own. It was reported that the viral RNA associates with
the cellular ribosomes to form polyribosomes on which the viral-coat proteins
are synthesized.

Studies by Kates and McAuslan (1967) and Munyon and associates (1967)
revealed that vaccinia virus particles themselves contain an RNA polymerase,
thus providing evidence that virus particles not only contain a nucleic acid and
a protein coat, but also enzymes. A few years later, Temin and Mizutani (1970)
and Baltimore (1970) independently discovered the RNA-dependent DNA
polymerase (reverse transcriptase) inside retrovirus particles (chapter 21). This
discovery revolutionized the central dogma that DNA can only be synthesized
from other DNA molecules. The reverse transcriptase utilizes the RNA
genome of a retrovirus as a template to synthesize a double-stranded DNA
molecule which functions in infected cells and also integrates into the cellular
DNA. Thus the genetic information of this group of viruses alternates be-
tween the RNA genome in the virion and the viral DNA genome in the
infected cells. The RNA-dependent DNA polymerase is currently used to
transcribe specific mRNA molecules from mammalian cells. Thus synthesis of
mammalian genes became possible.

THE DEFINITION OF A VIRUS

A. Lwoff and S.E. Luria originally defined the virus as a particle containing a
molecule (or molecules) of nucleic acid, either DNA or RNA, which carries all
the genetic information needed for the virus to replicate in infected cells.
Viruses are obligate parasites of these cells.

Subviruses as infectious agents

Viral agents that differ from most other viruses in their properties are called
nonconventional viruses, since they do not have the ability to produce virus
particles as the conventional viruses do. This group of agents includes viroids
found in plants and certain pathogens of animals and humans (chapter 23). The
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viroids in plants are extremely small, circular RNA molecules; the agents in
animals have not yet been clearly defined.

Genetic engineering technology in isolating and studying individual genes

The introduction of bacterial plasmids as cloning vehicles for DNA fragments
has opened up a new horizon for the study of animal-virus genes. DNA
viruses are digested by restriction enzymes and then cloned in bacterial plas-
mids (Bolivar et al. 1977; Sutcliffe et al. 1978; McKnight 1980). The genomes
of RNA viruses can be transcribed into their DNA copy by the reverse tran-
scriptase and thus can also be cloned in bacterial plasmids. This new technol-
ogy allows individual viral genes to be analyzed and their nucleotide sequences
to be determined.

Cloning of viral genes in bacterial plasmids may have practical application in
the future—for example, in the use of the viral gene products in vaccine
production.
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2. CLASSIFICATION OF VIRUSES

With the accumulation of information on the morphology of virus particles
(virions), their chemical composition, and the nature of their nucleic acid it
became evident that viruses differ markedly from each other. Viruses with the
same structure and morphology were isolated from a variety of hosts which
included bacteria, fungi, plants, insects, and both lower and higher forms of
vertebrates. Attempts to classify viruses were initially based on their morphol-
ogy, although analyses of the nature of the viral genomes provided another
method for classification based on the type of nucleic acid (DNA or RNA), the
properties of the nucleic acid (double- or single-stranded), and molecular
weight. To obtain a system of classification acceptable to all virologists, an
International Committee on Nomenclature of Viruses (ICNV) (subsequently
changed to International Committee on Taxonomy of Viruses [ICTV]) was
clected. Expert subcommittees dealt with vertebrate viruses, invertebrate vi-
ruscs, plant viruses, and bacterial viruses.

The committee for nomenclature decided not to use the Linnean system
used for bacteria but instead opted for an internationally agreed-upon system
to be applied universally to all viruses. The names of the viruses would be
latinized; the genus should be a collection of various species of viruses with the
name ending with . . . virus” (c.g., herpesvirus). A family of viruses would
contain a number of genera and the ending of the name would be . . .
viridae” (c.g., herpesviridac).

16
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METHOD OF CLASSIFICATION

The viruses were divided into five different taxa, each containing different
viruses according to the hosts they infect.

Taxon A: viruses that infect more than one host
Taxon B: viruses infecting vertebrates only
Taxon C: plant viruses

Taxon D: bacteriophages

Taxon E: viruses of invertebrates

The cryptogram

The cryptogram was designed to provide a short, precise description of the
virus group, taking into consideration the biological and chemical properties
of the viruses belonging to a particular family. The cryptogram contains four
entries, each with two properties.

The first pair

The second pair

The third pair

The fourth pair

Vectors

the type of nucleic acid/strandedness of the nucleic acid; D

stands for DNA and R for RNA; 1 means single-stranded
and 2 means double-stranded.

the molecular weight of the viral nucleic acid (in millions)/

percentage nucleic acid in the purified virions. When the
virion nucleic acid i1s not in one molecule but in the form
of a segmented genome, the Greek letter sigma (2) is
added before the molecular weight.

the morphology of virions, envelope, when present, the

shape of the nucleocapsid. S is spherical; E is elongated
with parallel sides and straight ends; u is elongated but
with circular end(s); X is complex or otherwise different
from previous shapes; e refers to envelope present in vi-
rions.

the host/method of viral transmission/nature of vector.

Hosts: A—alga; B—bacterium; F—fungus; [—inverte-
brate; S—seed plant; and V—vertebrate. Transmission:
C—congenital; I—intestinal tract; O—contact with en-
vironment; R—respiratory tract; and Ve—invertebrate
vector.

Ac—ticks and mites (Acarina); AP—aphids; Au—Ileaf-,

plant-, or tree-hoppers; Cl—beetles (Coleoptera); Di—
flies and mosquitoes (Diptera); Si—fleas (Siphonaptera);
Th—thrips (Thysanoptera); Fu—fungi; and Ne—nema-
todes.
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In addition, an asterisk (*) symbolizes that the property of the virus is not fully
known and parentheses () are used when the information is doubtful or
unconfirmed.

Virus classification

Taxon A: Viruses affecting a number of hosts

1.

Family Iridoviridae (chapter 6)

Cryptogram: C/2:130-160/12-16:S or Se/S:I, V/C, I, O, Ve/Ac

Virus particles have a diameter ranging from 130-300 nm and are made up
of about 1,500 capsomeres (the subunits of the viral capsid). The viral
particle is made of a large number of proteins and enzymes; lipids are
present in the envelope. These viruses replicate in the cytoplasm of the host
cells.

Poxviridae (chapter 5)

Cryptogram: D/2:130-240/5-7.5:X/*:1, V/O, R, Ve/Ac, Di, Si

The virions are brick-shaped, measuring 300450 X 170-260 nm with a
lipid envelope containing more than 30 proteins, of which 10 are antigenic.
The viruses replicate in the cytoplasm of the infected cell. Hemagglutinin is
produced by orthopoxviruses.

. Parvoviridae (chapter 11)

Cryptogram: D/1: 1.5-2.2/19-32:§/S: 1, V/C, I, O, R

Nonenveloped virions with a diameter of 18-26 nm. The virions have a
density of 1.38-1.46 g/ml. In some members the virions contain single-
stranded DNA strands of opposite orientation; these are named plus (+)
and minus (—) strands. In others, only the DNA(+) form is present in
virions. There are two types of viruses: (1) self-replicating viruses and (2)
viruses requiring adenovirus to provide helper functions to allow them to
replicate. These viruses can be regarded as parasites of viruses.
Reoviridae (chapter 12)

Cryptogram: R/2:312-3%19/15-30:S or So/S: I, S, V/I, O, Ve/Ac, Au, Di
The virion has an isometric capsid with icosahedral symmetry and a diame-
ter of 60-80 nm, usually without an envelope. The virion has a density of
1.31-1.38 g/ml, a sedimentation coefficient of 630 S. The capsomeres are
arranged in two layers and an enzyme, the RNA-dependent RNA poly-
merase, is attached to the viral RNA in the core. These viruses replicate in
the cytoplasm of infected cells. Members of the genus Orbivirus replicate in
vertebrates and insects; plant reoviruses replicate in plants and insects.

. Bunyaviridae (chapter 17)

Cryptogram: R/1:26-27/*: Se/E:1, V/C, Ve/Ac, Di

Enveloped virions with a diameter of 90-100 nm. The envelope contains at
least one glycoprotein. A ribonucleoprotein complex with a diameter of 2—
2.5 nm is present in the capsid. The viral genome is composed of three
single-stranded RNA molecules of 0.8, 2, and 4 x 10° daltons, respec-
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tively. The virus replicates in the cytoplasm of the infected cell and the
nucleocapsids bud through the cytoplasmic membrane to acquire their en-
velopes.

6. Picornaviridae (chapter 18)
Cryptogram: R/1:2.3-2.8/30:S/S:1, V/I, O, R
Virions are not enveloped, the capsomeres are arranged in the capsid in an
icosahedral shape, the diameter of the virion is 20-30 nm, and the virus
replicates in the cytoplasm. The viral RNA is monocistronic, infectious,
and acts as messenger RNA for the synthesis of viral peptides which are
cleaved from a precursor into the functional peptides, the viral capsid pro-
tein, and the viral replicase (RNA-dependent RNA polymerase).

7. Rhabdoviridae (chapter 13)
Cryptogram: R/1:3.5-4.6/2-3:Ue/E:l, S, V/C, O, Ve/Ap, Au, Di
The virions are bullet-shaped, 130-300 nm in length and 70 nm in width,
with an envelope covering an elongated nucleoprotein with helical sym-
metry. The virions have a density of 1.20 g/ml and contain five major
proteins, including the RNA-dependent RNA polymerase. They replicate
in arthropods, insects, vertebrates, and higher plants.

8. Togaviridae (chapter 19)
Cryptogram: R/1:3.5-4/5-8:Se/S:I, V/C, 1, O, R, Ve/Ac, Di
The virions are spherical with a diameter of 40-70 nm with a lipoprotein
envelope attached to a capsid with icosahedral symmetry. The density of
the virions is 1.25 g/ml, and they replicate in arthropods and vertebrates.

Taxon B: Vertebrate viruses

This taxon includes eight virus families that replicate only in vertebrates.

1. Adenoviridae (chapter 8)
Cryptogram: D/2:20-30/12-17:S/S:V/I, O, R
The virions lack an envelope; the 252 capsomeres are arranged in icosahe-
dral symmetry in the capsid which has a diameter of 70-90 nm. Capso-
meres with filaments attached are antigenically distinct from others. The
density of virions is 1.33-1.35 g/ml and the sedimentation coefficient is 795
S. The G + C content of the viral double-stranded DNA 1is 48 to 61% in
different strains. The virus replicates in the nucleus and several strains have
the ability to transform cells. Certain strains are capable of agglutinating
cells of different species.

2. Herpesviridae (chapter 7)
Cryptogram: C/2:92-102/8.5:Se/S:(F), (I), V/C, O, R
The enveloped virions contain a nucleocapsid of 162 capsomeres arranged
in icosahedral symmetry; the diameter 1s 120-150 nm. The virions have a
density of 1.27-1.29 g/ml and contain approximately 33 proteins with a
total molecular weight of 290,000 daltons. The G + C contents of the viral
DNA range from 33-74% in different strains. The virus replicates in the
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nucleus of the host cell. Herpes-type viruses that are also found in fungi and
in oysters, occur in lower and higher vertebrates.

. Papovaviridae (chapter 9)

Cryptogram: 1D/2:3-5/12:S/S:V/O, Ve/Ac, Si

Unenveloped spherical virions with a diameter of 45-55 nm are composed
of 72 capsomeres. Elongated virions were also described. The G + C
content of the circular, double-stranded DNA molecules is 41-49%:; den-
sity 1s 1.34 g/ml. The virus replicates in the nucleus and most strains are
capable of cell transformation.

Arcnaviridac (chapter 16)

Cryptogram: R/1: 33.2-35.6/*:Se/*:V/C, O

Virions are spherical or pleomorphic with a diameter of 50-300 nm, have
envelopes and contain particles similar to cellular ribosomes (two glycopro-
teins and two polypeptides). The genome is composed of 1-3 short and
four longer single-stranded RNA molecules of 0.03; 0.7; 1.7; 1.1, and
2.1 X 10° daltons. The virions contain an RNA-dependent RNA poly-
merase. Most viruses infect a particular rodent and cause a persistent infec-
tion accompanied by viruria (excretion of virus in the urine). Infection of
other rodents or of humans is infrequent.

Coronaviridae (chapter 20)

Cryptogram: R/1:9/*:Se/E:V/I, R

Pleomorphic-enveloped virions with a diameter of 100 nm. Peplomers are
found on the surface of the envelope. Single-stranded RNA genome of
9 x 10° daltons. These viruses replicate in the cytoplasm of infected cells.
Orthomyxoviridae (chapter 15)

Cryptogram: R/1: 24/1:Se/E:V/R

Spherical or clongated enveloped virions with a diameter of 80-120 nm. On
the envelope there are glycoprotein peplomers 10-14 nm in length and 4
nm in diameter, consisting of the hemagglutinin (HA) and the enzyme
neuraminidase (NA). The virions contain an RNA genome composed of
cight single-stranded RNA molecules and the RNA-dependent RNA poly-
merase.

Paramyxoviridae (chapter 14)

Cryptogram: R/1:5-8/1:Se/E:V/O, R

Pleomorphic, usually spherical, enveloped virions with a diameter of 150
nm or more. Long filamentous forms also occur. The envelope contains an
HA and an NA. The genome is unsegmented, single-stranded, and linear
RNA (5-8 x 10° daltons) and forms a ribonucleoprotein complex in the
virion containing an RNA-dependent RNA polymerase.

. Retroviridae (chapter 21)

Cryptogram: R/1:7-10/2:Se/*:V/1, C, O, R

Spherical-enveloped virions with a diameter of 100 nm with an icosahedral
core containing single-stranded RNA of 7-10 x 10° daltons which dis-
sociates into two or three pieces. The virion contains RNA-dependent
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DNA polymerase (reverse transcriptase), which is responsible for the syn-
thesis of the double-stranded DNA genome of the virus that can integrate
into the host nuclear DNA. This integrated viral DNA is also the proviral
DNA.

Taxon C: Plant viruses

Twenty families of viruses, all of which (except one) have an RNA genome.

Taxon D: Bacteriophages

1.

Corticoviridae
Cryptogram: D/2:5/12:S/8:B/O (includes phage PM2 with a lipid en-
velope)

. Myoviridae

Cryptogram: D/2:21-190/4-49:X/X:B/C, O (T even phage)
Pedoviridae

Cryptogram: D/2:12-73/44-51:X/S:B/C, O (T uneven phage, like T7)
Styloviridae

Cryptogram: D/2:25-79/44-62:X/X:B/C, O (Lambda (X) phage)
Inoviridae

Cryptogram: D/1:1.9-2.7/12:E/E:B/C, O (fd phage)
Microviridae

Cryptogram: D/1:1.7/26:S/S:B/O (¥X phage)

Cystoviridae

Cryptogram: R/2:213/10:Se/S:B/O (D6 phage)

Leviviridae

Cryptogram: R/1:1/31:S/S:B/O (Ribophage like f2, OB)

Classification of viruses as a continuing process

The classification of viruses is a continuing effort that is updated and aug-
mented annually. Different vertebrate virus families will be presented in this
book according to the properties of their nucleic acid, starting with the viruses
containing the largest DNA genome (poxviridae) and ending with the
unclassified subviruses.
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3. MOLECULAR CONSIDERATIONS OF VIRUS REPLICATION
AND VIRUS-CELL INTERACTIONS

Virions were defined by A. Lwoft and S.E. Luria as infectious particles con-
taining the viral genetic material in the form of a DNA or RNA molecule
covered by a protein coat. These particles constitute the stable infectious form
of the virus since during the growth cycle in infected cells the virions disap-
pear, and after an eclipse period, new progeny appear. The viral nucleic acid is
packaged inside the virions in a form that protects it from damaging agents
outside the living host cell; the virions can, therefore, be regarded as the stable
or dormant phase in the virus life cycle. In certain virus families, the virions
themselves carry enzymes essential for virus replication after entry into the
new host cell.

Viruses as obligate parasites of cells

The viral nucleic acids vary in size and molecular weight ranging from the
largest viral DNA of vaccinia virus, which has a molecular weight of about
150 % 10° to the smallest viral RNA or DNA with a molecular weight of
1-2 X 10° and containing only a few genes (c.g., picornaviruses). In compari-
son, Chlamydia trachomatis, a prokaryotic obligate parasite of mammalian cells,
contains a DNA genome of 660 X 10° daltons with several hundred genes. In
order to replicate, the viral nucleic acid requires the cellular energy-producing
systems, protein-synthesizing systems, as well as specific cellular enzymes and
proteins that the cell normally utilizes for its own metabolism. Viruses that
encapsidate replication enzymes in their virions can be studied under in vitro

22
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conditions after removal of the virion envelope and incubation of the exposed
viral enzymes and the viral nucleic acid in a suitable reaction mixture.

The entry of virions into host cells is followed by the uncoating process—
namely, the release of the viral nucleic acid from its protein coat. A series of
processes is then set in motion which leads to the synthesis of viral proteins,
replication of the viral genome, and finally the formation of new virus prog-
eny, identical to those that initiated the infectious process.

In certain instances, cell-virus interactions can lead to the suppression of the
virus replicative cycle. In such nonpermissive cells, expression of the viral
genetic information is suppressed, and the viral genomes can be retained in the
cells for prolonged periods. Only when certain changes take place in these cells
can the virus escape from the control of the cell and replicate itself.

Virus genes code for different groups of functional proteins

In the different virus families (except viroids and viruses, which are parasites of
other viruses), the genome is essentially made up of three types of genes: (1)
genes for enzymes that participate in the replication of the viral nucleic acid; (2)
genes for proteins that are involved in regulatory processes; and (3) genes
coding for the structural viral proteins—namely, the proteins that are needed
to form the viral capsids and envelopes. A number of virus structural peptides
form the capsomere—the subunits that assemble into the viral capsid. The
number of capsomeres in the virion capsid differs according to the size of viral
nucleic acid. The formation of a capsid requires that the capsomeres be ar-
ranged into stable structures.

Viral capsomeres assemble into capsids

The internal organization of the capsomeres in the viral capsid was examined
in the electron microscope and also by x-ray diffraction methods (summarized
by Caspar and Klug 1962). Three types of cubic symmetry are possible in the
viral capsid: tetrahedral (2:3), octahedral (4:3:2), and icosahedral (5:3:2). This
means that these structures contain 12, 24, or 60 capsomeres, respectively,
arranged on the surface of a sphere. Crick and Watson (1956) had originally
suggested that cubic symmetry was the most fitting form for viruses. With the
accumulation of evidence on viral structure, it became obvious that a number
of viruses have the shape of a regular icosahedron. This was first shown by
Caspar (1956) in x-ray diffraction studies on tomato bushy stunt virus, and
shortly afterward by Klug, Finch, and Franklin (1957) with turnip yellow
mosaic virus. The most conclusive evidence of icosahedral symmetry was
presented by Williams and Smith (1958) with Tipula iridescent virus, and
subsequently by Finch and Klug (1959) with poliovirus. The theory of Caspar
and Klug (1962) for the icosahedral structure of viruses was based on the
structure of a geodesic dome, which is composed of triangular subunits ar-
ranged in groups of five. Icosahedral symmetry appeared to be the most
efficient form of packing subunits into a sphere, but further analysis showed
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this to be only one aspect of the more comprehensive idea of the optimum
design of a shell.

Tobacco mosaic virus (TMV) has its capsids arranged in the form of helical
symmetry. The helical framework is most suited for packaging of a long,
single-stranded RNA molecule since it allows optimal interaction between the
viral structural coat protein and nucleic acid. The capsid subunits might also be
assembled in the absence of the viral ribonucleic acid.

Virion formation and capsid—nucleic acid interactions

In the final stages of virion assembly, the coiling of the viral nucleic acid into a
structure that can fit into the capsid requires specialized proteins that vary
according to the size and properties of the viral nucleic acid and sometimes also
polyamines. In the family Herpesviridae (chapter 7), the viral DNA is large
(100 x 10° daltons) and is coiled into the form of a torus, whereas in small
DNA viruses (c.g., Papoviridae), cellular histones attach to the viral DNA
which attains the form of a minichromosome.

In other viruses (c.g., Orthomyxoviridae), the viral RNA forms a ribonu-
cleoprotein complex due to the interaction with specific viral proteins. Such
complexes are incorporated into a membrane that contains the viral glycopro-
tein and buds from the cell membrane. The mechanism of insertion of the viral
nucleic acid into a capsid differs in the various virus families; some (e.g.,
Herpesviridae) acquire a lipid envelope when passing through the membranes
of the infected cell which contain the virus-coded glycoprotein. Thus viral
structural proteins (glycoproteins) form part of the virion envelope and pro-
vide the virus specificity of the membrane.

Cells transfected with naked viral nucleic acids

Naked viral nucleic acids (DNA or RNA) might retain their infectivity for
cells under in vitro conditions, provided special conditions of infection are
used. Double-stranded viral DNA molecules are made to enter host cells by
forming a calcium phosphate precipitate on the cell membrane which also
contains the viral nucleic acid. The precipitate is taken up by the cells, and the
viral DNA can function in the cell. Viral RNA molecules were introduced into
cells by adding DEAE dextran to the medium of the cells infected with
purified viral RNA.

Virions released to initiate new infections

A number of different mechanisms are used for the release of virions from
infected cells. At the end of the replicative cycle, icosahedral viruses that lack
an envelope and replicate in the nucleus (e.g., adenoviruses) or in the cyto-
plasm (e.g., picornaviruses) arc neatly arranged in crystal-like arrays and are
released from the infected cell after it disintegrates.

Enveloped virions of different virus families (e.g., Herpesviridae, Toga-
viridae, Retroviridae), on the other hand, utilize an active mechanism of re-
lease. The virions of the Herpesviridae obtain part of their envelope when
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passing through the nuclear membrane and an additional part of their envelope
during egress through the cytoplasmic vacuoles. Other virus families (e.g.,
Myxoviridae, Retroviridae) obtain their envelopes during passage of the viral
nucleocapsids through the cellular membrane. The nucleocapsid is enveloped
with a cellular membrane that contains inserted viral glycoproteins.

Transfer of viruses from one host to another

Many viruses spread from host to host via the respiratory and alimentary
tracts. Thus viruses that are excreted in the feces (e.g., poliovirus or Coxsackie
virus) or urine (e.g., hemorrhagic fever virus) or via the respiratory tract (e.g.,
influenza virus or the common cold viruses) can be disseminated with ease.

Another mode of transfer of viruses involves introduction of the virus di-
rectly into the recipient tissues. Rabies virus is spread by rabid animals which
secrete the virus in their saliva. An animal or person bitten by a rabid animal
becomes infected. Viruses that belong to Taxon A (capable of replicating in
more than one host) can infect blood-sucking insects. When such an insect
feeds on an infected animal at the stage when the virus is in the blood (the
viremic state), the insect is also infected and can transmit the virus to a healthy
host.

Insects also transmit viruses mechanically by transferring the virions present
on the proboscis to a new host during biting, without the virus actually
replicating in the insect. Viruses that are able to infect via the alimentary tract
must overcome the acid barrier of the stomach. Indeed, it was found that such
viruses (like poliovirus) have a capsid that can withstand the acidity in the
stomach, and thus the virions can reach the susceptible cells in the intestine and
initiate an infection. Enveloped virions that are destroyed by acid conditions
infect mucous membranes of the respiratory tract (e.g., poxviruses and myx-
oviruses) or the mouth and genitalia (e.g., herpesviruses). Viruses that are
transferred by insects directly into the bloodstream of the host are also en-
veloped.

The structure of the virion and the properties of the envelope and internal
capsids play an important role in stability of viruses. In some instances, the
virions can reside in dust or in organic debris for extended periods prior to
infection. Smallpox virus (chapter 5), for example, is very stable and can
withstand dryness and temperatures of up to 45°C for prolonged periods.

Infection by attachment of virions to receptors in the cell membrane

For the infectious process to start, the viral genome must be able to reach the
susceptible cell. In an immunized host who has specific antibodies, the invad-
ing virions interact with the antibodies in the bloodstream, on the surface of T
cells, or elsewhere in the body, and virions to which antibodies are attached
cannot adsorb to the receptors on the cell membrane. Such virion-antibody
complexes may enter into a cell, but virus replication is prevented since the
viral nucleic acid cannot be released from its protein coat.

The first step in the infectious process—namely, attachment of virions to
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the outer-cell membrane—is electrostatic in nature. Usually, the outer surface
of the virion is negatively charged, and attachment takes place in areas of the
cell membrane that are positively charged. This interaction is not a stable one,
and virions can be released from the membrane if the electrostatic charge in the
area of virion attachment is changed (by addition of heparin, for example).
However, if the virions attach to the correct receptor on the cell membrane,
the second step of attachment can take place. This step is irreversible, and the
virions can no longer be released.

The cellular receptors vary for the different virus families and are controlled
by the host-cell genome. In the absence of such a gene, or in the absence of the
receptors, the cells will be unable to adsorb the particular virions. It was
demonstrated that the gene for the poliovirus receptor is localized in chromo-
some 19 of the human cell (chapter 4). Mouse cells do not have a gene for a
receptor for poliovirions and are therefore resistant to infection with this virus.
When human cells that have a receptor for poliovirus are fused with mouse
cells, human-mouse hybrid cell lines can be isolated that have the receptor for
poliovirus adsorption. The mouse cell synthesizes a receptor protein for
poliovirus only when the human chromosome number 19 is present. Hybrid
cell lines containing other human chromosomes cannot produce the receptor
protein. Other genes in human cells that affect the susceptibility of cells to
virus infection are described in chapter 4.

Enveloped virions that are released from infected cells by a process of bud-
ding through the membrane (e.g., Myxoviridae, Togaviridae) enter new cells
by a cellular response mechanism called viropexis. Since the virion envelope
and outer membrane of the cell are very similar (apart from the presence of the
viral proteins) the two fuse to form one continuous membrane, and the viral
nucleocapsid is released directly into the cytoplasm of the infected cell. Virions
lacking an envelope (e.g., Adenoviridae, Picornaviridae) or with envelopes
that do not resemble the outer membrane of the cell (e.g., Poxviridae) are
introduced into the cells by a mechanism of pinocytosis. The cell membrane
responds to the attachment of virions by invagination into the cytoplasm, the
upper part of the invaginated membrane fuses, and a vacuole containing the
virions is formed in the cytoplasm. Lysosomes attach to the vacuole and
release proteolytic enzymes in an attempt to degrade the foreign particles. As a
result, the protein coat of the virus is digested and the nucleic acid molecules
are released. After uncoating, the viral nucleic acid molecules are able to ex-
press their genetic information in the cytoplasm or nucleus. Cellular transport
mechanisms are used to move molecules between the different compartments
of the infected cell.

RNA genomes as plus or minus molecules

In some virus families, the RNA genome can serve as messenger RNA for the
synthesis of viral proteins (e.g., poliovirus). These are RNA ™ viruses. In other
virus families, the nucleic acid of the virion already has certain enzymes at-
tached for the initiation of viral RNA synthesis. These are RNA ™ viruses.
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Replication of the virus in the infected cell: one-step growth cycle

In most instances, only some of the virions that attack a cell irreversibly attach
to the cell membrane. Not all the attached virions are transferred into the
cytoplasm and not all the virions are uncoated. Thus in order to infect a cell,
more than one virion is necessary. Essentially, as in the case of poliovirus, 100
virions are considered as one plaque forming unit (PFU), which means that at
least 100 virions are needed to infect one cell. Herpes simplex virus requires
about 36 virions to successfully infect one cell. This is because only 50% of the
virions enter the cell, of which only 50% are uncoated, and finally only about 4
viral genomes make their way into the nucleus, the site of virus replication.

The technique of plaque formation was developed by R. Dulbecco for the
quantitation of viruses. The infected cells in a monolayer are covered with a
layer of agar to restrict the spread of virus progeny. Beneath the agar, the virus
can infect and destroy only neighboring cells, and staining of the infected cell
monolayers with a stain that enters only living cells results in the appearance of
clear areas, or plaques. One PFU is due to the successful infection of a single
cell by a number of virus particles.

In nature, the infection of an animal or man is initiated by a relatively small
amount of virus infecting a limited number of cells. The virus progeny spreads
to neighboring cells, infecting more and more cells, and even though the virus
infection stimulates the defense mechanism of the host (like the production of
interferon), the infection continues. To investigate the molecular processes in
the replication of a virus, experimental cell-virus systems were developed in
which all the cells were infected simultaneously. Such a synchronous infection
could be measured at different times after infection by titration of the virus
progeny by the plaque method. In addition, virus-induced molecular processes
can be studied, using analytical chemical procedures. It was noted that after
adsorption of virions to the cells, the infectivity disappeared for a certain
period (called the eclipse phase), and new progeny of infectious virions ap-
peared afterward. The time between infection and synthesis of new infectious
progeny differs in various virus families and can also be affected by the host
cell.

Enzymes in virions of some virus families

Viruses, being obligate parasites of cells, utilize numerous cellular biochemical
processes like the energy-producing systems, the protein-synthesizing mecha-
nisms, the enzymes involved in phosphorylation of proteins, the enzymes
involved in transcription of mRNA from DNA genomes, as well as enzymes
required for the synthesis of the cap and poly A sequence attached to the viral
mRNA. The cellular systems required for lipid and membrane synthesis are
also utilized for viral synthesis. The viral genome contains the information
needed for the synthesis of specific viral enzymes that replicate the viral nucleic
acid and structural proteins, while the rest of the enzymatic processes are
contributed by the host cells. However, for the initiation of their replication
cycle, some viruses require specific enzymes that are absent in the host cells.
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Such viruses carry the specific enzyme to ensure their replication in the in-
fected host. Three specialized enzymes were found to be carried by virions:

1. DNA-dependent RNA polymerase. This enzyme, which is responsible for
transcribing 14% of the viral genome, is found in the Poxviridae.

2. RNA-dependent RNA polymerase. Viruses that have an RNA genome that
cannot serve as messenger RNA (designated RNA ™) produce copies of the
genome to serve as mRNA for the production of the viral proteins. (These
mRNA molecules are designated RNA ™) Since the cells do not have an
enzyme that synthesizes RNA molecules on an RNA template, the virions
were found to contain an RNA-dependent RNA polymerase which pro-
duces mRNA (regarded as RNA ™) from the viral RNA genome (regarded
as RNA 7). Virions of the families Rhabdoviridae, Paramyxoviridae, Or-
thomyxoviridae, Arenaviridae, and Bunyaviridae contain RNA-dependent
RNA polymerase.

3. RNA-dependent DNA polymerase (veverse transcriptase). This enzyme, found
in virions of the Retroviridae, utilizes the viral genome as a template for the
synthesis of a complementary DNA molecule. The same enzyme synthe-
sizes a second DNA strand, complementary to the first, to form a double-
stranded DNA molecule. Such DNA molecules interact with the host cell
genome, causing its transformation into a cancer cell.

The mechanisms utilized for virus replication in infected cells
depend on the viral nucleic acid

The organization of the viral genome into single-stranded or double-stranded
DNA or RNA determines the molecular processes required for its replication:

A. Double-stranded DNA viruses:
1. Uncoated viral double-stranded DNA + cellular or viral RNA poly-
merase — synthesis of early mRNA.
2. Early mRNA + cellular ribosomes — early viral proteins, including
enzymes and proteins for the replication of the viral nucleic acid.
3. Parental viral DNA + replication proteins — DNA replication com-
plex involved in the synthesis of progeny viral DNA.
4. Progeny viral DNA + cellular and/or viral RNA polymerase — syn-
thesis of late mRNA from the late viral genes.
5. Late mRNA + cellular ribosomes — structural viral proteins.
6. Structural proteins + progeny viral double-stranded DNA — nu-
cleocapsids.
7. Nucleocapsids + envelopes and cellular membranes — infectious
virions.
B. Single-stranded DNA viruses:
1. Single-stranded viral DNA + cellular DNA polymerase — double-
stranded DNA
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Subsequent steps are similar to A.1. to 3., but the progeny viral DNA is
single stranded.
The single-stranded DNA genome + structural proteins — virions.

. Double-stranded RNA viruses:

1.

4.

Virions contain 10-12 fragments of parental double-stranded RNA
molecules + RNA polymerase present in the virions — synthesis of
mRNA molecules from each individual fragment.

Viral mRNA + ribosomes — viral structural proteins and enzymes.

. Viral nonstructural (RNA-dependent RNA polymerase) and structural

proteins + viral mRNA molecules — synthesis of double-stranded
RNA in the nucleocapsids.

Nucleocapsid + capsomeres — virions with two layers of capso-
meres.

. Viruses with negative single-stranded RNA genome (RNA ™).

1.

o

7.

Single-stranded RNA™ + RNA-dependent RNA polymerase attached
to the viral genome — viral mRNA (RNA ™).

Viral mRNA + ribosomes — viral proteins.

Viral mRNA (RNA™) + RNA-dependent RNA polymerase — syn-
thesis of progeny RNA ™ molecules.

Progeny RNA™ molecules + viral proteins (including RNA poly-
merase) — nucleocapsids.

Viral proteins + cellular enzymes — viral glycoproteins.

Viral glycoproteins + cellular membranes — regions in the cell mem-
branes containing viral glycoproteins.

Viral nucleocapsid attaches to the envelope at the site of viral glycopro-
teins — budding to form virions.

. Viruses with single-stranded RNA™ genomes.

1.

2.

3.

5.

Virion RNA™* molecules + cellular ribosomes — one high molecular
weight viral precursor polypeptide (from monocistronic mRNA).
Viral precursor polypeptide + proteases — viral polypeptides, struc-
tural and functional (RNA-dependent RNA polymerase).

Viral RNA-dependent RNA polymerase + parental RNA™* — synthe-
sis of RNA ™ molecules which serve as templates for the synthesis of
progeny RNA ™ molecules.

Progeny viral RNA + RNA dependent-RNA polymerase — synthesis
of subgenomic (part of the parental RNA™) RNA molecules serving as
mRNA.

Progeny viral RNA™ + capsid (made of a number of capsomeres) —
virions.

. Viruses with single-stranded RNA™ genome but with a double-stranded
DNA phase.

1.

Parental RNA™ + RNA-dependent DNA polymerase (in the viral cap-
sid) = synthesis of RNA-DNA hybrid — synthesis of double-stranded
DNA.
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N

Lincar progeny double-stranded DNA — circular double-stranded
DNA.

3. Circular double-stranded DNA + chromosomal DNA — integration
into cellular DNA. Some viral double-stranded DNA genomes are re-
tained in the nuclei of infected cells as episomes.

Viral DNA in the chromosomal DNA + cellular DNA-dependent
RNA polymerase II of the host cells = viral mRNA.

Viral mRNA + ribosomes — viral proteins.

Viral proteins + viral RNA ¥ molecules — viral nucleocapsids.
Nucleocapsids + cellular membranes (containing viral glycoproteins)
— budding of virions.

he

N oo

Cell response to the virus infection

Certain viruses are cytocidal, while other viruses can transform cells, causing
them to proliferate indefinitely. Several cell-virus relations can be noted:

1. The cell dies at the end of the virus replicative cycle, and the virus progeny

is released.

The infected cell remains alive but continues to synthesize virions.

The infected cell is transformed by the virus but continues to produce

virions.

4. The infected cell is transformed by the virus, but virions are not synthe-
sized.

5. The cell is infected by the virus, but the virus cannot replicate (latent
infection); the cells remain alive, and the virus can be activated.

EYN
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4. GENES IN HUMAN CELLS DETERMINING
VIRUS SUSCEPTIBILITY

The use of somatic cell hybrids formed between human and mouse cells led to
the discovery that certain genes in human cells determine cell sensitivity or
resistance to virus infections. The technique is based on the property of hu-
man-mouse somatic cell hybrids to lose most of the human chromosomes
during cultivation under in vitro conditions. The human and mouse cells are
fused by a virus (Sendai virus) or by the chemicals lysolecithin or polyethyl-
eneglycol. The hybrid cells are propagated in culture, and the human and
mouse chromosomes are defined by selective staining. With this technique, the
following genes in human cells were defined:

Chromosome 1 is an integration site for adenovirus 12 DNA (adenovirus 12
chromosome modification sites 1q and 2q3) (McKusick 1975; 1978).

Chromosomes 2 and 5 contain genes (If1 and If2) for the production of inter-
feron. (Animal cells respond to virus infection with the production of pro-
tein with a molecular weight ranging from 16,500 to 23,000 that has
antiviral activity) (Tan et al. 1974). The interferon-1 gene (alpha-leukocyte
interferon) has three loci. Another gene (interferon-2), responsible for the
antiviral state, is found in the short arm of chromosome 5. Chromosome 9
contains the gene for interferon-3 (fibroblast interferon).

Chromosome 3 contains a gene for sensitivity to herpes simplex virus type 1
(HSV-1). This gene determines the ability of HSV-1 to replicate in the host
cell. The function of this gene is not yet known, but a gene in chromosome
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3 1s responsible for the ability of the cell to pass from the G; stage of the cell
cycle to the S phase, the phase of DNA synthesis. A cell mutant was isolated
that could not synthesize chromosomal DNA at a raised temperature (re-
ferred to as temperature sensitive [ts]), and thus remained in the G, phase. In
such cells, at the nonpermissive temperature, HSV-1 cannot replicate
(Yanagi et al. 1978). The relationship between the gene function required for
HSV-1 replication and the gene function required for the S phase is not
known (Carritt and Goldfarb 1976; Smiley et al. 1978).

Chromosome 6 contains an integration site for the proviral DNA of a baboon
retrovirus. The locus designated Bevi contains an integration site for the
proviral DNA of the baboon type C virus (Lemons et al. 1977).

Chromosome 7 contains an integration site for SV40 virus DNA (site 1)
(Croce and Koprowski 1975).

Chromosome 11 contains xenotropic BALB virus induction gene designated
BVIX.

Chromosome 15 contains BALB virus induction gene (N tropic) designated
BVIN.

Chromosome 17 contains the second integration site of SV40 DNA (site 2)
(Kelly and Nathans 1977).

Adenovirus 12 chromosome modification site 17: this virus causes gaps and
breaks at a site on the long arm of chromosome 17 (McDougall 1971).

Chromosome 19 contains the gene for poliovirus receptor and a gene that
determines Echo virus 11 sensitivity and Coxsackie B virus sensitivity. This
gene is also responsible for infection by baboon M7 endogenous virus (Mil-
ler et al. 1974).

Chromosome 21 contains the gene for the receptor for interferon in the cell
membrane. The interferon molecules synthesized by the genes in chromo-
somes 2 and 5 are released from the stimulated cells. In order to protect cells,
the interferon molecules must bind to a receptor protein molecule present on
the outer surface of the cell membrane. The gene for such a receptor is
present in chromosome 21 (Tan, 1975; Epstein and Epstein, 1976; Wiran-
skowa-Stewart and Stewart, 1977; Slate et al., 1978). After attachment of
interferon molecules to the receptor, the cell is induced to activate a gene (its
location is not yet known) to synthesize mRNA for a new protein molecule
which is responsible for the antiviral state of the cell. In interferon-treated
cells, this protein prevents the replication of the invading virus (Chapter 26).

Further information on the mapping of genes in chromosomes of human cells
is given in the journal entitled Cytogenetics and Cell Genetics (see in particular,
McKusick, 1982).
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5. POXVIRUSES

POXVIRIDAE: THE POXVIRUS FAMILY

Poxviruses are the largest viruses among the members of Taxa A and B. The
virions that replicate in the host cell cytoplasm contain a double-stranded
DNA genome of 130-240 x 10° daltons and more than 30 proteins, including
an enzyme, a DNA-dependent RNA polymerase. The virion proteins elicit
antibodies to at least 10 antigens. One antigen is common to all the members

of this virus family.

Members of the poxviridae

Vaccinia subgroup:

Orthopoxvirus

Vaccinia virus in man: used for vaccination against
smallpox.

Cowpox in cattle and man.

Variola in man, responsible for smallpox. (Two forms
of the disease are known: variola major and variola
minor.)

Monkeypox in monkeys.

Rabbitpox in rabbits.

Ectromelia in mice.

Also poxviruses of buffalo and camels.
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Fowlpox subgroup:  Avipoxvirus
Viruses of birds, like canarypox virus, turkeypox vi-
rus, pigeonpox virus, quailpox virus.
Sheeppox subgroup:  Capripoxvirus
Goatpox virus and sheeppox virus.
Myxoma subgroup:  Leporipoxvirus
Myxomavirus, rabbit fibroma virus (Shope), squirrel
fibroma virus, hare fibroma virus.
Orf subgroup: Parapoxvirus
These viruses can infect man: milker’s node virus,
bovine pustular stomatitis virus.
Insect subgroup: Entomopoxvirus
These are insect viruses that most probably do not in-
fect vertebrates and have no antigenic relationship
with the other poxviruses.

There are still some unclassified poxviruses: Tanapoxvirus and molluscum
contagiosum virus of man, Yaba monkey tumor poxvirus, and swinepox
virus.

Relatedness between viruses by DNA-DNA reassociation techniques

The relatedness of the different poxviruses is determined by the DNA-DNA
hybridization technique. In this procedure, the DNA molecules from two
viruses are extracted and denatured to the single-stranded form of the virion
DNA. The two DNA preparations, one of which is radioactively labeled, are
mixed in equivalent amounts in a suitable salt solution at the proper tempera-
ture, and the molecules are allowed to regain their double-stranded form
(annealing or reassociation). The extent of reassociation (hybridization) of
DNA is determined after digestion of the residual single-stranded molecules
by a DNase that specifically digests DNA (S; DNase), and the percentage of
radioactive DNA that reassociates into double-stranded DNA is calculated.

Such studies showed that variola virus (the cause of smallpox) has 30%
homology with vaccinia virus which is used for human vaccination. Vaccinia
virus DNA is completely homologous with rabbit poxviruses.

Since variola virus is a human pathogen and vaccinia virus is the vaccine
strain that protects man against smallpox, most of this chapter will focus on
these two viruses.

Orthopoxvirus subgroup

The virions have a specific brick shape (figure 3), as scen in the electron
microscope. Thin sections through the virions revealed a central core covered
with a lipid envelope. Two lateral bodies are situated between the envelope
and the core. The outer surface of the virion envelope contains protein projec-
tions (peplomeres). The composition of virions purified through a sucrose
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Figure 3. Electron micrograph of virions of vaccinia virus.
(Department of Molecular Virology, Hebrew University-Hadassah Medical School, Jerusalem, Israel.)

gradient (Joklik 1962), can be analyzed following the disruption of their coat
by treatment with detergents.

The DNA genome contains more than 150 genes

The DNA of vaccinia virus is linear with a molecular weight of 153 x 10° and
length, as determined by electron microscopy, of 75-80 nm (Becker and Sarov
1968). The sedimentation profile of the viral DNA in a sucrose gradient is
presented in figure 4A. Digestion of the viral DNA with restriction enzymes
allowed the various virus species to be classified according to the digestion
product pattern after agarose gel clectrophoresis (Esposito et al. 1978) (figure
4Ba).

Restriction endonuclease analysis has shown that the genomes of orthopox-
viruses vary considerably in size. Rabbitpox, vaccinia, and variola viruses
were found to have similarly sized genomes with an average molecular weight
of 120, 124, and 121 x 10°, respectively. The genomes of monkeypox, cow-
pox, or ectromelia viruses are significantly larger, with molecular weights of
128, 145, and 136 x 10°, respectively (Machett and Archard 1979).

A unique property of poxvirus DNA is the presence of covalent cross-links
between several nucleotides present on opposite DNA strands, usually at the
ends of the molecule. The long inverted terminal repetition (molecular weight
6.8 x 10 of vaccinia virus DNA was found to contain a fragment that
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Figure 4. Properties of vaccinia virus DNA
A. Equilibrium centrifugation of vaccinia virus DNA in sodium diatrizoate density gradients
(] 0 density; &——= ['*C] thymidine; >——0 [*H] leucine-labeled virions.
B. (a) Analysis of vaccinia virus DNA (from A) after cleavage with Hind III and electrophoresis
in agarose gels.
(b) Structural proteins of vaccinia virions in SDS-discontinuous gel electrophoresis.
(Esposito, et al. 1978. Reprinted by permission from Virology, Vol. 89, Figs. 3 & 4, p. 59.)

encodes carly mRNAs (Witteck et al. 1980). The purified viral DNA
molecules are not infectious and cannot replicate when introduced into cells.

Structural proteins and enzymes in poxvirions

Proteins released from the virions can be analyzed by electrophoresis in poly-
acrylamide gels. Under such conditions, the faster migrating polypeptides
have the lower molecular weights. The proteins in the gels can be stained by
the dye Coomassic blue or detected by radioautography after labeling with
radioactive amino acids. A typical analysis of viral proteins under denaturing
and reducing conditions is presented in figure 4B(b). About 30 polypeptides
ranging from 200,000-8,000 daltons were detected in vaccinia virions. The
overall calculated molecular weight of the 30 virion peptides is 2 X 10° The
relative amounts of the different virion peptides were also determined: four
peptides constituted 10.5%, five other peptides constituted 6.5% to 9.1%, and
the rest of the peptides each were 0.3 to 3.4% of the total peptide content. This
does not rule out the possibility that some cellular proteins may also be present
in the virions.
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In addition, a glycoprotein of 38,000 daltons and a phosphoprotein of 11,000
daltons were identified.

The enzymes in the poxvirion

1. The discovery by Kates and McAuslan (1967) that vaccinia virions contain
the virus coded enzyme DNA-dependent RNA polymerase was a turning
point in the understanding of the molecular biology of viruses, since it
showed that poxvirions carry with them a specific enzyme not provided by
the host cell for the transcription of the viral DNA. It was found that this
DNA-dependent RNA polymerase is indeed coded for by the viral DNA
and is responsible for the transcription of 14% of the viral genome. The
mRNA molecules transcribed by this viral enzyme have a sedimentation
coefficient of 8-10 S and represent the early mRNA of the virus—namely,
the mRNA molecules which are transcribed from the parental DNA prior
to the synthesis of viral progeny DNA.

2. An additional enzyme that was found in the poxvirions polymerizes
adenosine monophosphates into a polymer. This enzyme was named
poly(A) polymerase; it is made up of two polypeptides of 35,000 and 50,000
daltons and is capable of synthesizing a polyA stretch of 200 bases which is
covalently attached to the 3" end of the viral mRNA molecule.

3. Two enzymes, each of 65,000 daltons, were also described. One hydrolyses
ATP or dATP and the other hydrolyses ribo- and deoxyribonucleoside
triphosphates. The role of these enzymes is not yet known.

4. A deoxyribonuclease (DNase) of 100,000 daltons was also isolated that has
a pH optimum of 4.4 and degrades single-stranded DNA with both endo-
and exo-nucleolytic activity.

5. The enzyme protein kinase capable of phosphorylation of proteins was also
found.

6. DNA nick closing enzyme (made of two subunits of 35,000 and 24,000
daltons).

Cell infection with a poxvirus as a multistage process

Poxvirions phagocytized by infected cells

Poxvirions attach to the outer membrane of a mammalian cell and are engulfed
into a cytoplasmic vacuole called a phagosome. The process of phagocytosis of
virions is inhibited if the cells are treated with NaF and the attached virions are
retained on the surface of the cell.

The phagosome is the cellular organelle used to degrade foreign bodies with
the aid of lysosomal enzymes. Indeed, inside the phagosomes the viral cores
are released after digestion of the outer virion envelope.

Poxvirions treated with specific antibodies are able to attach to the cell
membrane and enter into the phagosomes, but the cellular proteolytic en-
zymes cannot remove the virion envelope, making release of the core impossi-
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ble. Similarly, heat-inactivated virus in a phagosome cannot be digested by the
cellular enzymes. Reactivation of the heat-inactivated virus can be achieved by
infecting the same cell with active virus that is able to bring about the release of
the cores from the inactive virion. Virions inactivated by ultraviolet (uv) treat-
ment cannot infect cells since the viral cores are not released in the phago-
somes.

Uncoating of the virions leads to release of viral cores

The cores are released from the phagosomes into the cytoplasm where the
availability of the four ribonucleoside triphosphates (ATP, UTP, GTP, and
CTP) stimulates the virion DNA-dependent RNA polymerase to synthesize
the early viral mRNA molecules. Inactivation of poxvirions by heat treatment
may be due to the inability of the DNA-dependent RNA polymerase in the
core to function. Under suitable conditions, one virion is able to infect a cell
and produce virus progeny, but it is generally accepted that one to ten virions
constitute one PFU, the smallest number of virions able to infect one cell.

To relate the molecular processes that take place in an infected cell with the
fate of the parental and progeny virus, it is necessary to synchronize virus
infection. This can be done by infecting cells in suspension (e.g., L cells) at a
high multiplicity of infection (a large number of PFUs per cell), allowing the
adsorption of the virions to be completed within 15 min of incubation. The
amount of infectious virus in the cells rapidly decreases due to uncoating of the
virions, and the first new progeny appears only 8 hr after the initiation of the
infection, gradually increasing to a maximal virus yield at 24 hr postinfection.
The virus titer is determined by sampling infected cells at different time inter-
vals and determining the virus content by the plaque assay.

Effect of virus infection on nuclear processes

The synthesis of the nuclear RNA in the infected cells was found to continue
for three hr after infection and then to stop gradually. At seven hr after infec-
tion, more than 85% of nuclear RNA synthesis is inhibited. The synthesis of
nuclear 45 S RNA ribosomal precursor molecules is inhibited, indicating that
the infected cell is unable to synthesize new ribosomes.

Synthesis of cellular DNA and proteins in the infected cell is also affected by
an unknown mechanism. The virus infection thus leads to paralysis of the
activities of the host cell and to a takeover by the virus.

Expression of early viral genes leads to the synthesis of early viral mRNA molecules

The DNA-dependent DNA polymerase present in the virion core is responsi-
ble for the transcription of 14% of the parental viral DNA genome in the
cytoplasm and also when the virions are incubated under in vitro conditions.
The mRNA species produced under the in vitro conditions resemble the
mRNA synthesized in infected cells prior to the replication of viral DNA. The
mRNA species synthesized at different stages after infection are shown in
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Figure 5. Size distribution of the rapidly labeled cytoplasmic RNA. HeLa cells were infected and
samples of 6 X 107 cells were pulse labeled for 10 min with uridine-2-'*C at %2 hr (A), 1 hr (B), 3
hr (C), 5 hr (D), 7 hr (E), and 9 hr (F) after infection. 6 X 107 uninfected cells were similarly
treated (A). Radioactive material insoluble in 18% TCA was measured. Closed circles: infected
cells. Open circles: uninfected cells. Line: optical density.

(Becker and Joklik 1964. Reprinted by permission from Proc. Natl. Acad. Sci. USA 51, Fig. 4, p. 581.)

figure 5 and include the 10 S mRNA species (Becker and Joklik 1964). This
was the first demonstration that a viral double-stranded DNA is responsible
for the synthesis of mRNA to produce viral proteins. Short labeling periods
with *H-uridine were utilized to label the viral mRNA in the cytoplasm in
order to circumvent the release of cellular labeled RNA from the nuclei.
Early mRNA molecules which have a sedimentation coefficient of 10 S with
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Figure 6. The effect of actinomycin D and puromycin hydrochloride on the establishment of re-
pression of thymidine kinase synthesis. ® thymidine kinase activity in CP-infected cells; @ thy-
midine kinase activity after addition of actinomycin at 2 hr; A thymidine kinase activity after ad-
dition of puromycin hydrochloride at 2 hr; A thymidine kinase activity after removal of
puromycin inhibition at 5%2 hr; O thymidine kinase activity after addition of actinomycin 30 min
before removal of puromycin hydrochloride.

(McAuslan 1963. Reprinted by permission from Virology 21, Fig. 5, p. 388.)

a tail of 100-200 adenosines (poly-adenosine) attached at the 3’ end are synthe-
sized by the viral poly(A) polymerase. At the 5'-terminus of vaccinia virus
mRNA, there is a cap structure m’G> pppAm- or m’G” pppGm- that is
synthesized by a series of RNA polymerase and capping enzymes contained in
the virus particle (Urushibara et al. 1981).

Analysis of the tRNA present in the cytoplasm of infected cells revealed a
mixture of cellular and viral tRNA molecules, the latter probably synthesized
on the viral DNA template.

The mRNA molecules transcribed from the viral DNA attach to cytoplas-
mic ribosomes present around the site of virus replication. The viral proteins
synthesized by the cellular ribosomes according to the nucleotide sequences in
the viral mRNA include the enzymes required for viral DNA biosynthesis—
namely, DNA-dependent DNA polymerase, thymidine kinase, alkaline
deoxyribonuclease, and polynucleotide ligase.

The biosynthesis of viral enzymes like the thymidine kinase (TK) is con-
trolled by the viral DNA. McAuslan (1963) demonstrated (figure 6) that the
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cessation of synthesis of the viral TK enzyme is naturally regulated and stops 6
hr after infection. However, treatment of the infected cells with the antibiotic
actinomycin D, which inhibits the synthesis of DNA-dependent RNA and
DNA replication, resulted in the continued synthesis of the TK enzyme. This
finding revealed that the synthesis of new viral mRINA is needed to switch off
the synthesis of the viral TK.

The biosynthesis of viral DNA in discrete cytoplasmic sites

The viral DNA is synthesized in discrete cytoplasmic sites (or so-called fac-
tories), designated viroplasm, in which the viral proteins accumulate. The
viral mRNA molecules synthesized on the viral DNA template associate with
ribosomes present at the periphery of the viroplasm, and the viral proteins are
produced close by.

Labeling of infected cells with *H-thymidine for short intervals (pulse-
labeling) revealed that viral DNA synthesis in the cytoplasm is initiated 90 min
after infection. Four and a half hours after infection, the synthesis of viral
DNA is terminated. Electron microscopy of replicating viral DNA molecules
suggested that the replication fork of the newly synthesized DNA strand
moves in one direction on the viral double-stranded DNA template. Synthesis
is initiated on one DINA strand close to the end of the molecule, which opens
up to form a circle. This is possible because the viral DNA contains cross-links
close to the end of the molecule. After synthesis of the DNA strand by the viral
DNA polymerase in one direction on one template DNA strand, the viral
DNA polymerase continues to synthesize DNA on the opposite strand in the
opposite direction. At the end of the DNA replication process, the ends of the
molecule are cleaved, and two viral double-stranded DN A molecules become
available.

Enzymes involved in DNA biosynthesis include the viral DNA polymerase,
which was found to differ from the cellular DNA polymerases a, 8, and y. A
viral polynucleotide ligase is capable of ligating nicks present in DNA. Three
viral DNases were identified, each with a different pH optimum for their
nucleolytic activity.

Expression of late viral genes in the infected cell after viral DNA synthesis.

Late mRNA is transcribed from progeny viral DNA only. The viral DNA-
dependent RNA polymerase responsible for transcription of late viral genes
differs from the viral RN A polymerase that transcribes early genes. The profile
of the late viral mRNA species is presented in figure 5.

RNA-DNA hybridization experiments revealed that during the early phase
of virus replication (prior to the synthesis of viral DNA), certain mRNA
species are transcribed that await translation until after viral DNA biosynthesis
and thus constitute a portion of the late viral mRNA. The mechanism that
controls this process is not known. The majority of the late mRNA species
that are transcribed from progeny viral DNA are not synthesized when: (1)
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viral DNA synthesis is inhibited; (2) the infected cells are incubated in an
arginine-deficient medium; or (3) infected cells are treated with protein in-
hibitors early in infection. The late viral mMRNA molecules are polyadenylated
(contain a poly A stretch of 100-200 adenines in the 3’ end) and have a methyl-
guanine cap in the 5" end.

Most of the proteins synthesized by translation of the late mRNA molecules
are structural proteins needed for the synthesis of new virions. However, the
DNA-dependent RNA polymerase that is inserted into the virions for the carly
transcription of the viral DNA in the new host is also a late protein as well as
being a single-stranded DNase.

A number of structural proteins are modified posttranslationally to enable
them to function in the assembly of the virions. At least three structural
proteins were found to arise from one viral polypeptide. The cleavage of such
precursor polypeptides takes place after their incorporation into the viral en-
velope. The antibiotic rifampicin, which inhibits cleavage of the precursor
polypeptide, prevents the formation of the viral envelope and thus inhibits the
production of infectious virions.

Some late polypeptides are glycosylated posttranslationally to make them
suitable for insertion into the viral envelope, and some other viral polypeptides
arc phosphorylated.

Morphogenesis of the poxvirions

Studies on the assembly of poxvirions by electron microscopy showed that the
initial capsids formed in the cytoplasmic viroplasms are vesicle-shaped. The
viral DNA molecule is introduced into these capsid-like structures. Subsc-
quently, the capsids are completed and the cores are formed with a lipid
envelope. Since the poxviruses are cytocidal, the infected cells disintegrate and
the virions are released into the environment.

Antiviral agents specific for poxviruses

Isatin-B-thiosemicarbazone (IBT, Marboran)

The thiosemicarbazone side chain that is bound to isatin in the B position
(relative to the NH) has specific antiviral activity against poxviruses. The
position of the side chain in the isatin molecule is important, since a derivative
of isatin, in which the side chain is in the a position, has no antiviral activity.
This antiviral compound affects the late viral mRNA (Cooper et al. 1979). In
infected, untreated cells, these mRNA molecules have a sedimentation
cocfficient of 16 S, as opposed to 8 S in IBT-treated cells. Vaccinia virus
mutants that are either resistant to, or dependent on, IBT develop at high
frequency in the virus population (Ghendon and Chernos 1972).

MARBORAN AS A PROPHYLACTIC DRUG AGAINST SMALLPOX. Marboran was
tested in countries where smallpox was endemic. It was found that, when
given to smallpox patients and to healthy attendants, Marboran had no
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beneficial effect on the smallpox victims but markedly reduced the extent of
disease incidence in the healthy attendants (chapter 26).

RIFAMPICIN AS AN INHIBITOR OF POXVIRUSES. Rifampicin is a semisynthetic
compound: rifamycin SV is a fermentation product of the mold Streptomyces
mediterranei. Addition of the side chain —CH=N—(CH,),N(CH3)CH,CH, to
rifamycin SV by a chemical reaction yields the compound rifampicin. The
hydrazone side chain of rifampicin enhances the ability of the drug to inhibit
the replication of poxviruses, and modifications in the side chain lead to loss of
antiviral activity. Rifampicin inhibits the cleavage of a structural viral polypep-
tide needed for the virion envelope, and therefore the formation of complete
infectious virions is inhibited (chapter 26).

INTERFERON. Interferon, a cell-made polypeptide, is released from the in-
duced cell, attaches to a specific receptor on a noninfected cell, and induces the
synthesis of a 2',5'-oligoadenylate synthetase. The 2’,5'oligoadenine induces a
nuclease that cleaves the viral mRNA and thus prevents virus replication
(chapter 26). Interferon is capable of preventing vaccinia virus replication in
cultured cells in vitro.

DISTAMYCIN A. Distamycin A is an antiviral substance that is synthesized by
the mold Streptomyces distallicum and is capable of binding to A-T rich regions
in the DNA. In the presence of the antiviral substance, synthesis of vaccinia
virus DNA is inhibited.

Smallpox: past, present, and future

This much-feared disease—smallpox—spread from the Middle East and
North Africa to Europe, and from Spain to Central America during the Span-
ish conquest in the sixteenth century. With the advent of slavery, the virus
migrated from Central Africa to America. Until recently, smallpox was still
endemic in large parts of Africa and Latin America, as well as in India,
Sumatra, and Borneo. As a result of the comprehensive smallpox-eradication
program undertaken by the World Health Organization (WHO) in 1967, all
persons in endemic areas were vaccinated, and the incidence of the disease
markedly decreased. By 1978, isolated cases of smallpox were found only in
the horn of Africa: Somalia, Ethiopia, and Sudan. The child with smallpox
shown in figure 7 is one of the last smallpox victims in Africa. The success of
the immunization program, which could mean an end to smallpox, has led to
the declaration by WHO that the disease has been eradicated. Nonetheless,
surveillance will continue since the smallpox virus is very stable, and it could
reappear after relaxation of the immunization program.

The infectious process in humans

The smallpox virus (variola) is present in the vesicles on the skin of smallpox
patients (figure 7). The virus in skin debris is spread in the air, and the portal of
entry in healthy individuals is through the respiratory tract. After an initial
sequence of virus replication, the virions enter the bloodstream (viremia) and
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Figure 7. Last recorded case of smallpox in Kenya during an outbreak that was brought under
control in February 1977.

(WHO/17877, Afro, Smallpox, SM 4, 1978. Reprinted by permission from World Health Organization,
Geneva, Switzerland.)

spread into the capillaries in the skin, internal organs, and mucous membranes.
During the viremia stage, which lasts 4-6 days, the patient’s body temperature
increases, followed by extreme headache which subsides when vesicles appear
on the skin (first on the face and hands and later on the body and legs). After
14-16 days, the vesicles begin to dry, and within a week they disappear,
leaving pitted scars.

Some patients die within one to two weeks of the appearance of the symp-
toms. In these patients, bleeding from the mucous membranes of the nose and
mouth is common. Death is attributed to the appearance of toxic substances in
the blood. The pathology also shows damage to the heart.

Smallpox appears in two forms: variola major (the severe form) and variola
minor (a milder disease). In pregnant women, infection causes intrauterine
bleeding and abortion. The embryo is infected due to the viremia in the
mother.
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Smallpox patients must be isolated, and the medical staff must be protected
by immunization and prophylactically treated with Marboran.

Importance of differential diagnosis of smallpox.

The most rapid method for identification of the virus present in skin vesicles is
by obscrvation in the electron microscope. Fluid is withdrawn from skin
vesicles, stained with phosphotungstate (negative staining), and viewed in the
electron microscope. Particles can casily be diagnosed as poxvirions with typi-
cal morphology (sce figure 3).

It is possible to isolate smallpox virus by infecting the chorioallantoic mem-
branc of embryonated eggs. This results in the formation of typical pocks on
the surface of the membrane. Cultured cells infected under in vitro conditions
are incubated and stained with immunofluorescent antibodies specific for
smallpox virus for identification of the virus.

Virulent smallpox viruses in research laboratories as a worldwide danger

With the disappearance of smallpox, the only places where the virus can still be
found are in rescarch laboratories. Although the virus is extremely virulent, no
special precautions are taken apart from those usually in practice in virological
laboratories. This is in contrast to viruses like Marburg discase and Ebola
(chapter 22), which are studied in special security laboratories completely
sealed off from their surroundings by special treatment of the air and refuse
coming out of the laboratory.

Two recent incidents of smallpox infections in humans reported in England
demonstrated that smallpox virus can leak from a regular virology laboratory.
In the first instance, a technician who made unauthorized use of a balance in a
smallpox-virus laboratory developed a respiratory infection that was not diag-
nosed as smallpox. During hospitalization, she infected two visitors who sub-
sequently died of smallpox. In the second incident, the virus leaked from the
virology laboratory through the air-conditioning system and infected a
woman (who subsequently died of the disease) working on another floor of the
same building.

Laboratories in China, West Germany, Japan, Peru, South Africa, Great
Britain, the United States, and USSR still preserve smallpox (variola) virus;
there are more than onc laboratory in China and 15 laboratories in the other
eight countries. It is the aim of WHO to limit variola virus maintenance to
only four laboratories in the world that would then be potential collaborators
on diagnostic studies of poxviruses of universal importance.

Humans and monkeypox virus

In Africa, in the Democratic Republic of Congo, Liberia, and Sierra Leone,
five children were diagnosed as suffering from smallpox. From these children,
a monkeypox virus was isolated. Another smallpox patient, a 24-year-old
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man, had handled internal organs of a monkey three—four wecks prior to
developing the discase. All these patients recovered from their illness. Exami-
nation of captured monkeys in Liberia revealed that they had antibodies to
monkeypox virus. Until now, 29 cases of monkeypox were known (21 of
them in Zaire) but this virus does not secem to be a serious public-health
problem.

Another poxvirus isolated from monkeys was termed whitepox because of
the white pocks it forms on the chorioallantoic membrane of embryonated
chicken eggs. This virus has not been associated with human disease. Monkey-
pox mutants arising spontaneously or after serial high multiplicity passage
resemble whitepox and variola viruses in several markers tested, but all are
distinguishable phenotypically from these. None resembles whitepox viruses
in genome structurc (Dumbell and Archard 1980).

Animal poxviruses

Molluscum contagiosum is a poxvirus disease noted in cynomolgus monkeys
by von Magnus in Copenhagen. About 0.5% of the monkeys die from infec-
tion during shipment. The virus can be isolated in cultured cells.

Yaba virus of monkeys

This virus is associated with localized tumors in the skin. The properties of the
virus are not known.

Myxomatosis in rabbits

European rabbits brought to Australia by carly settlers proliferated to enor-
mous numbers in the absence of natural enemies and constituted a danger to
agriculture. These rabbits were found to be highly susceptible to the myx-
omavirus that causes myxomatosis in South American rabbits and is trans-
ferred from one rabbit to another by insects. F. Fenner released a number of
infected Australian rabbits and thus introduced a highly virulent myxomavirus
into the wild rabbit population of Australia. Most of the rabbits (except those
that developed immunity) were killed by the virus. Myxomavirus remained in
the wild rabbit population, but with changed pathogenicity, and a stable rcla-
tionship or biological balance eventually developed between the virus and the
rabbits. Thus during periods when natural conditions allow the rabbits to
multiply, the virus becomes more virulent and reduces the rabbit population.
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6. IRIDOVIRUSES

FAMILY IRIDOVIRIDAE

Iridoviruses, which replicate in the cytoplasm, have a double-stranded DNA
genome of 100-130 X 10° daltons. The virions, which range from 130-300
nm, are icosahedral with a capsid of 1500 capsomeres. Many proteins, includ-
ing several enzymes, are present in the virus particles.

Genus iridovirus.

These are arthropod viruses that are unenveloped. This iridescent group of
viruses consists of:

African swine fever virus (ASFV) (figure 8), which can be found in ticks, is a
virus of pigs.

Frog virus types 1-3, 5-24, L2, L4, L5 from Rana pipiens; LT1-4, and T6-20

from newts; T21 from Xenopus laevis.

Fish virus: lymphocystis virus.

Gecko virus.

Insect virus: Tipula iridescent virus

African swine fever virus (ASFV)

ASFV resembles other iridoviruses in the structure of the virions. The viral
DNA replicates in the nuclei of infected cells, while the assembly of the virions
takes place in the cytoplasm (Ortin and Vinuela 1977; Tabares and Sanchez-

54
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Figure 8. Thin sections of ASFV particles in the process of penetration into cells. A. Free
virions. B. Virion attaching to the cell membrane. C. Virion in contact with the cell membrane.
D. Virion in the process of penetration.

(EUR 5626¢, 1977, Plate XI, p. 64. Reprinted by permission from the Commission of the European Com-
munities, Brussels, Belgium.)

Botija 1979). This virus, which infects wild and domestic swine and occurs in
wild boars in central Africa, also spread to Iberia, most probably in pork. The
virus, originally isolated from infected domestic pigs, infects pig lymphocytes
and can be grown in other cell types in culture. The virions are icosahedral and
were found to contain a double-stranded DNA genome of 100 x 10° daltons
(figure 9; Adlinger, et al. 1966; Sanchez-Botija, et al. 1977; Enjuanes, et al.
1976). The virion protein coat is made up of 12 different peptides, of which 3
or 4 are antigenic (Tabares, et al. 1980a b). The capsid is enveloped with a lipid
envelope that contains the viral glycoproteins. The envelope is essential for the
adsorption of the virions to cells. Removal of the envelope by treatment with
detergent causes the loss of the ability of the virions to infect cells.

Since the virions do not contain the transcription enzyme RNA polymerase,
it is assumed that the viral DNA utilizes the nuclear RNA polymerase II of the
host cell. The viral DNA is transcribed and replicated in the nuclei. Later the
progeny viral DNA is transported to the cytoplasm and is incorporated into
the viral capsid. Assembly of virions takes place when the particles pass
through the cell membrane (figure 8).
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Figure 9. Electron micrograph of ASFV DNA. The molecular length is close to 50 nm.
(EUR 5626¢, 1977, Plate X, p. 63. Reprinted by permission from the Commission of the European Com-
munities, Brussels, Belgium.)

ASFV in pigs

The discase in the pig is recognized by the appearance of hemorrhages in the
skin. When introduced into pigs for the first time, the virus is highly virulent
and many of the pigs die; after the virus becomes established in the swine
population, however, its virulence is reduced. The virus is transmitted as a
respiratory infection. African swine fever is endemic to the Iberian peninsula.
Ticks, after feeding on an infected pig, can be maintained for up to ten years
and still be able to transfer the virus to a healthy pig. The virus is maintained in
wild boars and ticks in addition to domestic pigs. Constant surveillance on
movement of animals in Europe is needed to limit the virus from spreading
into countries free of the disease. Trading in pigs can spread the virus from one
country to another and, indeed, such trade is prohibited. The virus is very
resistant to heat and can also be transmitted via food wastes given to pigs. In
this way, the virus can spread from herd to herd. To date, no vaccine against
ASFV is available, and the only way to prevent spread of the virus is to
eliminate the pigs in an infected area. The animals are killed and then buried.
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FROG VIRUSES

Frog virus 3 (FV3)—Structure and organization of the virions

FV3 has a double-stranded DNA genome of 100 X 10° daltons witha G + C
content of 56%. Other frog viruses have a G + C content of 30-40% and
double-stranded DNA genomes of 130-160 X 10° daltons.

Analysis of virion proteins revealed 20 polypeptides ranging from 10,000—
200,000 daltons. The major peptide i1s 65,000 daltons (Tan and McAuslan
1971; Goorha and Granhoff 1974). Five enzymes are present in the virions:
nucleotide phosphorylase (ATPase) inside the core, a DNase (active at pH 5.0)
attached to the viral DNA, a DNase (active at pH 7.5), an RNase capable of
digesting double-stranded RNA, protein kinase, protein phosphatase, and the
RNA polymerase (Vilagines and McAuslan 1971; Kang and McAuslan 1972).

Biosynthesis of virions

FV3 virus replicates in cells from amphibia, birds, and mammals. The optimal
temperature for virus replication is 28°C and replication is inhibited at 37°C.
After infection, the virus inhibits the cellular synthesis of DNA and RNA.
After uncoating of the virions, the RNA polymerase is activated, and the early
mRNA is transcribed. The molecular processes of virus synthesis resemble
those of poxviruses. The synthesis of virions in the cytoplasm is dependent on
the nucleus, the site of DNA and RNA synthesis (Goorha et al. 1977, 1978).

LYMPHOCYSTIS VIRUS IN FISH

Lymphocystis virus causes the proliferation of connective-tissue cells. The
infected cells enlarge to a diameter ten times that of the original. The cyto-
plasm is filled with virions. The same phenomenon can be obtained in in vitro
cultured cells. The growth is benign and does not develop into a tumor.
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7. HERPESVIRUSES

FAMILY HERPESVIRIDAE

The herpesvirus family (herpes, in Greek, means crawling or creeping, like a
snake) named Herpesviridae, consists of viruses that have a similar morphol-
ogy, but with a host range varying from lower vertebrates (reptiles, fish, and
frogs) to humans. These viruses differ from each other antigenically and in the
G + C content and organization of the viral DNA.

The virions are made up of 162 hollow capsomeres arranged in an icosahe-
dral capsid covered by a lipid envelope containing more than 20 polypeptides.
The capsid contains one DNA molecule of 100 X 10° daltons.

Subgroup herpesvirus occurs in numerous hosts:

In humans: Herpes simplex virus types 1 and 2 (HSV-1 and 2)
Varicella-zoster virus (human herpesvirus 3)
Epstein-Barr virus (EBV) (infectious mononucleosis vi-
rus; human herpesvirus 4)
Cytomegalovirus
In animals: Cercopethiced herpesvirus types 1 (B virus) and three
other monkey herpesviruses
Pseudorabies virus (PRV) of pigs; also equine herpes-
virus, herpesvirus of cattle, sheep, dogs, and cats
Avian herpesviruses:  Marek’s disease virus

59
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Herpesvirus of turkeys (HVT)
Avian infectious tracheobronchitis
Other herpesviruses:  Frog herpesviruses, including Lucké frog carcinoma;
also herpesviruses of fish and snakes; herpesviruses of
oysters and a fungus

The 1980 proposal for classification of the Herpesviridae family is as follows:

Alphaherpesvirinae Human HSV-1 and 2

Human varicella-zoster virus

Herpes B virus of monkeys

Alpha herpesvirus of cattle, pigs, horses, and cats
Betaherpesvirinae Human cytomegalovirus

Cytomegaloviruses of mice, pigs, and other mamma-

lian species

Gammaherpesvirinae EBV

Gamma herpesviruses of monkeys, fowl, and rabbits

Icosahedral capsid of 162 capsomeres

Electron microscopy revealed the internal morphology of the virus (figure 10)
and the icosahedral structure of the capsid which contains 162 capsomeres. The
diameter of the capsid is 120-150 nm, and each capsomere has a diameter of 10
nm. Unenveloped capsids can be isolated from the nuclei of infected cells as
well as empty capsids lacking the viral DNA; the nucleocapsid encapsidates
one viral DNA molecule. Each capsomere has a molecular weight of about
10° (possibly made of 10 helical polypeptides, each of 100,000 daltons).
The viral DNA molecule is about 50 nm in length and is arranged around a
central protein core (designated torus, assuming that the DNA molecule is
looped around the protein core). The coiled viral DNA molecule is inserted
into the empty viral capsid through a hole that is later sealed with capsomeres
to form a complete nucleocapsid. The nucleocapsid is finally enveloped by a
lipid membrane when the capsid interacts with the inner side of the nuclear
membrane.

The viral DNA is double stranded (ds)

The viral DNA can be released from the nucleocapsid by treatment with
detergents (e.g., sodium dodecyl sulfate [SDS]) or proteolytic enzymes (c.g.,
pronase). Electron microscopy of the virion DNA revealed that the molecule is
linear and double-stranded and has a molecular weight of 100 x 10° (Becker ct
al. 1968). Analysis on benzoylated-naphthoylated DEAE (BND) cellulose col-
umns that separate dsSDNA molecules (that elute with a 1M salt solution) to
form single-stranded DNA molecules (that elute with formamide or caftcin)
suggested that at least 10% of the virion DNA molecules have single-stranded
DNA sequences. It was also found that alkali treatment of HSV double-
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Figure 10. An enveloped herpes simplex virion.
(Department of Molecular Virology, The Hebrew University-Hadassah Medical School, Jerusalem, Israel.)

stranded DN A leads to denaturation of the DNA molecules into one complete
single-stranded DNA strand and fragments of a second single-stranded DNA
strand. It is still not clear whether the fragmentation of one single DNA strand
is due to existing nicks in the DNA or to the presence of ribonucleotides or
apurinic sites that enhance nicking of the DNA chain under alkaline condi-
tions.

DNAEs of different members of the Herpesviridae differ in their density

Analysis of the viral DNA extracted from members of the Herpesviridae by
centrifugation in CsCl density gradients revealed marked differences in den-
sity. Canine and cottontail rabbit herpesvirus DNA were found to have a
density of 1.692 g/cm?, equivalent to a G + C content of 33%. At the other
end of the scale, monkey herpesvirus DNA has a density of 1.733 g/cm?,
equivalent to a G + C of 75%. The Herpesviridae also show marked differ-
ences in the antigenicity of the proteins present in the virions, although the
morphology of the virions is the same in all the members of the group.

Repetitive sequences of viral DNA

Alkali-denatured single-stranded DNA molecules of HSV were found to rean-
neal after removal of the alkali and incubation under appropriate salt and
temperature conditions. Electron microscopy of self~annealed DNA molecules
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Figure 11. Herpes simplex virus-1 (HSV-1) single-stranded DNA in a self-annealing form; the
small (s) and the large (L) single-stranded regions are the unique L and S components. The
double-stranded stalk contains the repeat sequences TRg and TR;.

(By courtesy of Dr. A. Friedmann, Department of Genetics, Life Sciences Institute, The Hebrew University,
Jerusalem, Israel.)

(Sheldrick and Berthelot 1974) revealed the formation of figure-8-shaped
molecules—mostly single-stranded DNA present as small and large loops and
some as a double-stranded DNA stalk in between the loops (figure 11). The
small-loop S and the large-loop L are unique sequences of the viral DNA,
while the repetitive sequences that are flanked on both sides of the S and L
unique sequences are termed terminal and internal repeats of the L and S compo-
nents (class 3 DNA) (figure 12). Analyses of the DNA of several herpesviruses
revealed two additional forms of the viral DNA (Honess and Watson 1977)
(figure 12): Class 1 DNA molecules have the unique L sequence flanked by two
repeat sequences, while class 2 DNA molecules contain an S unique sequence
flanked by repeat sequences and a unique L sequence with one internal short
repeat sequence. Class 3 DNA has both L and S unique sequences, each flanked
on both sides with repeat sequences. The G + C content of the repcat sc-
quences is higher than the G + C content of the unique sequences.
Self-annealing of alkali denatured single-stranded DNA made it possible to
isolate the double-stranded repeat sequences after treatment of the viral DNA
with S; endonuclease, which digests single-stranded DNA only. Centrifuga-
tion of the repeated sequences in CsCl density gradients revealed that their
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(Honess and Watson 1977. Reprinted by permission from J. Gen. Virol. 37, Fig. 1, p. 17. Cambridge Univer-
sity Press, Cambridge.)

density was higher by 0.08 g/ml than the intact virion DNA, whereas the L
and S sequences had a density slightly lower than the virion DNA.

Subpopulations of viral DNA in virions

Cleavage of virion DNA (class 3) with restriction endonucleases followed by
electrophoresis of the double-stranded DNA fragments in agarose gels re-
vealed that fragments are present in large amounts, while others are present in
half- or quarter-molar amounts (reviewed by Roizman 1979). Thus herpesvi-
ruses of class 3 contain four types of viral DNA molecules that differ in the
relative arrangement of the L and S unique sequences (left-hand side in figure
12). Analysis of class 2 herpesvirus DNA that lacks repeat sequences in the
terminus of the L unique sequence but has two repeat sequences flanking the S
component showed that only two isomers can be detected in which the L
component remains in one orientation, while the S component has two possi-
ble orientations relative to L. The absence of the S unique sequence in class 1
DNA allows for only one isomer of the viral DNA (figure 12).
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Viral DNA is infectious for permissive cells by transfection

Naked viral DNA extracted from virions can infect cells under conditions that
allow entry of the DNA into the cell. This can be done by precipitation of the
viral DNA with calcium phosphate and its sedimentation onto the cell mem-
brane. The viral DNA is transported to the nucleus and replicates exactly as
viral DNA from uncoated virions, although the efficiency of infection with the
naked viral DNA is much lower. The virions do not carry a virus-coded
transcription enzyme like the poxviruses. It is also possible to introduce frag-
ments of the viral DNA into cells (e.g., the fragment carrying the viral thy-
midine kinase [TK] gene) by infecting TK ™ cells with fragmented viral DNA.
The viral TK gene cloned in a bacterial plasmid is incorporated into a TK ™ cell
that is then transformed into a TK™* cell (Pellicer et al. 1978). Similarly, it is
possible to transfect cells with fragmented viral DNA and select for cells that
are transformed morphologically by the viral DNA.

Partial homology between the DNA of different Herpesviridae

The genetic relatedness between herpesviruses can be determined by hybridi-
zation of DNA preparations from different viruses. The homology of the two
viruses ranges from 100% (when the viruses are identical) to zero (when the
two viruses are unrelated). HSV types 1 and 2 (which are human pathogens)
were found to have only 50% homology. Bovine mammillitis virus shares 8—
10% homology with the DNA of pseudorabies virus of pigs and 5% homol-
ogy with the DNA of equine herpesvirus. (EBV) of humans has 35% homol-
ogy with a herpesvirus isolated from leukocytes of chimpanzees (H. papio).
DNA of Marek’s disease virus (MDV) of chickens showed 6—10% homology
with the DNA of HVT which is used for immunizing chickens against
MDV. It seems that homology between the two viruses is due to a viral
antigen present in both viruses which makes the chickens immune to MDV.

Cloning of HSV DNA restriction fragments in bacterial plasmids for analysis of viral genes

Developments in the field of genetic engineering and the availability of a safe
cloning plasmid pBR322 have made it possible to clone fragments of HSV
DNA (and all other known viral genomes). Cloning of a viral DNA fragment
involves the viral genome’s being cleaved with a restriction enzyme and then
inserted into a suitable bacterial plasmid cleaved in a similar way. HSV DNA
fragments (e.g., cleaved with the BamHI restriction enzyme) can be cloned in
the BamHI site of the pBR322 plasmid. Ligation of the cleaved pBR322 DNA
with the BamHI fragments of HSV DNA, by means of bacteriophage T4
ligase, leads to the formation of pBR322 plasmids that carry a fragment of
HSV DNA as an insert. This plasmid now has two BamHI cleavage sites, as
compared to one in the original. The resulting mixture of ligated plasmid
DNA molecules is used to transform bacteria which are seeded to form col-
onies. Since the BamHI site in pBR322 DNA is within the gene for tetracycline
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resistance (tet"), insertion of the HSV DNA BamHI fragment into the plasmid
leads to inactivation of the tet” gene. Thus selection for ampicillin-resistant
(amp": the other gene in pBR322 DNA) and tetracycline-sensitive (tet®)
phenotypes allows for the selection of bacterial colonies that carry the plasmid
with the HSV DNA fragment inserted in it. Successful cloning of HSV DNA
fragments allows large quantities of plasmids with the cloned fragment to be
produced. By means of other plasmids that allow expression of the animal
virus genes in bacteria, individual HSV genes can be studied in detail.

Virion proteins are antigenic

To determine the molecular weight of the viral structural proteins, mature
enveloped virions, nucleocapsids, and empty capsids were purified from the cell
homogenates, dissolved with detergents (usually SDS), and separated by elec-
trophoresis in polyacrylamide gels. A typical protein analysis of herpes sim-
plex virions (figure 13) shows more than 20 viral structural peptides present.
HSV types 1 and 2 differ from each other in the molecular weights of several
structural peptides that range from over 25,000 to about 200,000 daltons. Each
capsomere has a molecular weight of 1 million and is made up of 10 identical
polypeptides. Thus since the capsid consists of 162 capsomeres, 1,620 pep-
tides, each with a molecular weight of about 100,000, are required to form 1
capsid.

The virion proteins are antigenic, and antibodies can be produced against
each antigen when the proteins are injected into rabbits. It is possible, there-
fore, to study the relatedness between different HSVs by determining the cross
reactivity between viral antigens. Table 1 shows the antigenic relatedness be-
tween HSV types 1 and 2, PRV, bovine mammillitis virus (BMV), and equine
abortion virus (EAV), by comparing the number of precipitin bands found in
agar gel immunodiffusion reactions between antisera to the herpesvirus and
extracts of cells infected with each virus.

HSV-1 has 12 antigens: 6 are shared with HSV-2 and BMV, 3 with EAV,
and 1 with PRV. HSV-2 has 7 antigens; 4 are shared with HSV-1. The other
viruses have a much more limited antigenic similarity.

Herpesvirus replication in cells is controlled by the cell and by the virus.

Most herpesviruses are able to replicate in permissive cells and have a lytic
cycle. However, infection of cells with herpesviruses can be abortive if the
cells do not provide the virus with the systems necessary for replication. This
can happen when the virus infects nonpermissive cells or permissive cells
under nonpermissive conditions.

Adsorption and penetration require a receptor in the cell membrane and a
corresponding attachment protein in the virion envelope. An intact virion en-
velope is also required, since in its absence the DNA-containing capsid cannot
adsorb to the cell. The initial interaction between the virus and the cell is
electrostatic in nature. The subsequent stage is fusion between the virion en-
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Figure 13. Diagrammatic comparison of the number, apparent molecuiar weight, and relative
contributions of major polypeptides from purified enveloped virions of eight herpesviruses:
murine cytomegalovirus (MCMYV); human cytomegalovirus (HCMV); Epstein-Barr virus
(EBV); herpes simplex virus types 1 and 2 (HSV-1, HSV-2); bovine mammalitis virus (BMV);
pseudorabies virus (PRV); equine abortion virus (EAV).

(Honess and Watson 1977. Reprinted by permission from J. Gen. Virol. 37, Fig. 3, p. 24. Cambridge Univer-
sity Press, Cambridge).

Table 1. Number of precipitin bands observed against extracts of cells infected
with HSV types 1 and 2, bovine mammalitis virus, equine abortion virus (EAV),
and pseudorabies virus.

Antisera

prepared

against HSV-1 HSV-2 BMV EAV PRV
HSV-1 =12 =6 6 3 1
HSV-2 = 5 =7 4 2 1
PRV 2 2 1 3 =3

(After: Honess and Watson 1977.)
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velope and the cell membrane. Virion attachment is dependent on a gene in
chromosome 3 (in human cells) that controls the synthesis of a cellular mem-
brane protein which serves as a receptor for the virion.

THE VIRAL DNA IS UNCOATED BY CELLULAR ENZYMES. Entrance of the viral
nucleocapsids into the cytoplasm results in an interaction with the lysosomes,
and the lysosomal proteolytic enzymes dissolve the protein capsid and release
the viral DNA. The lysosomal vacuole releases the viral DNA into the nu-
cleus.

Early transcription of viral DNA by cellular RNA polymerase 11

In the cell, the DNA-dependent RNA polymerase II is responsible for the
transcription of the cellular genome and the production of precursors for
the cellular mRNA species. This enzyme was found to be responsible for
the transcription of the parental viral DNA. Treatment of HSV-infected cells
with the toxin a-amanitin (produced by the mushroom Amanita phalloides)
results in inhibition of the cellular RNA polymerase II and the prevention of
virus replication. A cell mutant that has an RNA polymerase Il enzyme resis-
tant to a-amanitin is sensitive to HSV-1 replication in the presence of the
inhibitor. Studies have shown that the cellular RNA polymerase II 1s, there-
fore, responsible for the synthesis of early viral mRNA.

Viral mRNA from a particular group of genes in the viral DNA.

It is possible to map and characterize the viral genes that code for the synthesis
of early mRNA and ecarly viral proteins. The viral mRNA synthesized in
infected cells prior to viral DNA synthesis can be labeled with *°P and ex-
tracted from the cells. These labeled RNA species are hybridized to viral DNA
fragments obtained after cleavage with restriction enzymes, separation by elec-
trophoresis on agarose gels, and blotting onto nitrocellulose paper, using the
Southern technique (Southern 1975). Since the position of the DNA fragments
in the viral genome is previously determined, it is possible to localize the viral
genes that code for the early mRNA species. Labeled viral RNA extracted
from infected cells revealed five molecular species of mRNA by elec-
trophoresis in acrylamide gels.

To characterize the nature of the viral genes coding for early mRNA, the
isolated mRNA species were added to in vitro protein-synthesizing systems
(lysates from embryonic wheat or from rabbit reticulocytes). The proteins
synthesized in vitro according to the information in the viral mRNA can be
identified by the use of specific antibodies and by electrophoresis in poly-
acrylamide gels, using known proteins as markers.

The viral mRNA is symmetrically transcribed from both strands of the viral
DNA, but only one RNA transcript is the functional mRNA. The reason for
symmetrical RNA synthesis is not known.

The viral mRNA is synthesized in the form of a precursor which is then
processed into mRNA. The 3’ end of the mRNA contains a poly(A) sequence,
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and a methylated cap is attached at the 5" end. The viral mRNA is transported
from the nucleus to the cytoplasm by the same mechanism which transports
the cellular mRNA species.

VIRUS INFECTION LEADS TO DISAPPEARANCE OF NUCLEOLL. After viral DNA
replication takes place, the nucleoli gradually disappear, most probably due to
disaggregation. The cellular DN A-dependent RNA polymerase I activity di-
minishes, and the infected cell loses the ability to synthesize ribosomal RNA
and ribosomal subunits.

SYNTHESIS OF VIRAL PROTEINS AS A PROCESS REGULATED BY VIRUS-CODED
PROTEINS. The early viral proteins are synthesized in the infected cells under
the direction of the early viral mRNA. These proteins are responsible mainly
for the biosynthesis of viral DNA. The a proteins are responsible for the
synthesis of the B proteins, which are responsible for the third and final group,
the y proteins. The analysis made by Roizman et al. (1978) (figure 14) shows
that all the a and B proteins are the products of genes present in the unique L
sequence, except for one B protein which is coded for by a gene in the internal
repeat sequence. The genes for the vy proteins are localized in the terminal
repeat sequence of S and in the internal repeat sequence of the L component.
The exact mechanism of regulation is not known. About 30 viral proteins were
found to be synthesized during the lytic cycle of the virus in infected cells, and
more than 20 structural proteins are included in the mature virions. Current
analyses of the viral proteins on two-dimensional gels revealed that more than
200 proteins are synthesized in HSV-1 infected cells. The properties of these
proteins are under study.

DNA-BINDING PROTEINS IN THE SYNTHESIS OF VIRAL DNA. Nineteen DNA
binding proteins were isolated from HSV-1 infected cells by chromatography
on DNA-cellulose columns. In arginine-deprived HSV-1 infected BSC-1 cells
in which viral DNA synthesis is unaffected but virions are not formed, only
nine DNA binding proteins were isolated. Among these proteins, it was possi-
ble to identify the viral DNA polymerase (150,000 daltons and another un-
known protein with DNA polymerase activity of 70,000 daltons), two
DNases (40,000 and 27,000 daltons), and a thymidine kinase (40,000 daltons).

The interaction of the viral DNA polymerase with viral DNA is shown in
figure 15.

CELLULAR GENE FUNCTION IN THE INITIATION OF VIRAL DNA BIOSYNTHESIS.
Temperature sensitive (ts) cell cycle mutants have been produced which have a
mutation in the gene controlling the ability of the cell to initiate the synthesis
of chromosomal DNA in the S phase. Infection of such cells with HSV-1 at the
nonpermissive temperature results in inhibition of viral DNA replication. The
cellular protein controlling initiation of viral DNA synthesis is not yet known
(Yanagi et al. 1978).

SEMICONSERVATIVE SYNTHESIS OF HSV DNA AT THREE POSSIBLE SITES. Elec-
tron microscopy of HSV-1 DNA molecules with a replicative loop led to the
conclusion that in some DNA molecules the initiation site for DNA biosyn-
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Figure 15. Electron micrograph of the binding of DNA polymerase and unwinding protein to
HSV DNA. Purified HSV DNA was incubated with the viral DNA polymerase or with the
purified T4 phage gene 32 unwinding protein (inset). The preparations were fixed with glutaral-
dehyde and viewed in the electron microscope.

(Department of Molecular Virology, The Hebrew University-Hadassah Medical School, Jerusalem, Israel.)

thesis is situated 10 nm and in other molecules 20 nm from one of the molecu-
lar ends. One site was found to be in the center of the L unique sequence, the
second site in the repeat sequence between the L and S sequences, and the third
site seems to be at one of the molecular ends of the viral DNA (figure 16).

REPLICATION OF ONE HSV DNA MOLECULE IN 20 MIN. Studies on the synthesis
of HSV DNA in nuclei of infected cells and in isolated nuclei under in vitro
conditions revealed that 20 min are required for the semiconservative synthesis
of one viral DNA molecule. Thus the enzymatic complex that replicates the
viral DNA polymerizes 15,000 nucleotides/min on each HSV DNA strand and
duplicates 5 X 10° daltons of DNA per min.

TEMPERATURE-SENSITIVE MUTANTS OF HSV DEFECTIVE IN DNA SYNTHESIS.
Treatment of HSV-infected cells with mutagens (e.g., 5-bromodeoxyuridine)
leads to mutations in the viral DNA. The mutagenized virus is plaque-purified
and ts mutants arc selected by testing for the ability of the virus isolates
(plaques) to replicate at 31°C and 38°C (reviewed by Schaffer 1975; Subak-
Sharpe and Timbury 1977). Those virus isolates that are restricted in their
ability to grow at the higher temperature are ts mutants. From these ts mutants
it is possible to identify the mutants that are blocked in their ability to synthe-
size viral DNA.
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Figure 16. Top: Models of HSV DNA replication (a) initiation site (A) is located at 10 pm from
one of the molecular ends; (b) initiation site at 20 wm from one of the ends, and (c) initiation site
at one of the molecular ends. A-F are consecutive steps in the replication process. Bottom: Mor-
phology of the replicative loop of HSV DNA.

(Friedmann, Shlomai, and Becker 1977. Reprinted by permission from J. Gen. Virol. 34; A — Fig. 7, p. 520;
B — Fig. 4(C), p. 515. Cambridge University Press, Cambridge.)

PHOSPHONOACETIC ACID (PAA)-RESISTANT MUTANTS PRODUCE A PAA-
RESISTANT DNA POLYMERASE. PAA is a selective inhibitor that binds to the
virus-coded DNA polymerase at the same site as the terminal phosphate of a
deoxynucleoside triphosphate (see chapter 26). PAA-resistant mutants can be
selected that produce an enzyme that does not bind PAA.

PLAQUE-MORPHOLOGY MUTANTS OF HSV. HSV strains are known that are
capable of causing fusion of the outer membranes of infected cells, resulting in
a large syncytium that contains many nuclei, a property designated Syn™. A
mutation that leads to inability to form syncytia (Syn™) was described. In
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addition, strains of small-plaque morphology and large-plaque morphology
were described.

Viruses that are recombinants of HSV-1 and HSV-2

Infection of the same cell with HSV types 1 and 2 leads to the appearance of
recombinant viruses with a DNA molecule made of DNA fragments from
both parent viruses. Since the proteins of HSV-1 and HSV-2, which have a
similar function in the virus (e.g., structural proteins) have different molecular
weights and migrate differently in polyacrylamide gels, it is possible to charac-
terize the virus recombinants by analysis of their proteins (Stow and Wilkie
1978). Furthermore, insertion of a piece of DNA from one virus into the DNA
of another can be detected by restriction-enzyme cleavage and electrophoresis
in agarose gels since the cleavage sites change in the recombinant DNA
molecules (figure 17). Such recombinants were used by Roizman et al. (1978)
for the construction of the DNA map of HSV (figure 14).

Defective HSV due to an error in viral DNA biosynthesis

Infection of monkey cells in culture (BSC-1 or CV-1) with undiluted virus
over a number of consecutive passages leads to the production of defective
virus. Analysis of the infectious virus progeny produced at each passage level
by plaque assay revealed that the virus titer gradually declined from about 107
pfu/ml at passage 1 to about 10° or 10* pfu/ml at passage 5 or 6, but the cells
produced large quantities of noninfectious virus. The same phenomenon was
observed in other cell lines, except that the noninfectious defective virus ap-
peared at much higher (more than 14) passage levels. DNA molecules from
noninfectious virions have a molecular weight of 100 X 10° daltons—the same
as the DNA in infectious virions.

Restriction enzyme analysis revealed that defective viral DNA is a fragment
of the infectious DNA, about 5 X 10° daltons, which is reiterated 20 times
(Frenkel et al. 1976). The repeated fragments are arranged tail to head in the
DNA molecules. There are three types of defective DNA molecules contain-
ing: (1) the terminal or internal repeat sequence of the S component (TR, or
IR,); (2) reiterations of a DNA sequence arising from the center of the L
component; and (3) sequences arising from two or more sites in the viral
DNA.

The defective DNA arising from the TR, (or IR,) sequence has a higher
density than that of infectious viral DNA. This is due to the high G + C
content in the repeat sequence, and as a result, defective DNA can be separated
from the wild type DNA by centrifugation in CsCl density gradients. Isolation
of defective viral DNA of this type from the nuclei of infected cells, followed
by electron microscopy, revealed DNA molecules resembling rolling circles.
Such a rolling circle is demonstrated in figure 18, which shows linear DNA
attached to circular DNA. It was proposed that the circular DNA represents a
DNA fragment that escaped from the viral DNA and that was reiterated by the
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Figure 17. Summary of the genome structures of 17 temperature-sensitive (ts) recombinants
generated using DNA of tsA, D, H, K, and S ts mutants of HSV-1. The sequences in a recombi-
nant derived from the HSV-1 or HSV-2 parent are shown by thick continuous horizontal lines
superimposed on the upper and lower (respectively) of the two horizontal lines representing the
viral genome. The vertical dotted lines delimit the TRy, Uy, IRy, IRs, Us, and TR regions of
the genome. Regions in which crossovers have occurred are shown by two vertical lines between
the thick horizontal lines. A indicates the location of the single-restriction endonuclease sites that
identify certain small insertions of DNA.

(Stow and Wilkie 1978. Reprinted by permission from Virology 90, Fig. 6, p. 8.)
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Figure 18. Electron micrograph of a circular-linear defective HSV DNA molecule. The mole-
cule resembles a rolling-circle replicative intermediate. The arrow points to the origin of the
linear molecule.

(Department of Molecular Virology, The Hebrew University-Hadassah Medical School, Jerusalem, Isracl.)

rolling-circle mechanism described for bacteriophage @X174 (Gilbert and
Dressler 1968). In the case of defective HSV DNA, it was suggested that the
displaced strand is copied by another DNA polymerase molecule and defec-
tive viral double-stranded DNA is synthesized. The defective DNA molecules
with a molecular weight of 100 X 10° are encapsidated into virions at the same
time as the wild-type DNA molecules since both are synthesized in cells pro-
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ducing defective virus. The same viral DNA polymerase is responsible for the
synthesis of both wild-type and defective DNA.

HSV and latent infections in humans and animals

HSV-1 infections start with a primary infection in the mouth or eye that heals
spontaneously but may recur at the same site years after the primary event. The
recurrences may occur after a febrile infection, exposure to the sun, hormonal
changes, etc., and result in the formation of lesions that heal spontaneously. It
was found that the viral DNA resides in the trigeminal ganglion in humans
(Baringer 1975). HSV-1 DNA was found in the trigeminal ganglia of people
who died of various causes, including lymphomas and multiple sclerosis (War-
ren et al. 1977). Infection of test animals also revealed that the viral DNA is
present in ganglia. The mechanisms that lead to the activation of the latent
viral DNA in the ganglia and to the appearance of lesions in the skin are not yet
known (reviewed by Stevens 1975).

Inactivated HSV transforms cells in vitro

It was demonstrated (Duff and Rapp 1973; Rapp and Reed 1976) that ul-
traviolet (uv) inactivation of HSV inhibits virus replication in infected hamster
cells but leads to their transformation. Such cells, injected into the hamster,
lead to the development of tumors. Uv irradiation leads to the inactivation of
the viral gene coding for the HSV DNA polymerase; therefore, virus repli-
cation is prevented. The viral DNA recombining with the cellular DNA leads
to cell transformation. The DNA of such transformed cells contains fragments
of HSV DNA. These viral DNA fragments were found to arise from the
middle of the L unique sequence of the viral DNA.

Partial inactivation of HSV DNA by dyes, such as neutral red or acridine
orange, and visible light due to intercalation of the dye with base pairs in the
DNA (Melnick and Wallis 1975) can also lead to cell transformation in vitro.
Increased incubation temperature, ts mutants, as well as suboptimal tempera-
tures can also cause transformation of mammalian cells infected with HSV

types 1 and 2.

HSV-coded thymidine kinase gene biochemically transforms TK™ animal cells

HSV was found to have a gene that codes for the enzyme TK, which phos-
phorylates thymidine in infected cells. The virus-coded enzyme differs from the
host-cell TK. Using mutant L cells which lack the TK enzymatic activity
(designated L[TK 7]), it was found that the HSV-coded TK transforms the
mutant cells to the TK™ phenotype (Munyon et al. 1971). Additional studies
revealed that transfection of the L(TK 7) cells with fragmented HSV DNA or
with a DNA fragment cloned in the bacterial plasmid pBR322 transforms the
L(TK ™) cells into the L(TK™) phenotype (Pellicer et al. 1978). Transforma-
tion of the cells is due to insertion of the viral TK gene into the cellular
genome. The descendants of the transformed L(TK ™) cell contain one copy
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of the viral TK gene in each cellular genome. This type of transformation is
designated biochemical transformation.

The successful cloning of a 3.6 kilobase pair BamHI fragment from HSV-1
DNA into the BamHI site in plasmid pBR322 made it possible to study the
HSV TK gene. It was recently suggested that the nucleotide sequence of the
TK gene contains a promotor sequence at the start and a terminator sequence
at the end of the gene (McKnight 1980).

Kit et al. (1981) have succeeded in producing a hybrid plasmid containing
the HSV-1 TK gene in the form of a 2-kilobase pair fragment. This fragment
was inserted into the plasmid pBR322 and was used to transform TK ™ E. coli.
The specificity of the TK enzyme molecules produced by E. coli was deter-
mined by inhibition with specific viral antibodies (Kit et al. 1981). Cloning of
the HSV-1 TK gene to the lac Z gene of E. coli, allowed its expression in the
bacterial host (Garapin et al. 1981).

HERPESVIRUSES AFFECT HUMANS AND ANIMALS

HSV-1 virus infects the mucous membranes in the mouth (viral stomatitis),
the lips (herpes labialis), the eyes (herpeto-keratoconjunctivitis), the brain
(herpetic meningoencephalitis); HSV-2 infects the genitals (herpesvirus
genitalis). If untreated, herpetic encephalitis is lethal (Nahmias and Roizman
1973).

The virus infects the mucous membranes and skin by direct contact with an
active herpetic lesion. Most children are infected at an early age with HSV-1
and develop immunity to the virus. However, even individuals with high
antibody titers can develop recurrent virus infections. Local immunity is most
probably the mechanism that restricts virus proliferation, since individuals
with a defect in the immune system (e.g., cancer patients under treatment with
immunosuppressive drugs) develop very large skin lesions due to unlimited
virus spread.

The virus spreads in the bloodstream and along nerve axons

A localized virus infection can develop into a systemic infection with viremia
(virus in the bloodstream) that spreads throughout the body and infects the
internal organs. In an immunologically deficient patient with the genetic disor-
der ataxia telangiectasia, an infection of the mucous membranes in the mouth
developed into a lethal systemic infection.

Alternatively, the virus spreads via the nerve axons in the body. It is as-
sumed that the virus in the primary skin lesion enters a nerve in the affected
area and migrates through the nerve axon to the trigeminal ganglion, and from
there ascends into the brain where it causes meningoencephalitis. Once the
virus reaches the brain, it spreads rapidly from cell to cell and causes extensive
damage which, if not treated in time, can be fatal or leave the individual in a
so-called vegetative state.
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Connection between HSV-2 and cervical carcinoma?

Patients with diagnosed carcinoma of the cervix were found to have high
antibody titers to HSV-2 in the serum as compared to healthy individuals.
This led to the postulation that there is a relationship between HSV-2 and
cervical carcinoma (Nahmias et al. 1971; Aurelian and Strand 1976). In-situ
hybridization between HSV-2 DNA and biopsies taken from cervical carci-
noma patients revealed the presence of viral DNA and RNA in the tumor cells
only, and not in normal cells from the biopsy tissue.

Chemotherapy of HSV infections (see chapter 26)

Treatment of skin lesions

Both zinc acetate and phosphonoacetic acid were shown to selectively inhibit
HSV-1 DNA polymerase in infected cells and in isolated viral DNA poly-
merase systems in vitro. Treatment of skin lesions with zinc acetate was re-
ported to relieve the pain and promote faster healing of the lesion. Phos-
phonoacetate and phosphonoformate were found to be effective in the
treatment of HSV-1 skin lesions in experimental animals. Unfortunately, it
was found that PAA is concentrated in the bones of test animals, probably
because phosphonocompounds have a role in the metabolism of bone. The
Food and Drug Administration (FDA) in the United States requires more
information on the effect of PAA on bone metabolism prior to permitting its
use in human chemotherapy of HSV lesions. In the past, skin lesions were
treated with acridine orange and visible light that led to inactivation of the
virus (Melnick and Wallis 1977). With the demonstration that with such treat-
ment the transforming ability of the virus is expressed, the treatment was
abandoned.

Treatment of herpetic keratitis

The first effective antiviral drug was the halogenated derivative of thymidine,
IUdR (iodouridine deoxyriboside) synthesized by Prussof (1960) and shown
by Kaufman (1962) to cure herpetic keratitis in humans. Study of HSV-1
strains ten years after the introduction of IUdR showed increased resistance of
the virus isolates to the drug and, in parallel, a decreased efficacy in treatment
(Kaufman 1976). The analog adenine arabinoside, as well as interferon, are
currently in use (chapter 26).

Treatment of patients afflicted with herpetic encephalitis

IUdR was used for the treatment of herpetic encephalitis with the hope that it
would cure the brain infection. Confirmation of a herpes infection in the brain
is required prior to treatment, but even in confirmed herpetic patients, [UdR is
useless since it fails to penetrate into the brain cells where the virus multiplies.
Therefore, the use of IUdR in herpetic encephalitis was discontinued.
Currently, adenine arabinoside is used for intravenous administration to
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patients with confirmed herpetic encephalitis. Analysis of the results of patient
response to treatment revealed that patients treated very early in infection
resulted in survival of many of the patients with minimal brain damage. Treat-
ment of patients at later stages of the disease does not change the course of this
lethal infection. Thus early laboratory diagnosis of herpetic encephalitis is a
prerequisite for effective treatment.

Treatment of patients with generalized herpes with acyclovir (acycloguanosine)

The drug acycloguanosine (see chapter 26) is effective in treating patients with
herpesvirus infections and has been used in children affected by generalized
herpes simplex virus infections which, if left untreated, lead to death. Evidence
is accumulating that such children fully recover after acyclovir treatment.

Other human herpesviruses

Varicella-zoster virus

Varicella virus causes chickenpox in children, while in elderly people the zoster
virus can cause a recurrent infection (called shingles) along the dorsal root
ganglia. The zoster virus, which is identical antigenically to varicella, must
therefore inhabit the ganglia along this nerve as a latent infection. Varicella in
children is usually a mild disease, but at the viremic stage, the virus could
develop a systemic lethal infection. Recurrent zoster infections appear in can-
cer patients.

A live attenuated virus vaccine is used to immunize children against vari-
cella, thus possibly also preventing zoster at a later age.

Cytomegalovirus (CMV'): chronic infections in children

CMV causes a respiratory infection, but in most infected children there is no
apparent disease, although in some jaundice or pneumonia may be manifested.
The virus infects T lymphocytes and is present in them in a latent form. The
virus is activated when immunosuppressive drugs are given to cancer or kid-
ney patients. The virus infection is detected by megalic (giant) cells appearing
in patients’ urine which contain large quantities of virus. In pregnant women
infected with CMV, in-utero infection of the fetus can cause either death or
mental retardation. Pregnant women excreting CMV in their urine can also
infect the newborn infant with CMV, which can cause acute pneumonia and
death.

CMV CAUSES INFECTIOUS MONONUCLEOSIS (IM). Studies of IM patients
negative to EBV revealed that they were infected with CMV. The virus infects
T lymphocytes and leads to their proliferation.

EPSTEIN-BARR VIRUS (EBV)
Discovery

Burkitt (1963) described a lymphoma syndrome with a high incidence (mainly
in children aged four—eight years) which was found in equatorial Africa, south
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Figure 19. Linear drawing of EBV (B95-8) DNA showing the position of EcoRI, Hsul, and Sall
restriction endonuclease cleavage sites. The location of the additional DNA present in the DNA
of the W91 strain of EBV is shown as an insert.

(Kieff et al. 1979. Reprinted by permission from Biochim. Biophys. Acta 560, Fig. 4, p. 362.)

of the Sahara, in places such as Uganda. He stressed the bizarre anatomical
distribution of the tumor, which also caused distortion of the children’s faces.
Since the lymphoma patients lived in an area infested with virus-carrying
mosquitoes, Burkitt suggested that the cause might be a virus. Electron mi-
croscopy of lymphoblasts from biopsies of African lymphoma patients, grown
under in vitro conditions (Epstein et al. 1964) revealed the presence of herpes-
virus-like particles in some of the cells. This virus, which was named EBV was
not only associated with Burkitt’s lymphoma, but was also found to be a
ubiquitous human virus.

The virus

EBV virions do not react with any of the antibodies to known herpesviruses.
Lymphoblast cell lines that were adapted to growth under in vitro conditions
synthesize very small amounts of EB virions. Incubation of certain cell lines in
an arginine-deficient medium was found to stimulate the induction of virus
particles (Henle and Henle 1968) since the mechanisms that prevent virus
replication are inhibited. The virions that were isolated by the same techniques
developed for the isolation of HSV were found to contain a DNA genome of
100 x 10° daltons and seven major viral proteins (Weinberg and Becker 1969).
The viral DNA (figure 19) was reported by Kieff et al. (1979) to belong to class
1 DNA (figure 12).

Infectivity of EBV

Many lymphoblast cell lines were established in vitro from biopsies of patients
with pathologically diagnosed Burkitt’s lymphoma in Africa and New Guinea.
In most laboratories, EBV is obtained from the P3HRI lymphoma cell line,
since cells permissive to EBV that allow virus multiplication are not available.
Another cell line producing EBV (B95-8) consists of in vitro transformed mar-
moset lymphocytes (Miller et al. 1972). It was established that Burkitt’s lym-
phoma cells are monoclonal, which means that the cells are descendants of one
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cell that was transformed in the patient (Klein 1972). Most cell lines produce
EBV intermittently, but certain cell lines (like Raji) cannot be induced to
produce virions at all. Using radioactive virion DNA and a DNA-DNA reas-
sociation technique, it was possible to demonstrate that Burkitt’s lymphoblasts
contain in the range of 20-50 genome equivalents of EBV DNA per cell (Zur
Hausen 1979). However, three cell lines from confirmed Burkitt’s lymphoma
patients lack any detectable EBV DNA.

EBV can infect EBV-negative lymphoma cells and improve their in vitro
growth properties.

EBYV receptors on human B lymphocytes

EBV binds to B lymphocytes by attachment to a specific receptor on the
membrane that is near the receptor for complement.

The adsorbed virus is incorporated into the cell cytoplasm, and the viral
DNA induces the appearance of EB nuclear antigen (EBNA) (Klein 1974). The
EBV infected lymphocytes are capable of unlimited proliferation under in
vitro conditions, a property termed immortalization. The EBNA is a DNA
binding protein with a molecular weight of 90,000 daltons that appears in a
dimeric form. The role of EBNA in the virus infection is not known.

State of viral DNA in cancer cells

Treatment of lymphoblasts, each containing about 40 viral DNA genomes
with cycloheximide, an inhibitor of protein synthesis, resulted in the disap-
pearance of most of the viral DNA molecules. Such cells contain only one
EBV DNA genome associated with the chromosomal DNA yet retain their
transformed properties. It was recently demonstrated that the residual EBV
DNA genomes are associated with DNA of the cellular chromosome 14
(Yamamoto et al. 1978). All other viral DNA molecules are episomal DNA
which have a circular conformation (Adams and Lindahl 1975), are not associ-
ated with the host cell DNA, and are probably not essential for the transforma-
tion event.

The circular EBV DNA genomes present in the nuclei of Burkitt’s lym-
phoblasts are replicated by the host cell enzymes during the S phase of the cell
cycle (Hampar et al. 1973). Activation of the cells to produce virions has to do
with the appearance of linear EBV DNA and transcription of the genomes
followed by the synthesis of viral enzymes. The synthesis of the linear viral
DNA is carried out by the viral DNA polymerase, a process sensitive to PAA.
The synthesis of late viral proteins allows synthesis of capsids and virions. The
activated cell in which EBV is made finally dies, and the virus progeny is
released.

Infectious cycle of EBV in humans
EBYV is a ubiquitous virus

It was found that EBV is prevalent in all parts of the world. It infects humans
who develop antibodies to the viral capsid antigen (VCA). It was also reported
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that EBV can be isolated from the pharynx of individuals with infectious
mononucleosis, and it was suggested by Pagano and Shaw (1979) that epithe-
lial cells in the pharynx replicate the virus. Such a virus, if incubated with
normal B lymphocytes, can infect the cell, induce EBNA, and the cell will
immortalize—that is, it will be able to grow indefinitely under in vitro condi-
tions.

EBV latently infects B lymphocytes in the peripheral blood. Incubation of
lymphocytes under in vitro conditions leads to the induction of EBV in these
latently infected cells, and the virus immortalizes normal B lymphocytes. This
1s the technique used for spontaneous isolation of transformed B lymphocytes.

EBYV as the cause of infectious mononucleosis (IM) in young adults

Studies by G. and W. Henle on antibodies to EBV in the human population
revealed that most children develop antibodies to EBV VCA at an early age,
except for a small group who are not exposed to the virus and remain
seronegative. As young adults, they can be infected by oral contact with a
person carrying EBV, and they develop infectious mononucleosis (Henle et al.
1968, 1974). EBV infects the epithelial cells and B lymphocytes in the throat
and surrounding lymph nodes, leading to elevated temperature and swelling of
the lymph nodes, most probably due to the proliferation of B cells for which
EBV is a mitogen. The T lymphocytes in IM patients also respond to the
proliferating B lymphocytes and appear in the peripheral blood in large num-
bers as monocytes. IM can be fatal. The proliferation of the T cells and their
large numbers in the blood are the reasons for the long-term weakness of the
patients. T cell proliferation subsides after a few months, and the blood picture
returns to normal. Since EBV is transmitted from mouth to mouth, IM is also
named the kissing disease.

The role of EBV in cancer

Two types of cancer that are linked to EBV occur in humans: (1) Burkitt’s
lymphoma in Africa and (2) nasopharyngeal carcinoma (NPC) in Southern
China and North Africa.

Burkitt’s lymphoma

Since EBV DNA or fragments of it are intimately involved with the
chromosomal DNA of Burkitt’s lymphoblasts, the question arises of whether
transformation of perhaps one lymphocyte into a cancer cell may be due to the
presence of EBV in the cell. Three lines of evidence contradict the claim that
EBYV is the cause of such cell transformation:

1. In a few patients with pathologically diagnosed Burkitt’s lymphoma, the B
lymphocytes did not contain any detectable EBV DNA (the resolution of
the DNA:DNA hybridization was 0.1 genome equivalent).

2. Both EBV DNA-negative and DNA-positive B lymphoblast cell lines
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from patients with Burkitt’s lymphoma were found to contain an inducible
retrovirus.

3. A study was done in Uganda in a region with a high incidence of Burkitt’s
lymphoma to determine the connection between EBV infection and the
incidence of Burkitt’s lymphoma. Blood samples were taken from 42,000
children during a five-year period, and out of these, only 32 children devel-
oped Burkitt’s lymphoma (de-Thé 1979). This low incidence further ne-
gates the question of whether EBV is the cause of Burkitt’s lymphoma.

Nasopharyngeal carcinoma (NPC)

This tumor involves epithelial cells. The tumor can be diagnosed serologically
long before its detection by other means. Appearance in the blood of anti-
bodies to EBV antigens is currently used to diagnose NPC. Irradiation at the
site where the tumor usually appears is used as the method of treatment, and
this prevents the development of NPC. This tumor is prevalent among South-
ern Chinese, regardless of where they may have migrated to. A similar tumor
was described in North Africans. Thus in certain ethnic groups, EBV can
cause transformation of epithelial cells and the formation of tumors.

Figure 20 summarizes the possible involvement of EBV in human cancers
and its role in disease and all immortalization.

Herpesvirus papio (HVP): a monkey virus related to EBV

This virus was isolated from baboons (Papio hamadryas) that developed lym-
phomas (Falk et al. 1976). Hybridization of EBV DNA with baboon and
chimpanzee herpesvirus revealed 35-45% homology in the viral DNAs. Ba-
boon lymphoblastoid cell lines carrying HVP do not produce EBNA in the
nuclei, although superinfection of the cells with EBV showed that the baboon
lymphoid cell line is competent to synthesize EBNA. The HVP can immor-
talize monkey B cells in vitro. Injections of such lymphocytes into adult mon-
keys led to a disease similar to IM.

Other monkey herpesviruses

Herpesvirus saimiri and herpesvirus ateles were isolated from circulating lym-
phocytes in New World monkeys by L.V. Melendez and his colleagues (re-
viewed by Fleckenstein 1979). These viruses contain DNA of 100 x 10° dal-
tons, but the virion population is made up of two subgroups: (1) Molecules
with the M genome composed of about 30% heavy (H) DNA (G + C = 71%;
density 1.729 g/ml) with repetitive sequences, and 70% light (L) DNA (G +
C = 36%; density 1.695 g/ml) with unique sequences; (2) the H genome
contains heavy sequences only.

The M-DNA is infectious in cell culture and capable of transforming pri-
mate cells. Circular episomal viral DNA of 131.5 X 10° daltons was found in
the transformed lymphoid cell lines. The circular viral DNA consists of two L
regions (54 X 10°and 31.5 x 10° daltons) and two H regions (25.6 X 10° and
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Figure 20. Scheme for EBV infection of nonpermissive cells in vivo and in vitro. (NP =
nasopharyngeal; NPC = nasopharyngeal carcinoma).

20 X 10° daltons). The two L sequences have the same orientation (Werner et
al. 1977).

H. saimiri and H. ateles, which cause malignant lymphoma in various New
World primate species, arc related: There is 35% homology between the L
genomes of the two viruses, while there is only 10% between the H genomes.
The natural hosts of H. saimiri and H. ateles (squirrel monkeys and spider
monkeys, respectively) are infected at an carly age and develop antibodies to
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the virus. The T lymphocytes in vivo remain latently infected. Infection of
either cells or 10 pfu of virus into other species like owl monkeys causes the
development of lymphoproliferative disease.

RHESUS HERPESVIRUS. Leukocytes of rhesus monkeys were found to contain
a latent virus, unrelated to other known herpesviruses.

HERPES B VIRUS. This virus causes latent infections in monkeys and is also
present in the saliva. When such a monkey bites someone, the B virus migrates
to the brain of the victim and causes encephalitis, which can be fatal. Individ-
uals working with monkeys may be exposed to this virus.

Herpesvirus of pigs

PSEUDORABIES VIRUS CAUSES AUJESKY DISEASE IN PIGS. This virus has a
DNA genome that belongs to class 2 DNA (figure 12). The virus is latent in
pigs but can develop into a prominent disease when the pigs are transported or
kept in large numbers on farms.

Herpesviruses in cattle, horses, and dogs

Herpesviruses can cause abortion in animals. The viruses differ antigenically
from one another.

Fish herpesvirus

A herpesvirus isolated from the channel catfish was found to have a DNA
genome of 80 X 10° daltons. The viral DNA which is classified as class 1 DNA
(figure 12) contains only the L component of the herpesvirus DNA.

Herpesvirus in frogs causes Lucké renal carcinoma

A tumor of the adenocarcinoma type, containing a herpesvirus, was discov-
ered in the leopard frog (Rana pipiens) by R. Lucké in 1934. Injection of
purified virus into frog embryos was shown by Mizell et al. (1969) to cause
tumors in the kidney. The tumor appeared in the frogs in the summer season,
but herpesvirus could not be found until it was shown that transfer to a low
temperature (4—9°C) caused induction of the virus.

Marek’s disease in chickens

This disease in chickens, described by Marek in Hungary, was represented as a
lymphoma of the internal organs that causes damage to the nervous tissues
(reviewed by Nazerian 1979). It was found that certain strains of chickens are
resistant to Marek’s disease, while others are highly sensitive. Marek’s discase
virus replicates in the cells of the feather follicles and is released with the
feathers. Respiration of the virus in the debris contaminating the chicken house
leads to a respiratory infection of sensitive chickens, development of lym-
phomas, and death with brain damage. It was also shown that the develop-
ment of the lymphoma depends on the presence or absence of the bursa fab-
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ricius. Removal of the bursa from resistant chickens renders them sensitive to
MDYV, and removal of the bursa from sensitive chickens leads to the develop-
ment of resistance to infection. The immunological mechanisms involved in
the sensitivity and resistance to the disease are not understood.

Herpesvirus of turkeys was found to immunize and protect MDV-sensitive
chickens when injected into young chickens. HVT is only slightly related to
MDYV but nevertheless protects against infection with MDV. The use of HVT
live vaccine for immunization of poultry has markedly reduced the incidence
of Marek’s disease on chicken farms.
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8. ADENOVIRUSES

Adenoviruses were discovered in adenoid tissue removed from a healthy indi-
vidual and grown in tissue culture. In spontaneously dying cells, virions with a
typical morphology (figure 21) were seen by electron microscopy.

Family adenoviridae

The virion (m.w. 170 X 10° is a nonenveloped isometric particle, 70-90 nm
in diameter, composed of 252 capsomeres arranged in icosahedral symmetry.
Each capsomere is 7-9 nm in diameter. Inside the capsid is a single, linear
double-stranded DNA molecule containing about 35,000 base pairs. Some
adenoviruses are oncogenic in animals and in animal cells in vitro. Mammalian
adenoviruses (mastadenoviruses) have a common antigen that differs from
avian adenoviruses (aviadenoviruses).

Genus Mastadenovirus

Human adenovirus:  types 1-33.
Mammalian viruses: monkey viruses, 24 serotypes; adenoviruses of cattle,
dogs, horse, mouse, opossum, sheep, goats, and pigs

Genus Aviadenovirus

ADENOVIRUS OF FOWL, TURKEY, GOOSE, PHEASANT, AND DUCK. More than
80 adenovirus serotypes (of which 35 serotypes are human adenoviruses)

88
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Figure 21. A refined topographical model of adenovirus type 2.
(Everitt et al. 1975. Reprinted by permission from Virology, Vol. 67, Fig. 7, p. 206.)

were isolated from different hosts. Human adenoviruses can agglutinate red
blood cells from rats or monkeys.

Structure of the virus

The virions contain 252 capsomeres, of which 240 are nonvertex capsomeres
(hexons) and 12 are vertex capsomeres (penton base). Each penton base con-
tains a filamentous protein fiber around which five hexon capsomeres are
arranged. Treatment of the capsids with SDS results in their dissolution, and
electrophoresis of these proteins in polyacrylamide gels makes possible their
identification (figure 21).

1. The hexon is made of three polypeptides, each with a molecular weight of
120,000 (polypeptide II).

2. Polypeptide IX is associated with the capsomeres that assemble in the

nucleus into groups of nine hexons.

Polypeptides VI and VIII are internally located in the capsid.

4. Polypeptides III, Illa, and IV are present in the vertices of the icosahedron;
polypeptide III is the penton base, and polypeptide IV is the fiber.

5. Polypeptides V and VII are associated with the DNA molecule in the cap-
sid. Polypeptides Illa, VI, VIII, and IX are the four connecting proteins of
the virion.

©

Infection of the cell

The virions attach to the cell membrane and are incorporated into the cyto-
plasm where they are uncoated in a phagocytic vacuole by lysosomal enzymes.
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The viral DNA is released into the nuclei, the site of virus replication. The
uncoating of the viral DNA occurs in the infected cells during the second hour
after infection and does not require cellular protein synthesis.

The viral DNA is infectious and can be incorporated into the cytoplasm,
provided the DNA is precipitated with calcium phosphate so as to bind to the
cell membrane. The precipitate is engulfed by the invagination of the cell
membrane and is transported to the nucleus.

Properties of adenovirus DNA

The linear double-stranded DNA of the mastadenoviruses has a molecular
weight of 20 — 25 x 10°. Those viruses were divided into subgroups accord-
ing to their G + C contents, which range from 48-59%: subgroup A — G +
C = 48-49%; subgroup B — G + C = 49-52%; and subgroup C — G +
C = 57-59%. Adenoviruses from monkeys have a G + C content of 60%.
The aviadenovirus DNA has a molecular weight of 30 X 10°and a G + C
content of 54-55%.

The linear DNA contains inverted terminal repetitions of around 100 nucle-
otides; thus the molecular ends of the molecule are identical. It is possible to
separate the two viral DNA strands by hybridization to the synthetic polymer
poly(U,G). The DNA can be separated into light (I) and heavy (h) strands in
cesium chloride density gradients (Tibbetts and Pettersson 1974).

Adenovirus DNA can attain a circular conformation due to a protein of
55,000 daltons that is covalently linked to the 5’ ends of both DNA strands.

The structure of adenovirus DNA was revealed by cleavage with restriction
enzymes. The six fragments produced by EcoRl digestion of adenovirus 2
were mapped on the viral DNA genome (figure 22, fragments A-F). Frag-
ment A represents 58.5% and is at the left-hand side of the genome.
Cleavage of DNA is useful in the characterization of the function of the viral
genes. The restriction enzyme cleavage sites are mapped on the genome, using
coordinates that may be referred to as either 0 to 1.0 (figure 22) or 0 to 100
(figure 23).

Arrangement of viral genes

The site of the viral genes in the DNA genome can be determined by hybridi-
zation of mRNA molecules synthesized early and late in the virus replicative
cycle to isolated DNA fragments. The nature of the gene product is revealed
using a reticulocyte homogenate or wheat-germ extract for translation of the
viral mRNA in vitro. The gene products in relation to the physical map of
adenovirus DNA are shown in figure 22.

Transcription of viral DNA

The adenovirus type 2 genome does not code for an enzyme for the synthesis
of viral mRNA. The cellular DNA-dependent RNA polymerase II is responsi-
ble for the transcription of the viral genomes. The cellular RNA polymerase I1I



8. Adenoviruses 91

Transformation (?)

51»;(
48 -1 S
SoK .1 Iy : —
L Ma, DNADDI’
~— r 1 Lan 1 ~— p l td
15K To pW 100K vy } olypephides
"VA-RNA o N '
m-RNA e TAATACTACTAC~Protein
, 766 196 .266 Slt
£ o5’ l=rstrand
. A [ 8 [F[ofelc ., o
R 3" h=1 strand

Protein<, CATCATCATAAT .

O o0 02 03 0. 05 06 07 08 09 10
Fractional length

Figure 22. Schematic representation of adenovirus 2 genome. The I(r) and h(l) strands are indi-
cated with the terminal (inversely repetitive) sequences in the inserts. The horizontal arrows in-
dicate the direction of transcription of mRNA in different segments of the genome. A-F desig-
nate the EcoRI restriction fragments of Ad2 DNA. Roman numerals refer to the map location of
the structural proteins of the virion. The location of the virus-associated (VA)-RNA and of the
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Publishing and Documentation, Wageningen, The Netherlands.)

that transcribes the tRNA genes in the host cell genome, transcribes the viral
genes for the 5.2 S and 5.5 S RN A molecules. These two virus-associated (VA)
RNA species (about 156 nucleotides long) are transcribed from viral genes
situated just in front of the late genes, close to coordinates 29-30 on the
adenovirus 2 map (figure 23B). Both species of VA RNA appear early in
infection; the 5.2 S species levels off, but the 5.5 S species increases during the
late stage. Their function is not known (Séderlund et al. 1976).

The viral mRNAs are produced by the removal of internal sequences from
precursor nuclear RNAs by a cut and splice mechanism (Kitchingman and
Westphal 1980; Blanchard et al. 1978).

Transcription of adenovirus DNA proceeds in either a rightward (r) direc-
tion on the light (1) strand or in a leftward (1) direction on the heavy (h) strand
(figures 22 and 23), and genes on both DNA strands are transcribed for
mRNA. '

In recent years, extensive studies on the transcription of early and late
adenovirus mRNA have revealed a complex sequence of molecular events.
These include initiation of transcription at separate promoters, capping of
mRNA at the 5’ termini, splicing and polyadenylation of the RNA transcripts
at the 3’ termini, regulatory processes leading to a switch of the transcription
from the early to the late viral genes, as well as regulatory processes that affect
the transcription of the host cell genome and selective transport of viral
mRNA. The transcription of adenovirus DNA was reviewed by Ziff (1980) as
described in the following discussion and in figure 23.



92

VYNYW (Uox8H ) I uld4oid
gOm :D: O~ QU__QW

vNYyW TXK d u1djoid
104 0 0} dd1ds

- o

- O
- O

000/ <t -

OON<

OON<‘|I

OONd

{doy

ezl doo tu01bau

buipod
) o4 991ds
puD 18pD3|
._aou ajquassy

[ 2
' N

€e 1 do?

- O
- O

OONd‘

do) ‘v Alod
* pPpPOD puD 3AD3|D

do9) raps v Aiod
* puokaq 8qiiosuonJs]

QUO ”QOU
PUD B40N4IUT

o

._u w ﬂ_ﬂw sayg 991ds

- O
- O
+ O

'says v Alod

v

@-— o

® b
Jajowoid 9407




93

("paanwr sfeuanof uepruIdely 0861

® wSukdo) gt “d ‘1 "Srq ‘£8¢ mwN wolg uotssturzad Aq parunadoy 0861 11Z)
's1onpoud Jj] aserowdjod YN

218 SYNY VA YL 'soud3 11oy3 yarm pauSi[e aIe Sy N W SNOLIEA JO $10N
-poid uone[sues; uajoid ayJ sanosow yNJuw (A] uraroid) a1qy swos
ur readde ‘z pue d ‘x ‘soouanbas 1opes[ 13O “seousnbas Furpos Jusiayip
013 3udade(pe pad[ds s1 19peI[ siyd ‘A[IUIe] [BUIULINI-0D-,¢ B UM Sy N YW
104 "19pea[ dmtediny paddes-, ¢ uowrwos € areys osfe 3un uondiosuen
SIy1 wol1j syNYJw ay ], -aus (y)A[od uowrwod e Jutreys A[ruiey usaid e

JO SIOQUUAW [[B YIIM SII[IWE] [BUILLII-0D ,¢ JAL Ojul [[&] Jtun uondiosuen
a1e[ J0few oy woly sanadg ‘uondvjut Jo a3els AJeIPIULIIUL UE JE Passardxa
a1e geA[ pue X sutaloxd ay3 Surpoous sy Nyw 2y sao1fds [eurur 1oy
Jo suonsod ay1 ut 13331p yorym saads spdnnur sopoous jrun uonduosuer
A[1ea yoeqg "AJF-VIg ‘siun uondiosuen seredos aAly urgam [[e] SYNY
103uassow A[req ‘sdew yN Y Io8uassowr g-snitaouapy ‘g “Iajoword

3UO JO [013U0d Y3 Jopun uoissardxo 11ay) saoe[d pue ‘ytun uonduodsuen 93
-Uuls B UIyIlm papodud 2q 03 suidlold Jua1d)JIp 210w 10 | smoffe Aemyred
Buissacouid sty 3duosuen Arewnd sy woiy paonpoid st yoym saads
VNYW Y3 uraao3 a1oja10y3 ‘o3s Jundids 1opeay ays pue s (y)A[od
33 JO UOIIDI[AS *,SIIOYD, OM ] *g 03 padi[ds Ioped[ Yam YN YW woly
pa3e[suell st uUoXaH JAd ‘UOIISID ISI1J 9YI 03 PAULUOD ST YN YW d1uo1l
-SIDII[NW SIY3 JO UONE[SUBI} PUE ‘SUONISOd [BUISIUL JE UOLIB[SUEL] dIe1IIUI-d1

10U Op SWOSOqLI D1I0AIEYNI ‘I19AIMOH "uoXay pue JAd y10q 10§ savuanb
-3s urpoo ay3 sureauod » 03 Sumids 4q paonpoid yNYw 2y ] "ousnb

-9s 3uipod uoxay ays 01 1uddElpe 1apesy ays sao1[ds g 01 Juords sym
‘uazo1d 1A d a3 10§ saouanbas Surpos ay3 01 1opea[ ay3 sasodeixn( v 03
Buwrds ‘umoys aydwexa ay1 uj *q 03 10 v 03 19pe[ 3ys Sururof sydwexa 10§
‘pazi[uin u33q sey 3iis (y)Ajod 1enonied Aue usym doais Junrds [euy sy
103 3[qtssod JIE SIAIIEUIAI[E [E19AIS "9duanbas Sutpod e o1 uadelpe paords
Apuanbosqns st 1opeay sty ], "19pesy g amiedin Surpods-uou e wioy 03
13y30803 paotids a1e /g puE ¢] ‘9] SAIBUIPIOOD 1B Papodud saduanbas yNY
“103da0oe (y)A1od a3 asodxa 01 paaeap st idudsues 3yl O[nda[OW JUISEU
B [[1S ST YNY 243 9[tym *(g) sassed aserdowik[od ay3 19358 U00g “(Q] EU
-IPI002 38 JWOUd3 dy3 JO pud Iej aY3 SaYDEAI I [IIUN SaNUNUOD pue ‘Sdwe
-X3 s1y3 ut @M ‘31s (y)A[od [euonduny oYy puokaq saquosueny aserowijod
VN “4ouonbaiy [enbo A[prewnxordde yaim pasn axe says oAy o) 93e1oae
uo ySnoyie ‘ydirosueny uoald Aue 10y pasn st axs (y)Ajod suo A[uo ‘raas
-moH -sidiosuen; asays jo uonejAuspedjod ay3 10§ 151%d ‘© 01 Q) ‘s
9AL] "YNY 1uadseu 3[iym padded are pue 1010wo1d sie] 1ofewr oy 1 pajen
-1t s3[nd3[ow premiy3u 318 YN Y 193uassawu 3] 03 SI10SIN231d YN Y
138udssow a3e[ jo Jurssasoxd pue uondudsuel] ‘y * pIEMII], 21E UOHIIIP
asoddo a3 ut paquidsueny asoy I, “syduosuers premiysu, ore pue ae(duio)
Se pue1is-1 YN (] 2Y3 921N 1311 03 3Jo[ Woly pIzIsaYIuks SYNY "Sopn
-03[oNU ()Gg~ JO JUuIISISUOd YIBd ‘siun ()| 0Iul papIAlp st g-py Jo dewr
[eo1sAyd oy, “g-snitaouspe Aq YNy 23uassaw jo sisaqukg g7 2anS1g

m - .
n3 E e I =E ¢ om
.\I\/.J‘ \ ° ) G e
- == I3
“ —_—
00! 06 o]} (72 09 0] ov o€ o2 (o]} (0]
m_ | | | ! ] | | | 1 1 1 1 [ 1 [ 1 1 ] __
S o~_ 4
-— _
= = .n. o//l u/llu E
-— I N o —
- - - 2vA 3 XI uwaioid — <«
— -— ~—
I3 e 8I3 vI3

=

b e——

=

x
Np2hiz Al MNG'GL  IIAD Mee‘001 d8a 1l INd A
AN ‘bI'€l

> 0

s esesesnasnasns

Mesessesscscnnans
Neseseoesaacannas

HAS I Ol M2G'GS 2OA1 MGG'GI OGS m

X1 -8¢



94 II. Virus families

Synthesis of early mRNA

At least five separate transcription units for carly mRNA species have been
described. Four of these regions are as follows (see figure 23):

EI region: EIA and EIB transcription units at the left end of the adenovirus
genome encode multiple mRNA species with common 5’ and 3’ termini
but with different internal arrangements of their splices. These two tran-
scription units encode functions capable of cell transformation. The EIA
region codes for two 13 S mRNA species (EIA-a and EIA-b) (figure 23B).
These mRNA species are rapidly transported to the cytoplasm and have a
short half-life. The EIB region codes for two species: 22 S mRNA EIB-a and
13 S mRNA EIB-b. This region may encode the Ad-2-specific tumor anti-
gen. The EIA and EIB regions are also transcribed during late stages of
infection: EIA-c, a new 9 S mRNA species, is transcribed from EIA. The
amount of EI-b increases dramatically in the cytoplasm by 50 to 100-fold.

The EII region is transcribed, starting in coordinate 7.5 or 75 (the origin of the
leader sequence) into mRNA species that is translated to yield the 72,000
dalton peptide. This peptide is the virus-coded DNA binding protein that
participates in virus replication. During the late stage of adenovirus-2 repli-
cation, the EII region is transcribed with leaders originating from coordi-
nates 0.72 to 0.86 or 72 to 86.

The EIII region yiclds mRNAs with complex splicing patterns. Region EIII 1s
located wholly within the major late transcription unit and encodes a gly-
coprotein that appears on the cell surface.

The EIV region yiclds mRNAs with complex splicing patterns that are initiated
at the right terminus of the adenovirus-2 DNA molecule (close to coordinate
1.00 or 100), and transcription is on the 1 strand. The synthesis of mRNA
from this region is regulated by the 72,000 dalton DNA binding protein
coded for by the EII region.

Intermediate mRNA

The mRNA of Ad-2 protein IX is synthesized later than the early mRNAs but
before late mRNA synthesis starts. These mRNA molecules from the fifth
transcription unit of adenovirus DNA are unspliced and have a 3’ terminus
that coincides with that of EIB mRNAs but with its 5" end encoded 1800
nucleotides downstream from the EIB cap site at coordinate 9.7 (or 0.097).

Late mRNA

The synthesis of late mRNAs is closely coupled to the onset of DNA repli-
cation. The late mRNAs contain a common tripartite 5" leader encoded at
coordinates 0.16, 0.19, and 0.27 on the viral DNA (figures 22 and 23B). At this
stage, transport of ccllular mRNA to the cytoplasm stops, although poly-



8. Adenoviruses 95

adenylated cellular RNA continues to be synthesized in the nucleus. The 5’
terminus of the primary late transcript was mapped at coordinates 0.163—
0.165, but the promoter is thought to be a TATAAA sequence (the Hogness
box). The percursors to mRNAs from the major late transcription unit are
large rightward-transcribed nuclear molecules up to 25 kilobases long (Gold-
bert et al. 1977). The 3’ ends of the mRNAs are encoded at five poly(A) sites
that have been mapped at coordinates 0.38, 0.50, 0.62, 0.78, and 0.92 (figure
23). The poly(A) is added to the mRNA molecule prior to splicing. The
primary transcripts initiated at coordinate 0.16 extend beyond the five poly(A)
sites and proceed to the end of the genome (coordinate 1.00); the 3" ends are
generated by cleavage, and products of cleavage from both the 5" and 3’ ends
have been identified. The adenovirus-2 late 3" acceptors contain the AAUAAA
region of homology found near the poly(A) of cellular mRNAs.

The late mRNAs are organized into five banks of overlapping mRNA
molecules (figure 23B). Two posttranscriptional possibilities (figure 23A),
probably govern which segment of viral RNA will be transported to the
cytoplasm as mRINA: selection of the poly(A) site from one of the five posi-
tions followed by selection of the site to which the leader is spliced. These
events take place in the nucleus. The splicing polarity is from the 5’ end to the
3" end. The mechanism of splicing has not been fully established.

Replication of viral DNA

Viral DNA synthesis that marks the beginning of the late phase of virus
replication starts about 8 hr after infection and reaches a maximal rate at 15 hr
postinfection. With adenoviruses 2 and 5, 90% of the newly synthesized DNA
in the nucleus is viral 13 hr after infection. DNA replication starts at or near
either end of the viral genome. After initiation, a daughter strand is synthe-
sized in the 5'-to-3' direction with concomitant displacement of the parental
strand of the same polarity (figure 24). Synthesis of the complementary daugh-
ter strand is initiated at or near the 3’ end of the displaced parental strand and
also proceeds in the 5'-to-3’ direction. Thus the right (r) daughter strand is
synthesized from right to left and the left (I) daughter strand is synthesized
from left to right (reviewed by Winnacker 1978).

The DNA polymerase responsible for the synthesis of the viral DNA is not
known but it is thought that both cellular polymerases a and vy might be
involved. In addition, a viral gene product, a polypeptide of 75,000 daltons,
was characterized as a DNA binding protein that may be involved in the
replication of the viral DNA. This protein was found to be present in the DNA
replication complex extracted from nuclei of infected cells (Arens et al. 1977).

A protein with a molecular weight of 80,000 was found to be covalently
linked to the 5’ end of the nascent daughter strand of replicating adenovirus
DNA (Challberg et al. 1980). This protein may represent a precursor to the
55,000 dalton protein that links the 5’ ends of mature adenovirus DNA. Both
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Figure 24. Model of adenovirus DNA replication. Labels “h” and “1” refer to heavy (leftward)
and light (rightward) strands of adenovirus DNA, respectively.

(Doerfler 1978. Reprinted by permission from International Virology 4, Fig. 1, p. 65. Centre for Agricultural
Publishing and Documentation, Wageningen, The Netherlands.)

the 80,000 and 55,000 dalton proteins form similar phosphodiester bonds be-
tween the B-OH of a serine residue in the protein and the 5'-OH of the
terminal deoxycytidine residue of the viral DNA.

The model of adenovirus DNA replication (Rekosh et al. 1977; Challberg et
al. 1980) suggests that the primary initiation event is the formation of an ester
linkage between the a-phosphoryl group of dCTP and the B-OH of a serine
residue in the 80,000-dalton protein. The 3'-OH of the dCMP residue is then
positioned at the end of the genome to serve as a primer for chain elongation.

Assembly of virions

The hexon, which is the major capsid unit, is made up of three 120,000 dalton
polypeptides (polypeptide II) and probably assembles in the cytoplasm. The
hexons are transported to the nucleus and are assembled into groups of nine
(ninemeres). The ninemeres together form the triangular surfaces of the
icosahedron. Polypeptide IX may associate with the ninemeres as a cementing
substance. Polypeptides VI and VIII are found mainly inside the capsid. The
vertices of the icosahedron contain three polypeptides—III, Illa, and IV—of
which III forms the penton base and IV forms the fiber. The hexon ninemeres
aggregate into a capsid skeleton. The sequence of assembly is given in figure 25
(Philipson 1979). The viral DNA molecule, associated with two core proteins
(V and VII) is inserted into the empty capsid with the help of scaffolding
proteins of 32,000 and 40,000 daltons. The newly formed young virions that
are not infectious lack polypeptide IVa, and the 32K and 40K scaffolding
proteins. Finally, after further cleavage of precursor proteins, the mature vi-
rion is formed in the cytoplasm.
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low. The number of copies of the polypeptides per virion is indicated to the right.

(Philipson, 1979. Reprinted by permission from Adv. Virus Res. 25, Fig. 11, p. 394. Copyright 1979 by Aca-
demic Press Inc., New York.)

Prevention of virion formation

Removal of arginine from the medium of infected cells results in an abortive
virus infection. Incubation of infected cells at 42°C inhibits viral replication.

Infection of hamster cells in vitro with adeno-12 virus results in an abortive
infection (Doerfler 1975). The viral DNA is fragmented by cellular nucleases.
Infection of the BHK cell line derived from the kidney of a baby hamster with
adenovirus-12 leads to pulverization of the chromosomes. In monkey cells, the
virus is capable of replicating the viral DNA, but part of the late viral mRNA
is not synthesized. Coinfection of adenovirus infected monkey cells with SV40
helps to overcome the block in adenovirus replication (Lucas and Ginsberg
1972).

Cell transformation

Adenoviruses are also divided into four subgroups on the basis of their onco-
genicity for newborn hamsters. Subgroup A is the most, and subgroup B the
least, oncogenic. The nononcogenic adenoviruses that can transform cultured
rodent cells have been divided into subgroups C and D, based on differences in
antigenicity of the tumor (T) antigen. The classification into subgroups A and
B is compatible with the subdivision of adenovirus serotypes according to the
GC content of their genome, but this does not apply to subgroups C and D
(Wadell et al. 1980). Early experiments revealed that rat fibroblasts are nonper-
missive for adenovirus. Later it was found that hamster cells are transformed
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Figure 26. Approximate coding regions of proteins encoded by the transforming segment m of
adenovirus 5 DNA (El, extending from 1.5% to 11.5%). The positions for the 17K, 18K, and
25K proteins are still uncertain.

(Van der Eb et al. 1979. Reprinted by permission from Cold Spring Harbor Symp. Quant. Biol. 34, Fig. 13, p.
396. Copyright 1980 by The Cold Spring Harbor Laboratory).

by the virus or by fragments of the viral DNA, leading to the conclusion that
most probably only part of the viral DNA is required for cell transformation.

Transformed cells produce the viral T antigen. When the in vitro trans-
formed hamster cells are injected into hamsters, a tumor develops and anti-
bodies against the viral T antigen are made. These antibodies in the serum do
not affect tumor growth. Virions were never isolated from adenovirus-
transformed cells.

Transformation of cells by viral DNA

The genes responsible for cell transformation are localized in the sequences
between 0 and 0.10 map units (figures 22, 23, and 26) and comprise 7-10% of
the entire adenovirus genome. In adenovirus 5, 7.5% of the genome (0 to
0.075 map units) constitutes the transforming DNA. It is possible to transform
rat-kidney cells by transfection of these cells with the 0 to 0.075 map units viral
DNA. In the transformed cells, the viral T antigen is synthesized. Further
studies revealed that the sequences between 0 and 0.045 map units are capable
of transforming rat cells, and the cells produce the viral T antigen. However,
these cells are less transformed than the cells transformed by the 7.5% left-
hand-side fragment of the viral genome.

The mRINA species transcribed from the transforming viral DNA fragment
were isolated, and translation of the mRNA in vitro revealed that five poly-
peptides are coded by the viral DNA fragment with molecular weights of
14,000; 33,000; 35,000; 38,000; and 40,000. An additional polypeptide of
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19,000 daltons is coded for by a gene between 0.075 to 0.11 map units. Four
of these large polypeptides (given as 34K, 36K, 40K, and 42K in figure 26)
resemble each other and might be products of the same gene (Van der Eb et al.
1979).

Analysis of cells transformed by adenovirus-2 revealed cell lines that con-
tained the complete EcoRI-B fragment of the viral DNA (which codes for the
72,000 dalton DN A-binding protein) integrated in the cellular DNA. In one
cell line, this viral gene was expressed, while in other cell lines the viral DNA
was methylated and not expressed (Vardimon and Doerfler 1981).

No evidence for specific integration sites for adenovirus DNA

Analysis of adenovirus-2 and adenovirus-12-transformed hamster cell lines
and adenovirus-12-induced hamster and rat tumors and tumor-derived cell
lines revealed that the viral DNA is integrated randomly in the transformed
cell DNA. Deuring and associates (1981) analyzed the nucleotide sequence at
the site of the junction between the integrated viral DNA and the cellular
DNA by cloning in a AgtWES-AB' vector. They used DNA from an
adenovirus-12-induced hamster tumor that carries five integrated copies of
adenovirus genomes. At the site of junction, the adenovirus-12 DNA sequence
was found to be preserved, starting with basepair (bp) 46 of the authentic left
end of the viral DNA. The first 82 bp of the recloned fragment are cellular
sequences that contain patch-like octa- to undecanucleotide pair homologies to
distant sequences 1n the viral DNA.

THE CHROMOSOMAL SITE OF THE INTEGRATED VIRAL DNA. Chromosome 1
contains the integration site for adenovirus DNA (see chapter 4).

GENETICS OF ADENOVIRUSES. Mutagenization of adenoviruses makes possi-
ble the isolation of five classes of mutants: (a) ts mutants; (b) plaque morphol-
ogy mutants; (c) chemical resistant mutants; (d) mutants in the structural viral
proteins, and (¢) deletion mutants.

Adeno-SV40 hybrid viruses

Ad7-SV40 hybrid virions (designated E46 ™ or PARA) require coinfection with
nonhybrid adenovirus for replication. Human adenovirus-7 underwent 22
subsequent passages in monkey kidney cells. When SV40 virus (chapter 9) was
discovered to be present in the monkey kidney cells, two additional passages
were performed in the presence of antibodies to SV40 which were added to the
culture medium. At passage level 28, the virus was injected into newborn
hamsters, and tumors were induced that contained SV40 tumor (T) antigen.
Thus it was demonstrated that adenovirus DNA contained the genetic infor-
mation of SV40. The adeno and SV40 DNAs in the hybrid virions are cova-
lently linked. There are defective Ad2-SV40 hybrids that produce SV40 vi-
rions as well as hybrids that do not.
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Table 2. Location of adenovirus DNA in adeno-SV40 hybrids

Coordinates on the adenovirus
DNA genome (0 — 1.0)

Adeno-SV40

hybrids Beginning End
Ad2+ND3 0.11 0.17
Ad2+ND1 0.11 0.29
Ad2+ND5 0.11 0.39
Ad2+ND2 0.11 0.43
Ad2+ND4 0.11 0.59

(After Lewis et al. 1974.)

Nondefective adeno-SV40 hybrids are capable of independent replication
without helper virions and produce tumors in hamsters. By a complicated
procedure of plaque isolation in African green monkey kidney cells—growing
up the progeny and testing them for SV40 antigen induction, and then select-
ing the appropriate SV40 antigen-inducing virions for subsequent plaque isola-
tion—the nondefective hybrid strain designated Ad2 + ND1 was obtained.
Four other adeno-SV40 hybrids were isolated (table 2) that differ from each
other in adenovirus content. These recombinants contain from 7 to 23.9% of
SV40 DNA inserted into adenovirus DNA in three different locations, while
4.5 to 40% of the adenovirus DNA is deleted (Lewis et al. 1974; Doerfler 1975;
Lewis 1977).

Diseases in humans caused by adenoviruses

Spread of the virus occurs only from man to man via the respiratory and
alimentary routes. Types 1, 2, 5, and 6 are endemic and persist in the tonsils
and adenoids after infecting most children by the age of three.

Acute respiratory infections are caused by adenovirus strains 3, 4, and 7, and
to a lesser extent, types 14 and 21. The pharyngeal infection is accompanied by
headache, cough, elevated temperature, and lymphoadenopathy. These strains
can also cause conjunctivitis in children. Strains 2, 11, and 21 are associated
with hemorrhagic cystitis and adeno-7 is associated with meningoencephalitis.

ADENOVIRUS TYPE 7 CAN CAUSE EPIDEMIC OUTBREAKS OF RESPIRATORY DIS-
EASE IN DIFFERENT PARTS OF THE WORLD. A live vaccine against adenovirus-7
has been developed and is being used among military recruits in the United
States. One hundred sixty-four isolates of adenovirus-7 were analyzed by
restriction endonuclease analysis of the DNA to evaluate their distribution and
pathogenicity. Four distinct genome types were demonstrated: the Ad7 pro-
totype, the Ad7a vaccine strain, Ad7b, and Ad7c. Analysis of the relative
occurrence of the four genome types showed that Ad7c was isolated in the
Netherlands from 1958-1969, while Ad7b has been recovered from 1970.
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Ad7c was isolated in Sweden up to 1972, and afterward only Ad7b strains
were detected. The Ad7 prototype and Ad7a genome type account for less
than 5% of the analyzed isolates and are probably less virulent than the Ad7b
and Ad7c genome types. (Wadell, G.; de Jong, J.C.; and Wolontis, S., Ab-
stracts of the Fifth International Congress of Virology, 1981, p. 306.)
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9. PAPOVAVIRUSES

Family papovaviridae

The virions (figure 27) are nonenveloped with a diameter of 45 nm (polyoma
virus) or 55 nm (papilloma virus) and have an icosahedral capsid of 72 capso-
meres in a skew arrangement; elongated capsids were also observed. The
virion contains one circular, double-stranded DNA molecule of 3-5 x 10°
daltons. Most of the viruses are oncogenic; some can agglutinate erythrocytes
by binding to neuraminidase-sensitive receptors.

Genus Papillomavirus

Papillomaviruses infect man, cows, deer, foxes, dogs, goats, sheep, and ham-
sters
Rabbit (Shope) papillomavirus

Genus Polyomavirus

Polyoma virus (mouse)

BK and JC viruses isolated from human brain

SV40 (simian virus 40) isolated from African green monkey kidney cell cul-
tures

RIKV (rabbits)

K (mice)

SA12 (baboons)

103
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2

Figure 27. An electron micrograph of virions of human wart virus (X 60,000)
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.)

Papova stands for: Papilloma, Polyoma, Vacuolating agent (early name for
SV40).

The host cell determines the type of infection

Polyomaviruses have a lytic replicative cycle in mouse embryo cells, mouse
kidney cells, and 3T3 cell cultures of mouse origin.

SV40 virus lytically replicates in African green monkey kidney cultures or
lines derived from monkey kidney cells like BSC-1, CV-1, or Vero cells.
Other cells are not permissive for these viruses.

The organization of the viral DNA

The viral genome is a circular DNA molecule of 5 X 10° daltons in papilloma
viruses and 3 X 10° daltons in polyomaviruses. The naked viral DNA genome
is infectious and transforming for cells.

Simian Virus 40

Molecular conformation of viral DNA

Extraction of viral DNA from SV40 virions and centrifugation in neutral
sucrose gradients revealed that the intact double-stranded DNA molecules are



9. Papovaviruses 105

superhelical with a sedimentation coefficient of 21 S. Each Form I DNA
molecule has 19 helical turns. Form II viral DNA consists of nicked relaxed
circular DNA molecules with a sedimentation coefficient of 16 S. Linear dou-
ble-stranded DNA molecules can also be extracted from virions. These are
fragments of cellular DNA that were introduced into the viral capsids
(pseudovirions) and have a sedimentation coefficient of 11-15 S. The circular
viral DNA molecule has a molecular weight of 3.2-3.6 x 10° and contains
4,800-5,500 nucleotide pairs that can code for proteins with a total molecular
weight of 160,000-180,000. The G + C content in the viral DNA is 41%,
close to that of the cellular DNA.

It is possible to separate Forms I and II of SV40 DNA by treatment with
ethidium bromide, which is able to intercalate with the two DNA forms in
different amounts. Since the supercoil in Form I DNA binds more ethidium
bromide, the density is increased and the two types of molecules can be sepa-
rated in density gradients (Levine et al. 1976).

Strand separation and 5' — 3 orientation in the DNA strands

It is possible to separate the two strands of the circular viral DNA by hybridi-
zation of the denatured DNA strands to mRNA transcribed by E. coli RNA
polymerase that transcribes RNA from one DNA strand only. The DNA
strand that hybridizes to mRNA is called the minus strand or the E (early)
strand. The viral DNA strand that does not hybridize to this viral RNA is the
plus strand or the L (late) strand. The E strand codes for the early viral mRNA,
while the L strand codes for the late viral mRNA. The RNA:DNA hybrid
molecules can be separated from the L strand by chromatography on hydrox-
ylapatite columns that separate between double-stranded and single-stranded
molecules. Alkali treatment of the RNA-DNA hybrids allows for isolation of
the E strand of the DNA after the degradation of the RNA.

To determine the orientation of the nucleotides in each of the two viral
strands, the circular double-stranded DNA molecules are cleaved with EcoRl
to yield linear molecules. This DNA is incubated with the reverse transcriptase
enzyme that attaches a radioactive (**P-labeled) nucleotide to the 3’ end of the
DNA molecule. The DNA is then cleaved with the restriction enzyme Hpal
into four fragments that are separated by electrophoresis in agarose gels. The
fragments are denatured and hybridized to E. coli polymerase synthesized viral
RNA. It was found that the radioactive nucleotide was introduced at the ends
of the minus strand, which codes for early mRNA. It was concluded that the
nucleotides in the minus (E) strands are arranged clockwise from 5’ to 3’, and
the plus (L) strand is oriented from 3’ to 5'.

Mapping of SV40 DNA with bacterial restriction enzymes

Kelly and Nathans (1977) utilized bacterial restriction enzymes to map SV40
DNA. The single EcoRl site was used as the zero point of the physical map of
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Figure 28. The cleavage sites of restriction enzymes on SV40 DNA.
(Reprinted by permission from Focus 1, No. 2, January/February 1978. Copyright Bethesda Research Labora-
tories, Inc., Rockville, Maryland.)

SV40 DNA. Figure 28 shows the positions of cleavage sites of a number of
restriction enzymes on SV40 DNA.

The SV40 DNA genome contains 5,224 base pairs. The restriction enzymes
HindIl and HindlII cleave the DNA into 13 fragments (A to M, figure 28). The
cleavage site for the enzyme Bgll is located at 0.663 map units: at this site there
is a 27-base-pairs palindrome near which the initiation site for DNA synthesis
is located. DNA synthesis starts at 0.67 map units, continues bidirectionally,
and terminates at 0.17 map units. The viral DNA is divided into the carly
region between 0.67 and 0.17 map units in a counterclockwise direction. This
sequence codes for both the T and t antigens. The second half of the DNA
which codes for the late viral functions is arranged in a clockwise orientation to
produce structural proteins VP;, VP,, and VP3, as shown in figure 29.
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+ Organization
of the
, SV40 genome

Figure 29. Standard physical map of SV40 DNA and localization of the main biological func-
tions. The single cleavage site of the restriction enzyme EcoRl is used as a reference point for the
physical map (inner circle). The next circle shows the position of the HindII and III restriction
fragments A to M.

(Fiers et al. 1978. Reprinted by permission from Nature 273, Fig. 1, p. 114. Copyright © 1978 Macmillan Jour-
nals Limited.)

The nucleotide sequence in S1V40 DNA

W. Fiers and collaborators sequenced the nucleotides in the entire SV40 DNA
molecule (figure 30). Only 15.2% of the base sequences do not code for
proteins; the rest of the genome codes for the T and t antigens and the struc-
tural proteins, the sequence of which was also defined.

Fiers’s analysis of the SV40 DNA revealed that the t antigen is made by the
nucleotide sequence at 0.67 to 0.55 map units on the complete early mRNA
molecule, which spans from 0.67 to 0.15 map units. The T antigen is coded for
by the early mRNA that has a deletion in the sequences 0.60 to 0.54 map
units. It is assumed that the two nucleotide sequences (0.67 to 0.60 and 0.54 to
0.15 map units) of the mRNA are spliced to each other.

The late mRNA for VP,/VP; starts at 0.77 and ends at 0.97 map units (in a
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CCAGATTTGTAAAACAAATAGATTTTAGGCCCAAAGATTATTTAAAGCAT.TGC.CTG.GAA.C
2050 2060 2070 2080 2090 2100
6GCAGT.GAGTTT.TTGTTAGAAAAGAGAATAATT.CAAAGT,66CATTGCT.TTGCTT.CTT.ATG.T
2110 z120 2130 2140 2150 £1¢0
TAATT.TG6G6TACAGACCT6TGGCT.GAGTTT.GCT.CAAAGT,ATT.CAGAGCAGAATT.GTG.GAG,T
f170 2180 2190 2200 2212 2280

6GAAAGA G:ng ATTGG6A C.A’eqé.G AGTTT.A G"‘[S.E TGTCAGT GTé\ T.CAAAA A-A,I/G-A AGTTT.A kTG

TGGCTATGGGAATTGG6AGTTTTAGAT.T6G6.CTAAGAAAC,
2290 2500 230 2

AGT.GAT.GATGAT.GAT.GAAGACA

GCCAGGAAAAT.GCTGATAAAAAT.GAAGATGGT.6G6.GAGAAGARCATGEAAGACTCAGEGEL
AT.GAAACAGGCATT.6AT.TCACAGTCCCAAGGCTCATTT,CAGECC.CCT.CAGTCCTCACAGT

2419 2420 2430 2447 bE N et
CT.GTT.CATEATCATAAT.CAGCCATACCACATTIGTAGAGET.ITTACTTGCTTTAAAAAALC

" Hind 8

CT.CCCAC "5515 T.ccccc T.GJ}A.C CT.GAAA CZQAAT 6 AAng CAATTGT T?EJ TGTT ...3

Figure 30. Nucleotide sequence of the early region. Only the strand with the same polarity as
the early mRNA is shown (in a 5’ to 3" orientation). The sequence starts at the centre of the 27-
base-pair-long palindrome at position 0.663 on the standard map (Bgll site). The end is the junc-
tion between the Hind fragments B and G. The different Hind fragments are indicated. The initi-
ation codon for t and T antigens is boxed, as are the respective termination codons. The reading
frame for translation is indicated by dots.

(Fiers et al. 1978. Reprinted by permission from Nature 273, Fig. 2, p. 115. Copyright © 1978 Macmillan Jour-
nals Limited.)

clockwise direction), while the VP; mRNA starts at 0.94 and ends at 0.17 map
units (also in a clockwise direction). To each mRNA molecule an RNA se-
quence transcribed from the sequence between 0.72 and 0.76 map units (clock-
wise) is added. This RNA sequence is the leader nucleotide sequence that is
spliced to the 5’ end of the mRNA. The mRNA molecules that are translated
to the VP,/VPj structural proteins have a sedimentation coefficient of 19 S in
sucrose gradients and the mRNA molecules for VPy, 16 S.

Thus the SV40 DNA contains one early gene that codes for the t and T
antigens and a late gene that codes for the three viral capsid proteins. A special
RNA leader sequence is transcribed from a distinct sequence in the DNA and is
spliced to the mRNA molecules.

S1V40 DNA—a minichromosome

Extraction of the virion DNA under mild conditions allows for the isolation of
a minichromosome; the viral DNA is isolated together with histones that are
bound to it in the form of nucleosomes, like the nucleosomal structure of the
cellular chromosomes. The histones bound to viral DN A were identified as the
cellular histones F2,;, F2,5, F2,, and F3.

When S1'40 contains cellular DNA

Consecutive passage of SV40 at a high multiplicity of infection in African
green monkey kidney cells (Vero cells) allows for the isolation of viruses
containing DNA from which 13% of the viral DNA sequences were deleted
and replaced by 7-12% of cellular DNA sequences. These viruses are defec-
tive and cannot replicate. Analysis of the DNA of these viruses revealed that
the site for initiation of DNA synthesis was conserved (Brockman 1977).
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Virion-associated proteins

Three structural proteins compose the viral capsid: VP; - 43-48 x 10° daltons,
VP, — 30-38 x 103 daltons, and VP; — 20-23 X 10° daltons. The cellular
histones bound to the viral DNA are F2,; with a molecular weight of 10-12 X
10% F2,, — 12-14 X 103 F2, — 12-14 X 10% and F3 — 14-16 x 10°.

All the structural capsid proteins are phosphorylated, and the phosphate is
bound to the amino acid serine in the peptide chains.

Replicative cycle of SV40

The SV40 virions adsorb to the membrane of the host cell and are engulfed
into the cytoplasm where the viral DNA is uncoated and transferred to the
nucleus, the site of virus replication and assembly.

EARLY VIRUS FUNCTIONS: EARLY TRANSCRIPTION OF VIRAL DNA. Tran-
scription of the early viral gene is initiated at 0.65 map units by the cellular
RNA polymerase II. The transcription of the viral DNA is in a counterclock-
wise direction and 48% of the DNA is transcribed. At the 3’ end of the mRNA
molecules a poly(A) sequence is synthesized. The sedimentation coefficient of
the early mRNA in a sucrose gradient is 19 S.

Ts mutants were isolated in which the mutations appear in the fragments H
(0.42 to 0.37 map units) and I (0.37 to 0.32 map units) and sometimes in the B
fragment (figure 29). These ts mutants were classified as group A (Fiers et al.
1978).

The products of the A gene are the T and t antigens

The nucleotide sequence of the gene that codes for the early viral function was
determined by Fiers and associates (1978) and its amino acid sequence was also
determined (figure 31). The tumor-specific (T) antigen that elicits synthesis
of antibodies in hamsters infected with SV40 was isolated and characterized.
The T antigen is a protein with a molecular weight of 90,000-100,000 that is
phosphorylated to a form that can activate the infected cell. This antigen is
involved in the maintenance of the transformed state of the cell. It is a regula-
tory protein that controls the amount of synthesized protein by regulating the
rate of early mRNA transcription.

The carboxy terminal end of the T antigen was mapped in the nucleotide
2549 in the early gene and the genetic information spans from 0.54 to 0.175
map units (counterclockwise direction). This nucleotide sequence is enough to
code for a polypeptide with a molecular weight of 72,000, while the T antigen
has a molecular weight of 90,000. Mapping of the T antigen as described
earlier and not close to the origin of transcription is based on the isolation of a
group of nondefective deletion mutants that lacked the nucleotide sequences
between 0.54 to 0.59 map units. These deletion mutants produce a normal T
antigen.
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A group of early polyoma virus mutants described by Benjamin (1972) are
host range mutants that replicate only in cells that carry the DNA fragment
that is complementary to the defective DNA sequence in the mutants. The
mutated gene is thus complemented functionally in the host cell. These virus
mutants are not capable of transforming cells, and the mutations were mapped
in the early gene of the viral DNA in the sequence mapping between 0.54—0.59
map units. Other virus mutants deleted in the same sequences in the viral
DNA are also unable to transform cells.

The protein responsible for the ability of a SV40-transformed cell to attain
independent growth was identified as a protein with a molecular weight of
15,000-20,000 and was designated small t antigen (figure 29). This protein is
not made by the mutants with the deletion in 0.59-0.54 map units.

The large T and small t proteins have a common antigenicity. All the
methionine-containing peptides arising from tryptic digest of t antigen appear
in the T antigen when analyzed by two-dimensional electrophoresis. Both
polypeptides have the same N terminus. Antigen t starts in nucleotide 80 of the
early gene and is read until the UAA codon in position 602. This polypeptide
has 174 amino acids and a molecular weight of 20,503. The N terminus is the
amino acid methionine and the polypeptide contains 19 lysine residues, 8
arginine, 14 aspartic acid, and 11 residues of glutamic acid; therefore it is a
basic protein. It also has sulfur-containing amino acids: 10 methionine residues
and 11 cystein residues, mainly at the end of the molecule.

The T antigen starts in the same codon as the t antigen and is identical in
sequence up to the middle of the sequence that codes for the t antigen. After-
ward, as a result of a splice, the mRNA continues from 0.53 map units to the
termination codon UAA in position 2550. In the mRNA coding for the T
antigen, the 5’ side of the splice removes the termination codon that terminates
the small t antigen mRNA. As a result, the translation of the large T mRNA
can continue almost up to the 3’ end of the molecule. The mutant dl 1001
lacking the HindlIll fragment H and I (figure 29) codes for a T antigen of
33,000 daltons. Since HindlIII fragments H and I code for a polypeptide of
24,000 daltons, it was concluded by Fiers and associates (1978) that 300 amino
acids are read from the HindIII A fragment, about 100 amino acids are present
also in the t antigen, and 188 are coded for by sequences prior to the junction
with HindIII H fragment (0.534—0.426 map units), suggesting that translation
continues from nucleotide 672 onward.

T antigen is a DNA-binding protein but not a basic protein. A high proline
concentration is present at the carboxy terminal end. The T antigen binds to
the SV40 DNA replication origin. Since the 5’ end of the large T antigen is in
the sequence to which it binds on the SV40 DNA, the T antigen regulates its
own synthesis.

The mRNAs for the T and t antigens have closely mapping or identical 5’
and 3’ termini but differ in their splicing (figure 32). The smaller of the two
early mRNAs encodes large T.
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Late region
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G‘l CAGT.C A:Q:SAG.ATG.AAC:A“S T.GAC.CAC.AA%.GCT.GTT.T ngéEAT.AAG.GATElAJé T.GCT.TAT.CLEAQ.
GTG.GAG.TGC.TGG.GTT.CCT.GAT.CCA.AGT.AAA.AAT.GAA.&AC.ACT.AGA.TAT,_TIT.GGA.&CC.TVA.(.‘.
ACAGGTGGGGAAA&TGTGCCTCCTGTTTTGChCATTACTAACACAGCAACCI\CAGTGCTT.
CTIGATGAGCAGGGTGTTGGGCCCTTGTGCAAAGCTGACAGCTTGTATGTTTCTGCTGTT‘
GAC.ATT.T G:I:.EGG.CTG.TTT:@L_S C.kAC.ACT.T:E[:l;.GGA.ACA.C AzgégAG'TGG'AA65939 k.CTT.CCC.AE.G‘_é.
TATTTTA A"A:gTT.ACC.CTTag‘_g A.AAG.CGG.T'E/I‘.GTG.AAA.A A:‘SQECC'TAC'CCA&&E T.TCC.TTT.T:IJS.
TTAAGT.G A'E;FTA.ATT.AAC;@:% G.AGG.ACA.C:I}:E.AGG.GTG.G AEI;EGG.CAG.CCT55:E G.kTT.GGA.A:LE.
TCCTCT.C AA;&TA.GAG.GAG_.G”E T.AGG.GTT.T__e’l.GAG.GAC.A c;f&%”‘“ﬁ'c”s?f T.GGG.GAT.C?F:@.
GAC.ATG.ATﬂthA.TAC.ATT.GAT.GAG.TTT.GGA.CAI\.ACC.ACA.ACT.AGA.ATG.CAGﬁAAAAA
TGCTTTATTEGTGAAATTTGTGATGCTATTGCTTTA‘!TTGTAACCATTATAAGCTGCA&T
AAACAAGTT S N

Figure 31. Nucleotide sequence of the late region. Only the strand with the same polarity as

late mRNA is shown (in a 5’ to 3’ orientation). The start and endpoint are the same as in fig. 30.
The cleavage sites of HindlI and IIl and EcoRI restriction enzymes are shown (see also figure 29).
The presumed initiation codon for VP,, VP3, and VP, are boxed, as well as the termination co-
dons for VP,/VP; and for VP,. The reading frame in the translated region is indicated by dots
(note that the last part of the VP,/VP; gene overlaps the beginning of the VP, gene).

(Fiers et al. 1978. Reprinted by permission from Nature 273, Fig. 3, p. 116. Copyright © 1978 Macmillan Jour-
nals Limited.)

Polyadenylation of the 3" end of early SV40 mRNA

The polyadenylated 3’ ends of late and early mRNA converge at coordinate
0.17 and overlap (reviewed by Ziff 1980). The RNA polymerase transcribes a
polynucleotide chain longer than the mRNA molecule which is cleaved and
polyadenylated at the 3’ end of the processed mRNA molecule (figure 32).

Late transcription

The transcription of the late gene starts immediately after the initiation of viral
DNA replication that requires an active protein product of the early A gene—
namely, the large T antigen. When the synthesis of viral DNA is prevented,
capsid proteins are not made.

The 5’ end of the late mRNA maps at the coordinate 0.72, but the exact
position is not known. The 3’ end of the mRNA maps in the junction between
HindIII G fragment and HindIIl B fragment (figure 29).

Two major classes of late mRNA—18 S-19 S coding for VP2 and VP3—
and 16 S coding for VP1, are made from viral RNA sequences extending from
the cap sites to the poly(A) site synthesized in the infected nuclei. Two alterna-
tive forms of 19 S mRNA differ in the splicing of the 5’ leader. In VP1 mRNA,
a larger intervening sequence is removed, and the leader is attached to the
AUG codon which initiates VP1 translation. This AUG lies within the VP2
gene, but the VP1 and VP2 gene sequences that overlap are read in different
reading frames. The VP3 mRNA is not fully characterized but overlaps VP2
mRNA and uses an internal AUG codon of VP2 for initiation of translation
(reviewed by Ziff 1980; figure 32).
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Transcription of polyoma virus DNA

Transcription of the early region of polyoma virus DNA resembles that of
SV40. The transcripts are spliced similarly to those of SV40 early mRNA to
produce the large T and small t antigens. Polyoma encodes a third early
protein with a molecular weight of 55,000 which has an amino terminal similar
to that of large T and small t (mol. wt. 100,000 and 22,000, respectively), but a
different carboxy terminus. The splice removes the terminating sequence of
the small t antigen, using a reading frame different from that of the large T
antigen. As a result, the peptide is terminated prior to the 3’ end and is
therefore designated as intermediate (or middle) T antigen (figure 33). The
middle and possibly small t antigens are important for transformation but not
the large T antigen (Novak et al. 1980).

The late region of the viral DNA contains three genes for the three structural
capsid proteins VP1, VP2, and VP3 which were mapped by using ts mutants.
All the tryptic peptides of VP3 were found in VP2. Since deletion mutants at
the beginning of VP2 do not affect the size of VP3, it was concluded that the
VP23 initiates within the VP2 gene and is read in the same reading frame. The
VP2 gene starts in nucleotide 543, VP3 in nucleotide 897, and they are read in a
clockwise direction until the termination codon UAA is in position 1599. The
molecular weight of VP2 is 38,533 and VP3 weighs 26,967. These two genes
have a 122 nucleotide sequence identical with VP1 (see figure 33) (Ziff 1980).
During the lytic infection the amount of late mRNA in the cytoplasm and
nucleus is 10-20 times the amount of early mRNA. It is possible to separate
the 16 S late mRINA that codes for VP2 and VP3 and the 19 S RNA that codes
for VP3.

Figure 32. SV40 messenger RNAs. A, Messenger RNA map. The 5’ termini of SV40 mRNAs
map near the origin of DNA replication (ORI). ORI contains an inverted repeat palindrome cen-
tred on the Bgll restriction endonuclease cleavage site. Early mRNA species are transcribed anti-
clockwise on this map, and late clockwise. The polyadenylated 3’ ends of early and late mRNAs
overlap. Two early mRNAs, which differ in the positions of their internal splices, encode, re-
spectively, the SV40 tumour antigens small t and large T, which are amino co-terminal. The T
mRNA lacks the translational terminator sequence for the t protein and T translation continues
essentially to the 3’ end of the mRNA. Late mRNA species encode the structural proteins VP1,
VP2 and VP3. VP2 and VP3 are carboxy co-terminal, and both differ from VP1. A single DNA
sequence, however, encodes the amino terminus of VP1 and the carboxy terminus of VP2 and
VP3, but two different reading frames are used. The leaders spliced to the coding regions of the
late mRNAs are heterogeneous, with multiple 5’ termini. The VP3 splicing pattern is not well
established. The effects of DNA deletions, the presence of a SV40 associated small RNA (SAS
RNA) and possible functions of the proline-rich carboxy terminus of T are discussed in the text.
B, Pathway of synthesis of SV40 late mRNAs. Newly formed late nuclear transcripts are mole-
cules which extend from the cap site(s) beyond the poly(A) site, but are shorter than the full
length of the genome. These primary transcripts are apparently cleaved and polyadenylated at
the poly(A) site to yield unspliced molecules with the 5’ and 3’ ends of mature mRNA. As with
Ad-2 late mRNAs (Fig. 23), multiple pathways exist for splicing this precursor to allow synthe-
sis of a family of 3'-co-terminal mRNAs. In the example given here, the alternatives of splicing
the leader adjacent to either the VP2 or the VP1 coding sequences are shown. The cistron closest
to the cap is translated.

(Ziff 1980. Reprinted by permission from Nature 287, Fig. 2, p. 494. Copyright © 1980 Macmillan Journals
Limited.)
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Figure 33. Polyoma messenger RNAs. A, Messenger RNA map. As with SV40 (figure 32), the
5" termini of polyoma mRNAs map near the origin of DNA replication (ORI). The sequence of
the ORI contains an inverted repeat palindrome which overlaps the junction of fragments 3 and
5 from Hpall restriction endonuclease digests of polyoma DNA. Early mRNAs are from anti-
clockwise transcripts, and late from clockwise transcripts. Polyoma synthesizes three early
mRNA species which encode the tumour antigens small t, large T, and middle T. Although the
exact splice points for the early mRNAs have not been determined, the t and T messengers have
splicing patterns comparable to those of the equivalent SV40 mRNAs. With the mRNA for T,
splicing allows translation to continue beyond the t gene. Translation enters the region encoding
T, however, in a second out of phase reading frame generating a novel carboxy-terminal se-
quence for T. The arrangement of coding sequences in the polyoma late messengers is analogous
to those of SV40 (see figure 32) and the polyoma mRNAs also have heterogeneous capped 5’ ter-
mini (not shown). The 5’ leader, however, contains a novel tandemly reiterated sequence. B,
Polyoma VP1 mRNA synthesis. At the late stage of infection, polyoma polyadenylated nuclear
RNAs are large molecules encoded by polymerases which make several transits of the circular
genome. These polymerases can transcribe the late poly(A) acceptor sequence without addition
of poly(A), on one transit, but use the poly(A) acceptor sequence on a subsequent pass (compare
with late Ad-2 in Fig. 23). It is not established whether this 3’ end is formed by RNA cleavage.
The mature mRNA contains a 5’ leader with tandem repeats (1;, 15, 13) of a sequence that exists
only once in the genome. The reiteration results from the splicing together of each occurrence of
this sequence within the giant polyadenylated RNA and joining the repeated structure to the
VP1 (shown here), VP2 or VP3 coding sequences.

(Ziff 1980. Reprinted by permission from Nature 287, Fig. 3, p. 496. Copyright © 1980 Macmillan Journals
Limited.)
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Figure 34. Replicative intermediate of SV40 DNA (A) electron micrograph, (B) drawing of the
replicating DNA molecule.
(Sebring et al. 1971. Reprinted by permission from J. Virol. 8, Fig. 4, p. 483.)

Synthesis of viral DNA

The initiation sequence for DNA replication is mapped in 0.67 map units and
contains 27 base pairs which form a palindrome. The synthesis of viral DNA is
semiconservative and bidirectional. Two replication forks move along the
DNA until they reach position 0.17 map unit. The initiation of DNA synthesis
is done by the binding of a cellular protein, the synthesis of which is induced in
the infected cell by SV40 infection or the T or t antigens. The synthesis of the
viral DNA is carried out by a cellular a-DNA polymerase. To allow repli-
cation, the superhelical viral DNA must uncoil and attain afterward the origi-
nal conformation. An enzyme is present in the infected cell that can nick the
Form I DNA to Form II. This enzyme has a molecular weight of 70,000—
90,000, and on incubation with SV40 DNA Form [, it is possible to obtain by
electrophoresis in agarose 20 molecular forms, relative to the number of super-
coils opened by the enzyme, leading to the conclusion that SV40 DNA has 20
coils (figure 34) (Sebring et al. 1971). The time required for SV40 DNA
synthesis was calculated to range from 5 to 25 min.

Replication complexes of the viral DNA were isolated from the nuclei of
infected cells and were found to be able to continue DNA synthesis under in
vitro conditions (Su and DePamphilis 1976). Initiation of DNA synthesis does
not occur under in vitro conditions.

Effect of SV40 infection on cellular DNA synthesis

After the synthesis of the early viral proteins in the infected cell, the enzymatic
system involved in cellular DNA synthesis is stimulated, and the synthesis of
host chromosomal DNA occurs at the same time as the biosynthesis of viral
DNA.

Transformation of cells by SV40

THE TRANSFORMATION MECHANISM. The circular viral DNA was found to
be capable of integrating into the chromosomal DNA of the host cell. As a
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result of this DNA recombination process, the infected cell undergoes trans-
formation. In the transformed cell, the viral T and t antigens are expressed
(Martin and Khoury 1976).

Chromosome 7 of human cells contains the site for SV40 DNA integration.
The integrated SV40 DNA in chromosome 7 DNA codes for the viral T and t
antigens. Chromosome 7 also contains the gene that codes for the tumor
specific transplantation antigen (TSTA), a cellular antigen that appears on the
surface membrane of the transformed cell. This antigen is an expression of a
cellular gene that functions as the result of transformation of the cell by SV40.
Chromosome 17 contains a second site for SV40 DNA integration (see chapter
4).

Release of SV40 from transformed cells by fusion with permissive cells

The virus was rescued from transformed cells that do not produce virus after
fusion of the transformed cell with a permissive cell. In the resulting hetero-
karyons, the viral DNA is transferred from the nucleus of the transformed cell
to the nucleus of the permissive cell where it replicates.

SV40 mutants

TS MUTANTS. Treatment of virus-infected cells with mutagens like nitric
acid, hydroxylamine, or nitrosoguanidine leads to the isolation of many ts
mutants: (1) mutation in the gene A (tsA); (2) mutants in late function.

Three groups of mutants (A to C) were identified that complement each
other when the cells are infected with two mutants of the different groups.
Another group of mutants (D) was described that cannot complement mutants
from groups A to C. When the viral DNA is isolated from virions of different
ts mutant groups and used for infection of cells, the virus replication is not
sensitive to temperature. It is possible that one of the DN A-binding proteins is
the product of the mutated gene (reviewed by Kelly and Nathans 1977).

Mapping of mutations with fragments of viral DNA

Lai and Nathans (1974) used restriction enzymes to generate viral DNA frag-
ments for complementation of ts mutants. The fragment of the DNA that
complements the lesion in the mutant DNA allows virus replication. This
technique preceded the sequence analysis of SV40 DNA done by Fiers and
collaborators.

PROPERTIES OF HUMAN PAPOVAVIRUSES

A human disease of the central nervous system (CNS) associated with poly-
omaviruses is progressive multifocal leukoencephalopathy (PML), which with
focal demyelination associated with oligodendrocytes, is fatal. Patients die
within a year after onset. In the nuclei of the oligodendrocytes, inclusion
bodies were seen that contained virions with the morphology of papovavi-
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ruses. Two virus strains were isolated from two patients: one in human em-
bryonic glial cells (designated JC) and the other in cultured VERO cells from
the African green monkey (designated BK). The two isolates have a common
T antigen similar to that of SV40 (Padgett and Walker 1976).

The viruses are spread in human populations, but only 7% of people above
the age of 15 years have antibodies to these viruses. Kidney transplants in
patients lead to the activation of the virus, probably due to the use of cortico-
steroids or immunosuppressive drugs. It is possible that the virus resides in the
kidney.

JC and BK viruses are capable of transforming monkey cells in vitro. How-
ever, it is not known if these viruses are responsible for any human tumor or
even if they are responsible for PML, although there is strong evidence that JC
virus causes PML.

Papilloma virus: the human wart virus

Common warts (Verrucae vulgaris) in the skin of humans, as well as the
genital warts (Condylomata acuminata) are caused by a human papovavirus
(zur Hausen 1977). Eight distinct types of human papilloma viruses as desig-
nated by H. zur Hausen are as follows:

HPV-1 causes mainly plantars’ warts.

HPV-2 causes mainly hand warts.

HPV-3 causes mainly juvenile flat warts (epidermodysplasia verruciformis).
HPV-4 causes mainly mosaic warts.

HPV-5 and HPV-8 cause warts with malignant conversion.

HPV-6 causes Condyloma acuminata, genital type.

HPV-7 causes mainly butcher warts.

Laryngeal papilloma is unidentified.

The viral DNA does not integrate into the cell DNA in the basal layer of the
skin. The virus appears in keratinized cells on the surface of the wart. Inside
the warts, the cells are proliferating while synthesizing the viral DNA without
expressing the late viral genes. The structural genes are expressed only when
the cells start to synthesize keratin, as a stage in their differentiation process.

The virus causing the genital warts is transmitted sexually. The warts tend
to disappear spontaneously.

Laryngeal papillomas have been seen in children and adults. Sometimes they
attain a large form or disappear spontaneously.

Organization of the DNA genome

The viral DNA is circular and double-stranded. Form I of the DNA is super-
coiled and Form II DNA is circular with a nick in one strand. Form IIl DNA is
linear. The molecular weight of the viral DNA is 4-9 x 10° daltons.
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Viral proteins

The major capsid protein has a molecular weight of 63,000 to 53,000. The
histones F2,;, F2,,, F2,, and F3 are also present in the virions.

Animal warts

The wart viruses are spread among rabbits, hamsters, sheep, goats, cattle,
horses, dogs, and monkeys.

Bovine papillomavirus (BPV)

This virus causes, in addition to skin warts, warts in the esophagus, male sex
organ, and as a tumor of the bladder (enzootic hematuria).

BPV transforms bovine cells and mouse cells in culture. Study of benign
equine tumors revealed the presence of 50 to 500 viral DNA equivalents in
each diploid set of chromosomes.

The benign esophageal warts can become malignant in cattle, possibly due
to consumption of the plant Peridium aquilinume that was found to contain a
carcinogenic toxin.
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10. HEPATITIS B VIRUS

AUSTRALIA ANTIGEN AND ITS CONNECTION WITH HEPATITIS B VIRUS

The study by B.S. Blumberg on the polymorphism of human antigens led to
the discovery in 1964 of the viral cause of hepatitis, a disease of the liver in
humans (Blumberg 1977). The experimental approach used by Blumberg was
to search for antibodies to antigens in the peripheral blood of patients who had
received a large number of blood transfusions. He looked for antibodies pro-
duced against unique antigens in the blood of the donors that would differ
from the blood group antigens, which are always matched with that of the
recipient. In this study, sera from individuals all over the world—from the
Eskimos in the north of Alaska to the aborigines in Australia—were tested. A
hemophiliac in New York who had received many blood transfusions was
found to have antibodies in his serum that gave a precipitation line in the
Ouchtherlony test with an antigen present in the serum of an Australian
aborigine. For this reason, the antigen was designated Australia (Au) antigen.
Studies of sera received from hospitalized children with Down’s syndrome
(mongoloidism) revealed that one of the children who initially lacked anti-
bodies to Au antigen subsequently developed such antibodies after being ill
with hepatitis. Thus a correlation between active hepatitis and antibodies to Au
antigen was made. In 1967, the chief technician in Blumberg’s laboratory,
while working on the purification of the antigen, developed hepatitis. Anti-
bodies in her serum gave a precipitation like with Au antigen, and for the first
time hepatitis was diagnosed with the help of an antigen. Shortly thereafter, it
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was concluded that transfusion of blood containing Au antigen results in infec-
tion of the patient with hepatitis virus. Since 1969, every blood donation used
in the USA for transfusion must be tested for Au antigen, and the positive
blood samples are discarded. The Au antigen, also called the hepatitis-
associated antigen (HAA) or SH-antigen, was subsequently found to be the
surface antigen, HBsAg, of hepatitis B virus (HBV).

Two other hepatitis viruses are known: hepatitis A virus, which is an en-
terovirus, and the non A-non B hepatitis virus, which is unclassified.

Electron microscopy of serum samples from patients with hepatitis B re-
vealed four types of virus particles:

1. Round particles with a diameter of 15 to 25 nm (20 nm average) that were
subsequently found to have a density of 1.20-1.22 g/ml. Negative staining
revealed striations in the particles 3 nm apart. The HBsAg was found to be
located on the surface of the particles. When precipitin lines of Au antigen
(HBsAg) and antibodies that formed in the agar in the Ouchtherlony test
were examined by electron microscopy, only 22 nm particles were found.

2. Filamentous particles 22 X 200 nm in size which contain HBsAg on the
surface.

3. Particles that contain the small surface antigen. These particles, present in
HBsAg positive sera, have a density of 1.29 g/ml and a sedimentation
coefficient of 12 S. These particles are present in sera of chronic carriers of
the virus and cause in-utero infection of the fetus.

4. The Dane particles. These have a diameter of 42 nm, an outer cover 7 nm in
diameter, and an electron dense center of 28 nm, and are probably the
whole infectious virus particles (Robinson 1977). HBsAg is located on the
surface of the Dane particle. Aggregates of Dane particles are found in
the sera of patients. Linear DNA molecules are associated with these par-
ticles.

The core of the Dane particles contains a circular DNA molecule 0.78 =+
0.09 nm and a DNA polymerase molecule. In vitro incubation of the viral
DNA enzyme complex with the four deoxyribonucleoside triphosphates re-
sults in the synthesis of DNA in the form of a linear molecule attached to
circular viral DNA.

The 28 nm cores containing the core antigen, HBcAg, can be found without
the outer cover in liver tissue obtained from humans and monkeys with
hepatitis. Two proteins with molecular weights of 35,000 and 17,000 were
found to be associated with the HBcAg.

Antigenic determinants

The composition of the HBsAg present on the surface of the particles is com-
plex and a number of antigens were revealed:
A group-specific antigen, designated a4, is common to all sera positive for
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HBsAg. The particles carry two pairs of antigenic subdeterminants that are
type-specific designated d or y and w or r. The determinants d and y are not
present in the same serum. A similar situation exists with w and r antigens.
Four antigenic subtypes were identified: adw, ayw, adr, and ayr. These anti-
genic subtypes are distributed around the world.
Antigen e, which is part of the Dane particle, is found in sera of patients who
are positive for HBsAg.

HBsAg from patients’ sera

Purified HBsAg contains particles with a diameter of 20 nm composed of
proteins, polysaccharides, and lipids. The lipid composition in this antigen is
identical to the lipid composition in enveloped virions. Analysis of the proteins
revealed the presence of 6 to 9 polypeptides with molecular weights ranging
from 97,000 to 23,000, of which two or three are glycoproteins.

Injection of this antigen into rabbits induces the production of antibodies
against the group antigen (anti-HBs/a) and against the unique antigen (anti-
HBs/d or y). Recently, peptides were isolated from preparations containing
HBsAg/adw and HBsAg/ayw. The use of purified polypeptides for immuniza-
tion led to the production of antibodies to either d or y.

Properties of the Dane particle DNA

Two species of DNA molecules were isolated from these particles:

1. Linear DNA molecules, 0.5 to 12 nm in length, associated with the particle,
but sensitive to treatment with the enzyme DNase I. The source of these
DNA molecules is not known.

2. In the core of the Dane particle a circular DNA molecule 0.78 = 0.9 nm
equivalent to 1.6 X 10° daltons, is found (Robinson 1977). The total genetic
information in the viral DNA is enough to code for a polypeptide of
100,000 daltons. The total molecular weight of the proteins that constitute
the Dane particle ranges from 320,000 to 490,000. Thus the viral DNA does
not contain enough DNA to code for all the proteins of the Dane particle; a
new mechanism for the synthesis of the viral proteins, still unknown, may
exist.

In vitro incubation of the Dane particle cores that contain the viral DNA
polymerase complex allows synthesis of double-stranded DNA under suitable
in vitro conditions. These DNA molecules are synthesized by a mechanism
resembling the rolling circle mechanism of DNA synthesis.

Analysis of Dane particle DNA with restriction enzymes showed that it is
composed of two single-stranded DNA molecules, both of which are incom-
plete. One single-stranded molecule is closed circular DNA containing 3,200
nucleotides, and the second, a complementary DNA strand, only 1,600 to
2,800 nucleotides. Under in vitro conditions, the cores synthesize complete
circular double-stranded DNA.
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Figure 35. Hepatitis B virus surface antigen gene (shaded area) introduced into the plasmid
PHBV-3200 of E. coli.

(Valenzuela et al. 1979. Reprinted by permission from Nature 280, Fig. 2, p. 816. Copyright © 1979 Macmil-
lan Journals Limited.)

The circular DNA strand can be labeled by the nick-translation procedure,
and after cleavage with the restriction enzyme Haelll (Haemophilus aegyp-
ticus), the DNA was found to contain 3,880 base pairs. Two additional DNA
fragments were discovered after labeling the DNA with *?P and therefore the
number of base pairs in the viral DNA must be no less than 4,910. The gene
for the surface antigen (HBsAg) has been cloned in a bacterial plasmid (figure
35); thus the viral antigen can be produced by bacterial cells (Valenzuela et al.
1979).

HBsAg is expressed in mammalian cells and bacteria

using plasmids with cloned hepatitis B virus DNA

Cloning of the viral DNA in plasmids made it possible to study viral DNA
expression. Mouse L cells (TK ™) transformed by a plasmid containing both
the HSV-1 thymidine kinase gene and two copies of the HBV genome yielded
HBsAg particles of 22 nm. These particles possessed the same characteristics as
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the human serum particles and were found to produce antibodies to human
HBsAg in mice (Dubois et al. 1980).

Viral antigens in liver biopsies

With fluorescent antibodies it was possible to identify the viral antigens present
in liver biopsies from persistently infected humans and chimpanzees. Most of
the cells have HBsAg in the cytoplasm, some contain HBcAg in the nuclei,
and a few have both antigens. The number of infected cells in a liver biopsy
ranges from 1 to 100%. All chronic carriers of the virus have Dane particles in
their peripheral blood, and many liver cells contain HBcAg.

VACCINATION. HBsAg isolated from the sera of patients was used as an
antigen for immunization since this antigen elicits an antibody response in
immunized individuals (Buynak et al. 1976).

A formalin-inactivated preparation of purified 20 nm HBsAg particles ad-
sorbed onto an alum adjuvant (prepared by the Merck Institute for Therapeu-
tic Research) was used to immunize humans. Children responded well to the
vaccine. Among healthy adults, 95% became positive after three injections
(C.E. Stevens and W. Szmuness, Abstracts of the Fifth International Congress
of Virology, 1981, p. 180).

Thirteen peptides corresponding to the amino acid sequences predicted from
the nucleotide sequence of the HBsAg were synthesized chemically and in-
jected into rabbits. Four of the six soluble peptides that ranged in size from 10
to 34 residues elicited antibodies in the rabbits and these reacted with the native
HBsAg molecule (Lerner et al. 1981). These proteins hold promise for vaccine
production in the future.

Hepatitis B infection of humans

The hepatitis virus affects the liver hepatocytes leading to:

1. Acute hepatitis that develops into chronic hepatitis and production of anti-
bodies to HBsAg.

2. Acute hepatitis with full recovery. Sera contain HBsAg and antibodies to

HBsAg.

Chronic hepatitis: HBsAg and anti-HBc antibodies are constantly present.

Carrier state: HBsAg and anti-HBc antibodies are constantly present.

HBsAg is found in immunodeficient patients.

Some patients have serum HBs antibodies without HBsAg.

Patients with complexes of antigen-antibody in the serum.

o

Noo

Patients who develop antibodies to HBsAg are capable of rejecting a kidney
transplant when the HLA histocompatibility match is not maximal.

MODE OF INFECTION. The disease is transmitted by infusion of blood con-
taining HBsAg. The virus is released in the feces and can infect seronegatives
through the respiratory tract or alimentary canal. The virus might also be
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transmitted by insects such as mosquitoes and bedbugs. It was estimated in the
United States that one million people are carriers of HBV. Those who have the
viral antigen are also capable of transmitting the virus. It is possible that
children may be infected by the virus in-utero (Schweitzer 1975).

Bedbugs were found to mechanically transmit hepatitis B virus to humans
in South Africa.

Primary hepatic carcinoma and HBV': integrated viral DNA and viral mRNA

In different parts of the world, patients with liver carcinoma have antibodies to
HBsAg and to HBcAg; this led to the idea that HBV may be the cause. The
viral DNA was found to be integrated into the DNA of the hepatoma cell,
which is further evidence that HBV may be involved in carcinogenesis in
humans. A cell line developed from a primary hepatocellular carcinoma in a
male from Mozambique, who had serum positive for HBsAg, produces
HBsAg in vitro (McNab et al. 1976). The cells were found to contain inte-
grated HBV DNA sequences (Marion et al. 1979; Brechot et al. 1980; Edman
et al. 1980). In these cells, three specific virus-coded mRNA species were
identified: two were poly(A*) (21.5 S and 19.5 S), and one was poly(A —) (27
S) and is larger than the full-length Dane particle DNA, possibly due to
cotranscription of the integrated viral DNA and flanking cellular DNA
(Chakraborty et al. 1980).

Hepatitis in animals

WOODCHUCK HEPATITIS. A virus similar to human HBV causes hepatitis
and hepatomas in woodchucks (Summers et al. 1978). A high incidence of
hepatomas in a woodchuck colony in the Philadelphia zoo led to the discovery
of this virus which shares many characteristics with human HBV. Cross-
serological reactions between the surface and core antigens of these two viruses
were demonstrated. The woodchuck hepatitis virus could be a good model for
studies on human hepatitis and hepatocellular carcinoma.

Hepatitis in primates

Nonhuman primates and chimpanzees can transmit hepatitis to man, and mar-
mosets can be infected with hepatitis A virus (Deinhardt 1976).
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FAMILY PARVOVIRIDAE

These viruses were found to be associated with adenovirus infected cells. The
virions (figure 36) are made up of a nonenveloped isometric capsid with a
diameter of 18-26 nm, with icosahedral symmetry, containing 32 capsomeres
each with a diameter of 3-4 nm. The DNA genome is single-stranded with a
molecular weight ranging from 1.5-2.2 X 10° and constitutes 20-25% of the
virion weight. Half of the virions contain the DNA ¥ strand and the other half
the DNA ~ strand. Cellular functions and a helper virus are required for virus
replication to take place in the nucleus of the infected cell.

Genus Parvovirus

Latent rat virus (Kilham virus).

Rodent viruses: MVM, RT, Lulll, TVX, X14, H-1.

There are bovine, porcine, canine, feline panleukopemia, and goose hepatitis
parvoviruses. These viruses are competent without a helper virus, and the
virions contain DNA ™ strands only.

Genus adeno-associated virus
Human and simian adeno-associated virus (AAV) types 1, 2, 3, and 4.

Bovine adeno-associated virus AAV 7.
Avian AAV (AAAV).
Mature virions contain either DNA™ or DNA ~ strands. Replication is depen-

dent on a helper virus.
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Figure 36. Electron micrograph of parvovirus particles which require adenovirus (large parti-
cles) for replication.
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.)

Genus Densovirus

Genus densoviruses are insect viruses that multiply in tissues of larvae,
nymphs, and adults without helper virus. DNA* and DNA ™ strands are
present in the virions.

Molecular aspects of virus replication differs
according to dependency on adenovirus

Active, nondefective parvoviruses (e.g., MVM, RV, H-1)

The viral capsid is resistant to chloroform and ether since it does not contain
lipids.
The linear single-stranded DNA molecules have molecular weights of 1.5,
1.6, and 1.7 X 10°. The viral genome is a noninfectious DNA ™ strand.
Three proteins were identified in the viral capsid. In different viruses, the
molecular weights of the proteins vary: in RV virus, protein A is 72,000; B is
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62,000; and C is 55,000 daltons. In MVM strain, protein A is 92,000; B is
72,000; and C is 69,000 daltons (Clinton and Hayashi 1976).

The total molecular weight of the structural proteins is 233,000, which is
about three times the amount of genetic information encoded in the viral
DNA. Since it was found that the three polypeptides have a similar organiza-
tion, it was concluded that the three proteins are cleavage products of a precur-
sor polypeptide coded by one gene. One species of viral mRNA of 9 x 10°
daltons is translated into the structural proteins.

DNA polymerase in virions

A DNA polymerase was found in RV but not in H-1 virus. The properties of
this enzyme are not known.

Life cycle of an active nondefective virus

The virus replicates in the host cell during the S phase. The particles are
adsorbed to the cell membrane, uncoated in the cytoplasm, and replicated in
the nucleus. The synthesis of viral DNA starts 8-10 hr after infection and
continues until 23 hr postinfection. Two to four hr elapse from the replication
of the viral DNA until the first virion progeny appear.

The single-stranded DNA that enters the cells is transformed into linear
double-stranded DN A which constitutes the replicative form (RF) of the viral
DNA (Singer and Rhode 1977). DNA synthesis most probably occurs by a
mechanism of hairpin duplex formation (Tattersall and Ward 1976).

The viral mRNA molecules are transcribed from the double-stranded DNA
and are transported from the nucleus to the cytoplasm, the site of protein
synthesis. Treatment of infected cells with a-amanitin that inhibits the cellular
RNA polymerase II of the host cell inhibited the synthesis of the nuclear viral
antigen but did not prevent the synthesis of the cytoplasmic antigen.

Effect of the virus on the host cell
Viruses like RV and MVM effectively inhibit mitosis in the infected cells.

Life cycle of adeno-associated defective virus

The viral DNA

Two classes of virions are produced: Half contain DNA™ and half contain
DNA ~ molecules. It is possible to infect cells with the virus in‘the presence of
5-bromodeoxyuridine (BUdR). BUdR is incorporated into the viral DNA and
replaces 70-80% of the thymidines. Centrifugation of the progeny viral DNA
in CsCl density gradients revealed that one viral DNA strand has a density of
1.830 g/ml, while the second is lighter, with a density of 1.798 g/ml. The
denser DNA is the minus strand. Circular DNA molecules were rarely seen
among the linear viral DNA molecules extracted from the virions by osmotic
shock. The viral DNA is infectious, provided the cells are infected with
adenovirus. The plus and minus DNA strands have complementary sequences
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in the molecular ends. By self-annealing, circular DNA molecules are formed
(Rhode 1977).

The DNAs of AAV-1, 2, and 3 are homologous to each other. No genetic
resemblance exists between AAV and the adenoviruses or herpesviruses that
serve as helpers for its replication.

Dependency of AAV on a helper virus

AAV replicates and produces virus progeny only in adenovirus infected cells
(Hoggan 1970). HSV can only partially replace adenovirus, but in HSV-1
infected cells the viral DNA replicates, the nuclear antigen and empty capsids
are made in the nuclei, but infectious virions are not made. Other herpesvi-
ruses, like bovine rhinotracheitis, EBV, cytomegalovirus, varicella zoster, and
herpesvirus saimiri can serve as helpers for AAV.

Infection of cells with AAV

The adsorption and penetration of AA virions into infected cells do not require
the presence of the helper adenovirus. The latent period of the infectious cycle
is 17 hr, followed by a 12-15 hr period of viral DNA synthesis. The amount of
AAV virions in the infected cells is 10-1,000-fold higher than the number of
adeno virions synthesized in the infected cells. Each cell of the African green
monkey kidney line produces 2-4 X 10° genomes of AAV-2.

The role of the helper adenovirus

The initiation of mRNA synthesis on the AAV DNA is dependent on the
synthesis of adenovirus mRNA which starts 2-3 hr after infection with
adenovirus. Infection of adenovirus infected cells with AAV 10 hr after the
first infection shortens the lag between the synthesis of AAV mRNA and AAV
DNA replication.

Synthesis of AAV mRNA

The mRNA synthesized in AAV-2 infected cells (coinfected with adenovirus-2
or HSV-1) has a molecular weight of 9 X 10> and hybridizes to the DNA
strand of AAV DNA. The AAV mRNA present in infected nuclei of KB cells
or in the polyribosomes has a sedimentation coefficient of 19-20 S, corre-
sponding to 70% of the viral DNA genome.

Viral proteins

Three viral proteins are made in infected cells: protein A 87,000; protein B
73,000; and protein C 62,000 daltons.

Association of the virus with disease

These viruses were isolated from children suffering from an adenovirus infec-
tion (Blacklow et al. 1967; 1968). The nature of association between the two
viruses as far as the disease is concerned is not known.
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12. DOUBLE-STRANDED RNA VIRUSES MADE FROM
SINGLE-STRANDED RNA: REOVIRUSES

FAMILY REOVIRIDAE

These include Reo-, Orbi- and Rota-viruses. The virus (no lipoprotein en-
velope) has an isometric capsid 60-80 nm in diameter made of two layers of
capsomeres and arranged in icosahedral symmetry. The virions contain the
RNA-dependent RNA polymerase and a double-stranded RNA genome frag-
mented into ten pieces, each containing one viral gene. The total molecular
weight of the RNA fragments ranges from 10-16 X 10°.

Genus Reovirus

Human reovirus types 1, 2, and 3 (figure 37). These viruses have a common
complement fixing antigen.
Simian, canine, and avian reoviruses.

Genus Orbivirus
Virus replicates in vertebrates and in insects. The genus includes 38 virus
strains. The virion has a diameter of 55-65 nm.

Blue tongue virus.
African horse sickness virus.
Colorado tick fever virus.

Genus Rotavirus (figure 38)

Human infantile enteritis.
Epizootic diarrhea of infant mice.
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Figure 37. Electron micrograph of reovirus infected cells. Clusters of reovirions are found in the
cell cytoplasm.
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.)

Nebraska calf scours.

Pig diarrhea.

Simian virus SA11.

There are also plant reoviruses (phytoreovirus and fijivirus).

Molecular aspects of reovirus replication

Studies on the replication of reoviruses were done mainly with reovirus 3
which replicates in mouse L cells cultured in suspension. The virions adsorb
and penetrate into the cells, and the outer capsid of the virion is removed in
the uncoating process; the RNA-dependent RNA polymerase present in the
virions is activated, and viral mRNA is synthesized. A latent period of 6 hr is
followed by the synthesis of virus progeny that reaches a maximum after 18
hr. At this stage, every infected cell produces 1000 PFU of the new virus
progeny (equivalent to 20,000 virions/cell). A number of specific functions
have been assigned to the viral hemagglutinin which plays a central role in
virus-cell interactions (Fields et al. 1980). After entry into the host cell, the
hemagglutinin (encoded by the S1 double-stranded RN A segment) is responsi-
ble for recognition by both humoral and cellular components of host immu-
nity. The hemagglutinin also recognizes different neural cells and is thus the
prime determinant of the pattern of neurovirulence of the virus.
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S

Figure 38. Electron micrograph of a negatively stained preparation of human rotavirus. D:
double-shelled particles; S: single-shelled particles; E: empty capsids; i: fragment of inner shell;
io: fragments of a combination of inner and outer shell. Inset: single-shelled particles obtained by
treatment of the virus preparation with 100 ug/ml of SDS, immediately prior to processing for
E.M. Bars: 50 nm.

(Esparza and Gil 1978. Reprinted by permission from Virology 91, Fig. 1, p. 143.)

Synthesis of viral mRNA

The ten species of dsSRNA molecules that comprise the reovirus genome fall
into three size classes: three L species (mol. wt. 2.5-2.7 X 10°); three M species
(mol. wt. 1.2-1.4 x 10°); and four S species (mol. wt. 0.6-0.8 X 10° (Bel-
lamy and Joklik 1967). Each dsRNA fragment of the viral genome is trans-
cribed in its entirety into single-stranded RNA by the viral RNA-dependent
RNA polymerase present within the viral core, forming 10 mRNA species.
The 10 viral dsSRNA fragments have the same polarity of transcription, and no
hybrids between mRINA molecules of the different viral genes are formed. The
viral mRNA is polyadenylated at the 3’ end and is translated by the cellular
ribosomes in the cytoplasm. The 11 reovirus-coded polypeptides that are
known consist of three A polypeptides coded by the three L segments; four w
polypeptides coded by the three M segments; and four o polypeptides coded
by the four S segments (Both et al. 1975). The specific polypeptides encoded
by each of the 10 segments of reovirus double-stranded RNA have been
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Figure 39. RNA coding assignments for reovirus type 3, strain Dearing.
(McCrae and Joklik 1978. Reprinted by permission from Virology 89, Fig. 18, p. 591.)

identified by McCrae and Joklik (1978) using wheat germ ribosomes for
mRNA translation in vitro. Each viral protein can be correlated by its molecu-
lar weight with the gene coding for it, as shown in figure 39. The large mRNA
species synthesize the longer polypeptide chains.

Synthesis of the viral double-stranded RNA molecules

The viral mRNA species are the templates for the viral RNA. At the time of
virion formation, the ten mRINA species are inserted into the newly made viral
cores |after cleavage of the poly(A) sequences] together with the viral RNA-
dependent RNA polymerase. Inside the viral core, the RNA polymerase syn-
thesizes the RNA © complementary RNA strand for each RNA species, and the
double-stranded RNA molecules of the genome are made. The core is coated
with the second capsomere layer, and the mature virions are formed.

GENUS ORBIVIRUS. These viruses resemble the members of the genus
reovirus in their molecular properties.
Diseases caused by members of the reovirus family

ROTAVIRUSES. These viruses are a major cause of gastroenteritis in children.
The virus is excreted in the feces (Esparza and Gil 1978).
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COLORADO TICK FEVER VIRUS. Colorado tick fever virus is transmitted by
orbivirus infected ticks. The disease is manifested by high fever, head, eye, and
back pains, as well as leukopenia.

REOVIRUS 1, 2, AND 3. These viruses are excreted in the feces but are not
associated with a defined disease syndrome.

BIBLIOGRAPHY

Bellamy, A.R., and Joklik, W.K. Studies on reovirus RNA. II. Characterization of reovirus
messenger RNA and of the genome RNA segments from which it is transcribed. J. Mol. Biol.
29:19-26, 1967.

Both, G.W.; Lavi, S.; and Shatkin, A.J. Synthesis of all the gene products of the reovirus genome
in-vivo and in-vitro. Cell 4:173-180, 1975.

Esparza, J., and Gil, F. A study on the ultrastructure of human rotavirus. Virology 91, 141-150,
1978.

Fields, B.N.; Weiner, H.L.; Drayna, D.T.; and Sharpe, A.H. The role of the reovirus hemaggluti-
nin in viral virulence. Ann. NY Acad. Sci. 354:125-134, 1980.

Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage
T4. Nature 227:680-685, 1970.

McCrae, M.A., and Joklik, W.K. The nature of the polypeptide encoded by each of the ten
double-stranded RNA segments of reovirus type 3. Virology 89:578-593, 1978.

RECOMMENDED READING

Gorman, B.M. Review article: Variation in orbiviruses. J. Gen. Virol. 44:1-15, 1979.

Gross, R.K., and Fields, B.N. Genetics of reoviruses. In: Comprehensive Virology (H. Fraenkel-
Conrat and R.R. Wagner, eds.) Plenum Press, New York, 1977, Vol. 9, pp. 291-340.

Joklik, W.K. Reproduction of reoviridae. In: Comprehensive Virology (H. Fraenkel-Conrat and
R.R. Wagner, eds.) Plenum Press, New York, 1974, Vol. 2, pp. 231-334.

Joklik, W.K. The structure and function of the reovirus genome. Ann. NY Acad. Sci. 354:107-124,
1980.

McNulty, M.S. Rotaviruses. J. Gen. Virol. 40:1-18, 1978.



13. SINGLE-STRANDED RNA MINUS VIRUSES
WITH AN INTACT GENOME: RHABDOVIRUSES

FAMILY RHABDOVIRIDAE

The virions are bullet-shaped, 130-300 nm long, and 70 nm wide with a
lipoprotein envelope containing peplomeres that cover an clongated nucleo-
capsid with helical symmetry. The virion contains five major proteins and an
enzyme, the RNA-dependent RNA polymerase. The RNA genome is linear
and single-stranded, with a molecular weight of 3.5-4.6 x 10°.

Genus Vesiculovirus

Vesicular stomatitis virus (figure 40) replicates in vertebrates and inverte-
brates.

Chandipura virus has been isolated from humans.

Kern Canyon virus has been isolated from a bat.

Genus Lyssavirus

Rabies virus

) have been isolated from humans
Duvenhage virus

Genus Sigmavirus

Drosophila o virus is responsible for CO; sensitivity in Drosophila.

Plant rhabdoviruses (ungrouped).
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Figure 40. Electron micrograph of vesicular stomatitis virions in a cell section and their ribonu-
cleoprotein complexes released from damaged virions.
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.)

RABIES VIRUS

The virion and its properties

The virions have a typical rhabdovirus structure (figure 41) and are 175 nm
long and 75 nm wide. The protein peplomeres on the envelope are capable of
agglutinating red blood cells. Inside the virion, a single-stranded RNA
genome is arranged in a helical nucleocapsid.
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Daltons X 10°

Figure 42. Tentative map of the rabies genome. The target sizes of proteins N, M, M5, and L
are shown assuming a genome size of 4.6 X 10° daltons. The four cistrons are thus assumed to
terminate at 5.1 X 10%, 1.4 x 10° 1.7 x 10°, and 4.6 X 10° daltons.

(Flamand and Delagneau, 1978. Reprinted by permission from J. Virol. 28, Fig. 5, p. 523.)

Table 3. Viral proteins found in rabies

Molecular Number of
weight molecules
Protein Property x 10° per virion
G Glycoprotein 80 1,783
N Nucleoprotein 60 1,713
Mi Membrane protein 45 789
M, Membrane protein 20 1,661
L Associated with trans- 190 —
criptase activity
NS Minor nucleocapsid 55 76
protein

(After Sokol et al. 1971; Flamand and Delagneau 1978.)

The virions contain an RNA minus genome that is not infectious and that is
transcribed by the RNA polymerase. This enzyme has been demonstrated in
purified virions (Kawai 1977). The molecular weight of the RNA genome is
4.6 x 10° and it contains four cistrons. A possible map of the rabies genome is
presented in figure 42 (Flamand and Delagneau 1978).

The RNA molecule is associated with a phosphorylated nucleoprotein (N)
in the nucleocapsid which is surrounded by a viral envelope containing two
nonglycosylated membrane proteins (M and M;) and one glycoprotein (G).
The high molecular weight L protein found in both virions and infected cells is
probably associated with transcriptase activity (table 3).

Infectivity of rabies virus

The virus can infect all warm-blooded animals such as foxes, dogs, cats, bats,
and so on. Vampire bats were found to transmit rabies virus by biting.
Rabies in humans

Humans are infected when they are bitten by rabid animals previously infected
with the virus; the animals secrete rabies virus in their saliva. Symptoms are
characterized by opisthotonic posturing, rigidity, and hydrophobia (fear of wa-
ter), followed by paralysis and death. The incubation period in humans is
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usually several weeks or months but may be as long as a year. The closer the
bite is to the CNS, the shorter the incubation period. The rabies virus pene-
trates from the arca of the bite into a nerve and travels along axons to the brain
where it infects nerve cells only.

Laboratory diagnosis

Touch preparations from the brain of a suspected rabid animal are stained with
fluorescein-conjugated antibodies prepared against rabies virions. Histological
preparations from the brain are used to identify intracytoplasmic inclusions
(Negri bodies). Hair follicles can also be removed and stained by immuno-
fluorescence for rabies virus. A suspension of the brain is also injected into
mice intracerebrally, and the mice are observed for three weeks. Those that die
arc autopsied (or, if no mice die, all are sacrificed and autopsied), and the
brains are studied for the presence of Negri bodies and rabies virus antigens.

Epidemiology of rabies

The virus is usually present in the saliva of rabid dogs. Some rabid animals,
however, although infected with the virus, do not have the virus in the cells of
the salivary glands and still might die of rabies. The virus is spread to domestic
animals by wild animals (e.g., foxes in Europe) (see chapter 1).

Immunization of humans and animals

Rabies virus is now grown in human diploid cells under in vitro conditions for
the production of a vaccine after inactivation of the virus with formaldehyde
(Wiktor et al. 1964). Three consecutive intradermal injections of the vaccine
produce lasting immunity. The vaccine is given to immunize individuals
bitten by an animal suspected to be rabid (see chapter 24). A live attenuated
virus vaccine named Kelev was developed by Kumarov for the immunization
of dogs and cattle.

GENUS VESICULOVIRUS
Vesicular stomatitis virus (VSV)

Structure of infectious B virions

The virions are bullet-shaped, 180 nm long, and 65 nm wide, with one round
end. The virion membrane covers a ribonucleocapsid that contains the viral
RNA genome of 3.1-4.0 X 10° daltons. The ribonucleocapsid has a helical
form with 35 * 1 turns. A virion-associated RNA polymerase (Baltimore et
al. 1970) transcribes the viral RNA into five monocistronic mRNA species that
code for the fine structural proteins of the virus (Banerjee et al. 1977). The
proteins N, L, and NS are associated with the viral RNA in the nucleocapsid
that is infectious. The matrix protein (M) surrounds the nucleocapsid that is
enclosed in an envelope into which glycoprotein molecules (G) are inserted as
surface projections that act as a type-specific immunizing antigen (table 4).
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Table 4. The vesicular stomatitis virus proteins

Molecular Number of
weight molecules

Protein Function x 10° per virion

G Glycoprotein (the membrane 170

peplomeres)

M Membrane protein 29

N Nucleocapsid 50 2,300

NS Nucleocapsid (phosphoprotein) 40 230

L RNA polymerase 170 60

(After Emerson 1976.)

Additional enzyme activities found in the ribonucleoprotein core include a
guanyltransferase, methyltransferases, and a poly(A) polymerase.

Defective truncated ('T) virions

Infection of cells at consecutive passage levels at a high multiplicity of infection
leads to the appearance of interfering (or defective) virus particles (Pringle
1975). These truncated (T) virions are shorter than the B virions (65 nm long)
and contain only one-third of the viral RNA genome (1.2-1.3 X 10° daltons).

Replicative cycle of the virus

The virion and cell membranes interact and fuse, and the nucleocapsid enters
into the cytoplasm. After a latent period of two hr, the synthesis of the virions
starts, reaching a maximum eight hr after infection. The RNA polymerase in
the nucleocapsid is activated and RNA™ molecules are made that are poly-
adenylated and capped prior to serving as mRNA. The replicative intermediate
of the viral RNA has a sedimentation coefficient of 25-35 S, while the virion
RNA has a sedimentation coefficient of 42 S. The viral mRNA can be resolved
into 28 S molecules and 12-16 S molecules. The 28 S mRNA is translated into
the L protein and the 12-16 S mRNA into N, NS, and M proteins. Elec-
trophoresis of the viral mRNA revealed three species in the polyribosomes with
molecular weights of 0.75 x 10°, 0.59 X 10° and 0.35 X 10° daltons. A model
for the synthesis of viral mRNA is presented in figure 43 (Testa et al. 1980).
The nucleotide sequence in the mRNA of VSV that allows interaction with the
ribosomes is presented in figure 44 (Rose 1978).

Synthesis of virions

The virions are formed by a budding process when the ribonucleoprotein
interacts with the cell membrane into which the protein is inserted.
Pseudotypes

Superinfection with VSV of cells latently infected with enveloped RNA or
DNA viruses expressing surface glycoproteins may lead to the appearance of
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WSAUUACUAG - I18S rRNA
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_____________________________________

G UUUCCUUGACACU[AUGJAAGUGCCUUUUGUACUUAG
MET LYS CYS LEU LEU TYR LEU

Figure 44. Nucleotide sequences of ribosome-binding sites from the VSV mRNAs specifying
the N, NS, L, and G proteins. The T, partial products used to establish the sequences of spots 1
and 6 (N and G mRNA sites) are indicated by the solid lines above the sequences. The figure
shows the regions of homology (dashed boxes) between N, NS, and L sequences complemen-
tary to the 3'-end of 18S ribosomal RNA (brackets under sequences).

(Rose, 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W.J. Mahy and R.D.
Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 4, p. 55.)

pseudotype virions that contain the genome of VSV and the coat protein of the
second virus. These pseudotypes can be recognized by plaque reduction after
ncutralization with antisera to both viruses. This technique is used to search
for the presence of an additional virus in the cells used for infection with VSV
(Pringle 1975).

PIKE FRY RHABDOVIRUS (RED DISEASE OF PIKE). Pike fry virus has a typical
rhabdovirus morphology. The virions contain an RNA minus genome of 4 X
10° daltons.
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14. SINGLE-STRANDED RNA MINUS VIRUSES
WITH AN INTACT GENOME: PARAMYXOVIRUSES

FAMILY PARAMYXOVIRIDAE

The virions are round with a diameter of 150 nm, but there are also
pleomorphic particles. The RNA is a single minus strand with a molecular
weight of 5-8 x 10° The virions have a ribonucleocapsid within a lipid
envelope and are genetically stable.

Genus Paramyxovirus

Newecastle disease virus (NDV) infects chickens (figure 45).

Mumps virus infects humans.

Parainfluenza virus (Sendai virus; figure 46) infects humans and mice.
Parainfluenza virus 2 infects humans, mice, dogs, bats, and birds.
Parainfluenza virus 3 infects humans, horses, and cattle.

Turkey parainfluenza virus

Yucaipa virus infect birds.

Finch and parrot paramyxovirus

Genus Morbillivirus (measles: distemper group)

Measles virus (figure 47) infects humans.
Canine distemper virus infects dogs and cats.
Rinderpest virus infects cattle.
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Figure 45. Electron micrograph (negative staining) of Newcastle disease virus (x 120,000).
(By courtesy of Dr. Daniel Dekegel, Institut du Brabant, Brussels, Belgium.)

Pneumovirus (respiratory syncytial virus subgroup)

Respiratory syncytial virus infects humans.
Bovine respiratory syncytial virus infects cattle.
Pneumonia virus of mice.

VIRAL PROTEINS AND RNA

There are two types of spikes on the envelope of paramyxoviruses. Both are
glycoproteins: Type HN has hemagglutinating and neuraminidase activity;
type F induces cell fusion and hemolysis. There is a larger precursor protein
(Fo) to glycoprotein F that has been observed with Sendai virus and with
NDV. The M protein forms part of the virus envelope (table 5).

The molecular weight of the viral RNA is 5-8 X 10° and in the virion it is
associated with the P (RNA polymerase) and NP proteins forming the helical
nucleocapsid, 17-18 nm long and 5 nm wide.

Adsorption and penetration of virions into the cells

The virions attach to neuraminic acid-containing receptors (HN glycoprotein)
on the host cell membrane. After adsorption, the precursor Fo protein is
cleaved and fusion of the virion with the cell membrane is induced by the F
glycoprotein. A general feature of paramyxoviruses is that the precursor gly-
coprotein (Fo) undergoes proteolytic cleavage to yield two disulfide-bonded
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Figure 46. Electron micrograph of Sendai virus infected cell (X 40,000). Note the viral ribonu-
cleoprotein complexes in the cell cytoplasm.
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.)

glycoproteins (F; and F,). Activation of cell fusion, hemolysis, and the initia-
tion of infection is the result of a cleavage-induced conformational change in
which the two polypeptides form an active complex (the F protein) (Scheid
and Choppin 1977). It should be noted that cleavage of a precursor (HNo) to
the HN protein is also a precondition for its biological activity (Nagai and
Klenk 1977).

After entry of the nucleocapsid into the cytoplasm, the viral RNA-
dependent RNA polymerase is activated and transcribes the viral RNA minus
genome into RNA plus mRNA.
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Figure 47. Antigens of measles virus. a—c: Indirect immunofluorescent staining of HEP, cells in-
fected with measles virus; a—unfixed cells; b—acetone-fixed cells stained with anti-HL serum
and FITC-conjugated anti-IgG; c—cells fixed by drying and stained similarly; d—f: Immunodif-
fusion reactions of HA-HL complex and unpurified nucleocapsid (NC); 1, guinea-pig anti-HA;
2, rabbit anti-MP; 3, guinea-pig anti-HL; 4, guinea-pig anti-NC; 5¢, crude preparation of NC
treated with SDS; 5p, purified preparation of NC treated with SDS; 6, Tween-20 treated HA;
g—1, electron micrographs of NC treated with antisera; equal volumes of NC and antibodies
were incubated 1 hr at 37°C and the product applied to carbon-coated grids with 2% phos-
photungstate contrast stain; g-NC with guinea-pig anti-NC; h-NC with unabsorbed rabbit anti-
MP; i-NC with absorbed rabbit anti-MP.

(Fraser et al. 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W.]. Mahy and
R.D. Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 1, p. 778.)
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Table 5. Proteins present in the paramyxovirus

Molecular
weight
Protein (x 10%) Function
P 69 RNA polymerase
NP 56-61 In the nucleocapsid
M 38-41 Membrane protein
F 53-56 Cell fusion glycoprotein
Fo 65 Precursor to F glycoprotein
HN 67-74 Hemagglutinin and neuraminidase

(glycoprotein)

Viral RNA species in the infected cells

The virion genomic RNA has a sedimentation coefficient of 50S in sucrose
gradients, but in the cytoplasm of infected cells, viral RNA with sedimentation
coefficients of 18, 22, and 35 S are present. The 35 S molecule contains 70% of
the genetic information of the viral RNA. The 18 S RNA molecules have a
molecular weight of 5.5-15 X 10°. Each of these RNA species seems to
contain genetic information for one viral gene. Although not yet proven, it
appears that, even though the viral genome consists of one RNA molecule that
replicates in the cytoplasm, each viral gene operates by separately producing
the mRNA species. The nature of the enzyme that synthesizes the new prog-
eny of viral RNA minus genomes is not known.

Synthesis of viral proteins

Arginine must be present in the medium of cells infected with NDV for
the synthesis of virions. In the absence of arginine in the culture medium,
the nucleocapsids, hemagglutinin, and neuraminidase are synthesized, but the
process of budding of the nucleocapsids through the cell membrane is pre-
vented. As a result, red blood cells cannot adsorb to the arginine-deprived
infected cells and the hemadsorption test is negative. Addition of arginine to
the medium results in the formation of complete virions.

Defective virions

Incomplete virions are formed in infected cells during the course of virus
synthesis. Defective Sendai virions were found to contain a short RNA
genome with a sedimentation coefficient of 19-24 S. The complete RNA
genome has a sedimentation coefficient of 50 S. Large quantities of defective
virus are produced in chick embryos or cell cultures infected at a high multi-
plicity of infection, and these particles interfere with the replication of the
residual infectious virus.
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Persistent infection in cultured cells

Paramyxoviruses infect only some of the cells in culture, and the virus can
persist throughout a number of consecutive cell passages in vitro. This phe-
nomenon was described with Sendai, mumps, NDV, and simian virus 5 (SV5)
viruses.

Paramyxovirus mutants

Plaque morphology tnutants

PLAQUE SIZE MUTANTS. In uncloned virus stocks, it is possible to detect
plaques that differ in size. Purified virus clones have been obtained with dis-
tinct plaque morphology. However, in NDV, the plaque size property is
unstable.

MUTANTS CAUSING UPTAKE OF THE STAIN NEUTRAL RED BY INFECTED CELLS.
Wild type virus infected cells that form the plaque do not incorporate the dye
neutral red, and therefore the plaque can be seen as a transparent region in the
cell monolayer that stains red with the dye. Virus mutants were isolated from
the wild type stocks that caused infected cells to incorporate the dye and appear
as red plaques.

MUTANTS WITH OPAQUE PLAQUES. A spontancous mutant that gave opaque
plaques was described for NDV.

Ts mutants

Five complementation groups (A-E) were found among the ts mutants of
NDV. From Sendai virus, mutagenized with 5-fluorouracil (5FU), seven com-
plementation groups of ts mutants were obtained. Mutants of measles virus
were divided into four complementation groups.

DISEASES CAUSED BY PARAMYXOVIRUSES

Mumps in humans

Mumps virus infects children mainly and affects the salivary glands, especially
the parotid gland. The virus can also cause meningoencephalitis, orchitis,
oophoritis, and pancreatitis.

The virus replicates in the pharynx of the infected child and then spreads to
the salivary glands. The incubation period is 16—18 days, and the virus can be
isolated from the saliva or blood at the onset of symptoms as well as from the
urine. After recovery from the virus infection, the patient has lifelong immu-
nity. A live attenuated virus vaccine is available for immunization of children

(chapter 24).

Parainfluenza virus infections of humans

These viruses cause croup (laryngo-tracheo-bronchitis) and can be isolated in
cell cultures from throat washings of sick children. The presence of the virus in
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the infected cultures can be detected by hemadsorption of red blood cells to the
infected cells.

Newecastle disease in chickens

This virus infection appears as an epidemic in chicken flocks. The virulence of
the virus strains determines the severity of the epidemic. The virus spreads by
an airborne infection and infects healthy chickens via the respiratory tract. It
also infects the CNS, causing a meningoencephalomyelitis.

NDV can cause conjunctivitis in humans that heals spontaneously after 3—4
days.

MORBILLIVIRUSES

These viruses lack neuraminidase on the virion envelope and are therefore
unable to adsorb to neuraminic acid receptors. Measles virus is an exception; it
can hemagglutinate red blood cells.

Measles virus in humans

The virions have a pleomorphic shape ranging from 120-270 nm in diameter.
The nucleocapsid has a diameter of 17-18 nm with a central core of 5 nm. The
viral RNA has a molecular weight of 6.2 X 10° and a sedimentation coefficient
of 52 §S.

One of the virion proteins has a molecular weight of 60,000 and belongs to
the nucleocapsid (figure 46). This protein is cleaved by the proteolytic en-
zymes in the virion envelope into two proteins of 38 and 24 X 10’ daltons. A
70,000 dalton protein is also present in the nucleocapsid (Mountcastle and
Choppin 1977) and is probably the viral RNA polymerase (Seifried et al.
1978). The largest polypeptide (probably the HA protein of the envelope) has a
molecular weight of 79,000. Other envelope proteins are the M protein of
36,000 daltons and two proteins of 40,000 and 20,000 daltons which are proba-
bly the F; and F, proteins, respectively (Tyrrell and Norrby 1978). Measles
virus fuses cells less well than Sendai virus. Various properties of measles virus
are illustrated in figure 47.

The virus spreads as an airborne infection in droplets from the mouth. The
incubation period in the infected individual is 9-12 days, and the disease is
accompanied by fever, cough, conjunctivitis, and macules (Koplik spots) on
the mucosa. Three days later, a red rash appears on the face and head. In 10-
20% of infected children, otitis media appears, followed by pneumonia and a
secondary bacterial infection. Encephalitis appears in 1 out of 1,000 children
infected with measles virus. The disease is lethal in about 15% of the children
who develop encephalitis. Measles infection of the brain causes progressive
damage, including epilepsy and changes in personality. Subacute sclerosing
panencephalitis (SSPE) is a rare disease in children and young adults which
appears many years after the childhood measles virus infection.
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A live attenuated measles vaccine is available for the immunization of chil-
dren (chapter 24).

Hecht giant cell pneumonia

A lethal pneumonia characterized by multinuclear giant cells that appear in the
lungs was reported in children with malignant diseases and in children after
measles.

Damage to the immune system

In lethal infections of children with measles virus, destruction of the cortex of
the thymus was noted. The reason for this damage is not known, but measles
virus can infect lymphocytes in vitro.

Subacute sclerosing panencephalitis (SSPE)

This is a progressive and fatal CNS infection in children and young adults,
initially characterized by loss of intellectual faculties, followed later by paraly-
sis, myoclonic seizures, coma, and death. Pathological changes are those of a
diffuse (pan-) encephalitis in both the gray and white matter of the brain, areas
of demyelination, striking astrocytosis, inflammation, and neuronal loss.
Cowdry A inclusion bodies found in neurons and glial cells contain measles
virus nucleocapsids. In the serum and cerebrospinal fluid, a high titer of anti-
bodies to measles virus is found. Measles virus antigens are also found by
immunofluorescence and immunoperoxidase techniques in brain tissue from
SSPE patients. Cocultivation or cell fusion of SSPE brain cells with permissive
cells resulted in the isolation of measles virus (Horta-Barbosa et al. 1969). The
virus has been demonstrated in lymph nodes of SSPE patients (Horta-Barbosa
et al. 1971). About 50% of the SSPE patients were found to have had measles
before the age of two and the SSPE started at ten years of age.

Measles virus isolated from SSPE brains differs from the virus that causes
conventional measles in children. The RNA of the SSPE virus has only 60%
homology with the 18S RNA of measles virus, indicating only partial re-
latedness.

Respiratory syncytical virus (RSV)

This virus causes acute infections of the lower respiratory tract and epidemics
of broncheolitis in the winter. About 25% of childhood pneumonia in early
infancy is caused by RSV. The virus infection in newborn babies can be lethal.
No vaccine is available.
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15. SINGLE-STRANDED RNA MINUS VIRUSES WITH A
FRAGMENTED LINEAR GENOME: ORTHOMYXOVIRUSES

FAMILY ORTHOMYXOVIRIDAE

These virions (figure 48) are enveloped with a lipid membrane, are round or
elongated in shape, with a diameter of 80-120 nm. The viral proteins, hemag-
glutinin (HA) and neuraminidase (NA) are in the envelope (figures 49 and 50).
The nucleocapsid contains the RNA-dependent RNA polymerase, and a sin-
gle-stranded RNA genome is made up of eight distinct species with a total
molecular weight of between 4-5 X 10°. Each RNA molecule comprises one
gene. Genes are exchanged when recombination between different virus
strains takes place.

Genus influenzavirus
Influenza A, B, and C viruses

Human influenza virus A strains that cause epidemics or pandemics are desig-
nated according to the antigenicity of the hemagglutinin or the neuraminidase.
There are also influenza virus strains that belong to groups B and C found only
in man, but these are not associated with pandemics.

The group A viruses are designated according to the antigenicity of the HA
and NA antigens and the animal source of the virus. The H (hemagglutinin)
types include HO through H3 (human), HSW1 (swine), Heql and Heq2
(equine), HAV1 through HAVS8 (avian), and the N (neuraminidase) types

162
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Figure 48. Electron micrograph (negative stain) of influenza virions PR 8 strain.
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.)

include N1 and N2 (human), Neql and Neq2 (equine), and Navl through
Nav5 (avian). These surface antigens may be shared to give the following
strains: Hsw1N1 (swine), Heq2Neql, Heq2Neq2 (equine), and Hav1Neql,
Hav2Neql, Hav3Navl1, Hav4Navl, Hav5Nav2, Hav6N2, Hav7Neq2, Hav8-
Nav4 (fowl plague virus: respiratory infections in birds).

Melnick (1980) reported on the regrouping of the hemagglutinin and
neuraminidase subtypes of influenza virus: HO, H1 and HSW1 are named H1;
H2 is unchanged; new H3 replaces H3, Heq2, Hav7; new H4 instead of Hav4;
new H5 replaces Hav5; H6 replaces Hav6; H7 replaces Heql, Hav1; H8 re-
places Hav8; H9 replaces Hav9; H10 replaces Hav2; and H11 replaces Hav3.

N1 and N2 remain unchanged; N3 replaces Nav2, Nav3 and Nav6; N4
replaces Nav4; N5 replaces Nav5; N6 replaces Navl; N7 replaces Neql; and
N8 replaces Neq2.
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Figure 49. Electron micrograph (negative stain) of purified hemagglutinin and neuraminidase
subunits, aggregated into clusters by binding of hydrophobic regions (X 250,000).

(Laver 1976. Reprinted by permission from Influenza: Virus, Vaccines, Strategy. P. Selby, ed. Copyright by Ac-
ademic Press Inc. [London] Ltd. 1976, Fig. 3, p. 167.)

Viral proteins

Each of the eight RNA fragments constituting the viral genome codes for a
protein as shown in table 6 (Laver 1973; Palese and Schulman 1976; Ritchey et
al. 1976 a,b; Palese et al. 1977; Scholtissek 1978). The neuraminidase gene was
identified as the sixth RNA segment of A/PR8 virus and as the fifth segment of
A/Hong Kong virus, whereas the gene for the nucleoproteins was identified as
segment 5 of PR8 virus and segment 6 of Hong Kong virus, respectively. The
HA glycoprotein that is synthesizéd as the product of the fourth gene segment
is cleaved into two polypeptides HA1 and HA2 which are linked by a disul-
phide bond. The virions contain the RNA-dependent RNA polymerase that is
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Ol mm

Figure 50. Crystals of purified neuraminidase.
(Laver, 1978. Reprinted by permission from Virology 86, Fig. 2, p. 82.)
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Table 6. Proteins coded by various RNA species of influenza virus

Molecular Molecular
weight weight
RNA segment (x 10% Protein (% 10% Function
1 98-115 P3 100 Internal protein
2 95-99 P1 89-96 Internal protein
3 93-98 P2 80-83 Internal protein
4 73-85 HA 75-80 Hemagglutinin
5 64-70 NP 53-60 Nucleoprotein
6 57-64 NA 55-70 Neuraminidase
7 31-47 M 21-27 In the inner part of the
membrane
8 24-39 NS 23-25 Nonstructural protein

associated with three proteins in the ribonucleoprotein (RNP) complex. The
cellular RNA polymerase Il is essential for the infectious process in influenza-
infected cells.

Structure and organization of the influenza virus hemagglutinin gene

The complete nucleotide sequence of the HA gene was obtained by Porter and
associates (1979), using polyadenylation of the eight RNA components of fow]
plague virus (FPV) followed by incubation with the RNA-dependent DNA
polymerase (reverse transcriptase), using an oligo(dT) primer. Under these
conditions, full-length complementary double-stranded DNA copies (cDNA)
of the eight viral genes were obtained. The viral cDNA molecules, treated
with edonuclease S1 to remove ssDNA molecules, were ligated to the DNA of
the plasmid pBR322 cut with HindIIl using the HindIIl linker method. The
DNA mixture was used to transform E. coli strain K12HB101, and 13 colonies
of bacteria containing the plasmid were established. One plasmid pBR322-
FPV4-10 contained a large insert of about 1,700 nucleotides. The plasmid was
hybridized to a **P-labeled gene 4 probe. The DNA insert in the plasmid was
shown to be a nearly full-length copy of the HA gene.

Adsorption, penetration, and uncoating of viral RNA

The virions adsorb to neuraminic acid-containing receptors on the surface of
the cell membrane. The viral neuraminidase cleaves the cellular receptor and
the viral envelope fuses with the cell membrane so that the viral RNA is
released into the cell cytoplasm.

Viral RNA synthesis

The initiation of RNA synthesis within the viral RNP is dependent on the host
cell. In a-amanitin treated cells in which the cellular RNA polymerasc II is
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inhibited, synthesis of viral RNA is prevented. Similarly, treatment of infected
cells with actinomycin D, which binds to cellular DNA and inhibits tran-
scription, prevents the synthesis of viral RNA. It was suggested that cap
structures of the cellular mRNAs are cleaved and used as primers for the
initiation of the viral RN A-dependent RNA polymerase. The virion enzyme is
stimulated to initiate RNA synthesis by the dinucleotide primers ApG or GpG
(Bouloy et al. 1978; Skehel and Hay 1978).

The synthesis of viral RNA™ molecules that serve as mRNA occurs in the
RNP complex. The viral mRNAs released from the RNP complex are
translated by the cellular ribosomes. New viral RNA minus molecules are
synthesized by the RNA-dependent RNA polymerases that use the viral
RNA ™ molecules as templates.

Virion assembly

The newly synthesized viral proteins interact with the progeny viral RNA~
molecules to form the RNP complex. The mechanism that allows assortment
of the eight fragments into one viral RNP complex is not yet known. The viral
glycoproteins are inserted into the cytoplasmic membrane and, in due course,
into the outer membrane of the cell. The viral RNPs interact with the cell
membrane at sites where the viral M protein molecules are inserted. Attach-
ment of the RNP to the cell membrane causes the latter to undergo a budding
process whereby the RNP is enveloped by the cell membrane and released
from the infected cell.

The viral HA, a glycoprotein situated in the virion envelope arranged as
spikes on the virus surface, is a trimer of about 250,000 daltons. The mono-
mers of HA are made in infected cells as precursor polypeptides with the
addition of 18 amino acids at the N terminus. During maturation and virus
assembly, the precursor is cleaved to HA1 and HA2 polypeptides which are
linked by disulfide bridges. Cleavage of the HA glycoprotein is necessary for
the infectivity of influenza virions (Klenk et al. 1975).

Incomplete defective virions: von Magnus effect

Infection of chick embryos with large amounts of influenza virus leads to the
synthesis of defective virus progeny that interferes with the infectious process.
The reduction in infectivity caused by such virus particles is called the von
Magnus effect. Analysis of virion RNA revealed that one RNA gene is miss-
ing, thus leading to incomplete (defective) virus.

Plaque assay for influenza virus

Influenza virus can form plaques on monolayer cultures of chick embryo
fibroblasts only if the proteolytic enzyme trypsin is added to the culture
medium. The enzyme cleaves a protein in the virion envelope and allows the
virus particles released from the cells to infect neighboring cells (figure 51).
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Figure 51. Trypsin dependent plaque formation by WSN(HA) Turkey/Ontario (NA) recombi-

nants in chick embryo fibroblasts.

Upper row: 5 pg trypsin/ml. Lower row: No trypsin

A — Turkey/Ontario

B — WSN

C — Recombinant containing all RNA segments from turkey/Ontario except that coding for the
WSN hemagglutinin

D — Recombinant containing all RNA segments from WSN except that coding for the turkey/
Ontario neuraminidase

(Bean and Webster 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W.J. Mahy

and R.D. Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 3, p. 689.)

Influenza virus recombinants

Infection of the same cell with two influenza viruses leads to the appearance of
virus recombinants that contain RNA genes from both parent viruses. An
analysis of the RNAs in a recombinant derived from a dual infection with
influenza virus strains PR8 and HK is presented in figure 52. Table 7 shows the
relationship between the amount of virus obtained in embryonated eggs and
the gene arrangement in the recombinant viruses.

Mutants of orthomyxoviruses

Ts mutants of influenza viruses were found to belong to seven or eight recom-
bination-complementation groups. The hypothesis is that each recombination
group can be equated with any individual gene (Webster and Bean 1978).

Influenza in man

The virus infection starts with an upper respiratory tract infection and leads to
coughing, nasal excretions, and, in some cases, pneumonia. Different virus
strains differ in virulence (table 8).

Influenza persists as an uncontrollable infection in man because of the
changes that the HA and NA antigens undergo. This is referred to as antigenic
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Figure 52. Polyacrylamide gel analysis of the RNAs of a recombinant mixture obtained 8 hrs
after mixed infection of MDCK cells with influenza A/HK/8/68 and A/PR/8/34 viruses. Arrows
on the left indicate PR8 virus RNAs in the mixture; arrows on the right indicate HK virus
RNAs.

(Schulman and Palese, 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W. J.
Mahy and R.D. Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 1, p. 668.)



'SnIIA @y d Wolj oudd = { ‘snuia YH woly dwd = H,

S[[9d %UE?—X QUIAOQ Ul aInIXru .uﬁ%:@m € WO} PIAUIIP SIUBUIGUIOIIT Pauop (V.

('999 “d ‘g 21qeL ‘8L61 ‘'PIT ‘uopuo duf ‘ssaid drwapedy 4q 1yduidod

'spa ‘Aazeq ([ pue Ayen [\ € J]20) ISOF ayl puv sasmiiq puvds 2aupdaN woiy uotssiwiad Aq paunrday 'gL6| 2so[ed pue UBWNYDS WOL])

96¢C d H d d H H d H 14!
49 d H H d H d H H ¢l
8¢l d H d d H d d d cl
cls d d H H d d H H 11
96¢C H H H H d H H H (018
95¢ d d d H d H d H 6
41 d H d d d H H H 8
96¢C d H H H H H H H L
960y H d d d H d H H 9
[N} d d d d H d d d S
618 d d d d H d d d 14
w0618 d d d H d d d d ¢
618 d d d H d H H H 4
$8¢°91 d d d H d d d d I
101m VH SN W dN VN VH ¢d <d Id JUEBUIqUUODY

qUOEALIDP JUSD)

170

SOSIUIIA YH PUE 8 { JO SIUBUIQUIOIII JO uone[[21suod suad pue s335 pareuokiquid ur ppaif jo diysuonedy °£ dqelL



15. Orthomyxoviruses 171

Table 8. Influenza A viruses (or comparable serotypes) of defined human virulence
used in the study or from which recombinants were made

Known or

Surface Whether tested presumed
Name antigens Origin and passage in human trials virulence
A/PR/8/34 HO N1 Unrecorded passages Yes 0
A/Okuda/57 H2 N2 280 egg passes No +
A/Hong Kong/1/68 H3 N2 Few egg passes Yes +++
A/England/939/69 H3 N2 Isolate from clinical No +++

influenza

A/England/878/69 H3 N2 Few egg passes Yes ++ +
A/England/42/72 H3 N2 ” ” ” Yes +
A/Port Chalmers/1/73 H3 N2 ? ” ” Yes +++
A/Finland/4/74 H3 N2 ” ” ” Yes +++
A/Scotland/840/74 H3 N2 ” ” ” Yes +++
A/Victoria/3/75 H3 N2 ” ” ” No ++ +

(From Beare, et al. 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W.J. Mahy
and R.D. Barry, eds. Copyright by Academic Press, Inc. London, Ltd., 1978, Table 1, p. 747.)

Note: Testing in human trials consisted of inoculation into antibody-free volunteers and observation for clinical
effects, virus excretions and antibody rises. Virulence: + + + = capable of causing influenzal symptoms; + + =
local symptoms and constitutional symptoms; + = local symptoms only; = = overattenuation; 0 = non-
infectious. Only mild effects were observed with wild A/England/42/72, but it was difficult to find antibody-
free volunteers.

drift and in type A influenza virus it is believed to be due to selection, in an
immune population, of mutant virus particles with altered antigenic determi-
nants on the HA proteins (see chapter 25). Changes in the amino acid se-
quences of the HA of influenza A/Hong Kong virus over a period of nine years
(1968-1977) have been demonstrated (Laver et al. 1980).

Influenza virus vaccines

The available killed virus vaccines contain the currently known epidemic-
causing influenza virus strains. When a new influenza virus strain appears and
threatens to develop into an epidemic, a new vaccine must be prepared, but
influenza virus freshly isolated from man does not grow well in embryonated
eggs. To facilitate production of the new virus strains in large quantities,
recombinants between the new virus and an influenza strain capable of repli-
cation in embryonated eggs are made. A recombinant virus is selected that
contains the HA or NA of the new influenza mutant and all the other genes of
the adapted virus strain (Murphy et al. 1978). The recombinant virus is further
propagated in embryonated eggs and used for the production of inactivated
influenza virus vaccine (see chapter 24).

A new approach to vaccine production: cloning of the viral HA gene in bacterial plasmids.

Genetic engineering techniques can be used to clone any viral gene in bacterial
plasmids (see chapter 7). Expression of the viral gene in bacteria into which the
cloned plasmids have been inserted provides a method of large-scale produc-
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Figure 53. Orientation of FPV gene in plasmids pWT111, pWT121, and pBR322. A. Cleavage
of plasmid DNA with restriction enzymes and electrophoresis in agarose gels. Lane (a) contains
PM-2 DNA digested with HindIIl. The other lanes contain Pstl digests of various plasmids.

B. Structure of pWT121/FPV411(R). The plasmid shown contains the FPV-HA gene cloned at
the HindlIl site in the R orientation.

(Emtage et al. 1980. Reprinted by permission from Nature 283, Fig. 2, p. 172. Copyright © 1980 Macmillan

Journals Limited.)

tion of viral antigens. The bacteria produce the viral antigen as part of their
cellular proteins; the amount of the viral protein produced is 1-2% of the total
bacterial proteins. The viral protein can be purified by chromatographic
methods (e.g., columns containing specific antibodies to the viral antigen).
These methods could eliminate the need for cell culture and virus preparation
on a large scale for vaccine production. The bacterial fermentation unit could
have a library of bacterial strains with plasmids containing selected viral genes
from a number of viruses for the preparation of antigens as the need arises.
An example of the potential for such technology was recently reported
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(Emtage et al. 1980). The gene sequence for the hemagglutinin of fowl plague
virus was cloned in the pBR322 plasmid and was inserted into a bacterium
(figure 53). The viral HA gene was expressed in the bacteria and corresponded
to 0.75% of the bacterial proteins. The viral HA thus produced was antigenic
and could be detected by specific antibodies.

AMANTADINE: A POSSIBLE PROPHYLACTIC DRUG. Amantadine HCl was
found to be effective in the prophylaxis of influenza A but was ineffective
against influenza B. The drug is not really effective in curing influenza. This
drug is also useful in the treatment of Parkinson’s disease.

SWINE INFLUENZA VIRUS AND HUMAN INFLUENZA. A virus that resembled
swine influenza virus was isolated from a number of fatal influenza cases in the
United States. The results of the program to immunize the whole population
in the United States are discussed in chapter 24.
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16. SINGLE-STRANDED RNA MINUS VIRUSES WITH
A FRAGMENTED LINEAR GENOME: ARENAVIRUSES

FAMILY ARENAVIRIDAE

The virions are round or pleomorphic, with a diameter of 50-300 nm, and
have an outer lipid envelope with numerous surface projections or spikes. A
special feature of these virions is that they contain cellular ribosomes that are
enveloped together with the viral components. Three proteins are present in
the virions. The RNA genome is composed of five single-stranded RNA
minus molecules: two virus-specific molecules and three of cell origin. There
is a virion-associated transcriptase, as well as poly(U) and poly(A) RNA poly-
merases associated with ribosome fractions of detergent-disrupted virus. Virus
particles are formed by budding through the cell membrane.

Genus Arenavirus (LCM virus group)

Lymphocytic choriomeningitis (LCM: the prototype, worldwide distribution)
Lassa (West Africa)

Tacaribe complex includes:

Tacaribe (Trinidad)

Tamiami (Florida)

Machupo (Bolivian hemorrhagic fever)
Junin (Argentinian hemorrhagic fever)
Pichinde (Colombia)

Amapari (Brazil)
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Parana (Paraguay)
Latino (Bolivia)

The name arenavirus is derived from the Latin arenosus, meaning sandy—the
description of the morphology of the virions in the electron microscope.

Tacaribe virus, which was isolated from bats, does not cause any disease in
man.

Viral RNA and proteins

Comparison of three viruses—Pichinde, Tacaribe, and Tamiami—revealed
that the viral RNA is made of one large (L) RNA molecule of 3.2 x 10°
daltons (31S) and one small (S) molecule of 1.6 X 10° daltons (22S) (Vezza et
al. 1978). The additional RNA molecules (28 and 18S rRNA and 4-6S) are
derived from the cellular ribosomes which are incorporated into the virions.
Tacaribe and Tamiami virions have a major N protein in the nucleocapsid
with a molecular weight of 68,000 and 66,000, respectively, and a single
glycoprotein G in the envelope of 42,000 and 44,000 daltons, respectively, as
well as some minor protein species (Gard et al. 1977). In the Pichinde virions,
in addition to the major N protein of 66,000 daltons, there are also G1 (64,000
daltons) and G2 (38,000 daltons) external glycoproteins, as well as minor
proteins. LCM virions contain the N protein (63,000 daltons) and the GP1
(54,000 daltons) and GP2 (35,000 daltons) glycoproteins (Buchheimer et al.
1978). The viral RNA is synthesized in the cytoplasm of the infected cells
where a nonstructural protein (GP-C) of 74-75,000 daltons was found in LCM
virus preparations. This protein may be a precursor to the G1 and G2 proteins.
Virus replication is dependent on the cellular RNA polymerase II.

Defective interfering virus

Infection of the hamster cell-line BHK-21 with LCM virus leads to the appear-
ance of noninfectious defective virions. In these particles, the viral RNA is
shorter than the wild type viral RNA, and the virions do not contain ribo-
somes (Pederson 1978).

Virus recombination

High-frequency genetic recombination occurs with ts mutants of Pichinde
virus. This is a characteristic of RNA viruses with a segmented genome such as
bunyaviruses, influenzaviruses, and reoviruses (Vezza and Bishop 1977).
DISEASES CAUSED BY ARENAVIRUSES

Three of the ten known arenaviruses cause disease in humans with a high
mortality rate.

Lymphocytic choriomeningitis

LCM virus is the most extensively studied of the arenaviruses. The domestic
mouse is the natural host of LCM virus. Mice are usually infected shortly after
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birth and become lifelong carriers of LCM virus (reviewed by Hotchin 1971;
Lehmann-Grube 1971). Considerable amounts of the virus are found in all
organs, including the blood. Many of these asymptomatic LCM-carriers de-
velop a progressive runting syndrome before or at one year of age which has
subsequently been attributed to chronic glomerulonephritis from local deposi-
tion of circulating LCM virus antibody complexes (Oldstone and Dixon
1970). Humans are infected with LCM virus mostly in the late autumn and
early winter when mice excreting the virus in their urine come indoors.

Pet hamsters have been shown to be a source for human infection with LCM
virus (Hirsch et al. 1974). LCM virus usually produces a self-limiting
pneumonitis but in rare instances spreads to the CNS to produce aseptic men-
Ingitis.

Acute LCM can be produced in weanling and adult mice, but not in new-
borns, by intracerebral inoculation of virus. This increased susceptibility of
older mice to intracerebral infection with LCM virus, combined with the
ability of mice infected during gestation or within 24 hours of birth to survive
despite widespread systemic infection, was presumptive evidence that acute
LCM disease was immunopathologic.

Multiple investigations demonstrated that acute LCM might be prevented
by various immunosuppressive regimens, even though virus titers were the
same in both asymptomatic, immunosuppressed, and in dying nonim-
munosuppressed LCM virus-infected mice. Clinching evidence that acute
LCM disease in mice was immune-mediated was provided by the ability of
LCM virus-sensitized spleen cells transferred to syngeneic recipient mice to
cause these asymptomatic cyclophosphamide-induced LCM virus carriers to
die of acute choriomeningitis (Gilden et al. 1972). Incubation of these LCM
virus-sensitized immunocytes (spleen cells) with anti-theta serum (which de-
pletes the population of thymus-derived T lymphocytes), prior to adoptive
transfer of these cells to LCM-infected syngeneic recipient mice, inhibited the
ability of the transferred cells to produce acute LCM. This indicates that the
immunopathology of acute LCM disease is in part T-cell dependent (Cole and
Nathanson 1974).

Acute hemorrhagic fever

In Argentina and Bolivia, this disease is caused by Junin and Machupo viruses,
respectively. The disease starts with fever of several days’ duration and is
followed by viremia accompanied by hemorrhages and shock. Between 10—
50% of patients die. Pathologic changes are found mostly in the kidneys, but
often also in the CNS. After one—three weeks from onset of the disease,
antibodies appear in the blood.

Lassa virus

This virus causes human infections in Africa (Nigeria, Liberia, and Sierra
Leone). The virus came to the attention of the medical world in 1969 when
three U.S. missionary nurses working in Lassa, Northern Nigeria, contracted
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the disease (Buckley and Casals 1978). This disease, which is highly fatal, is
manifested by a fever lasting two—three weeks, pleural and peritoneal effu-
sions, acute arthritis, and encephalitis. During the disease period, IgM and IgG
antibodies appear in the blood. The virus is transmitted by nose and mouth
excretions.
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17. SINGLE-STRANDED RNA MINUS VIRUSES WITH A
FRAGMENTED CIRCULAR GENOME: BUNYAVIRUSES

This is a taxonomic subgroup of arboviruses since these viruses have circular
fragmented RNA minus genomes.

FAMILY BUNYAVIRIDAE

These are round virions with a lipid envelope and a diameter of 90-100 nm.
The lipid envelope contains at least one viral glycoprotein and covers an elon-
gated ribonucleoprotein. The viral RNA ™ genome is made up of three circular
ssRNA molecules of 3, 2, and 0.5 X 10° daltons. The virions are formed by
budding through smooth membranes in the Golgi region of the infected cell.

Genus Bunyamwera supergroup (Bunyavirus)

Bunyamwera virus (114 antigenically related virus strains, arranged into 13
subgroups, mostly mosquito transmitted). Other members include the
Anopheles A group, Bunyamwera group, Bwamba group, C group, Califor-
nia group, Capim group, Guama group, Koongol group, Simbu group, and
several other groups.

Unnamed genera

There are at least 95 viruses in 11 serological groups. Members are transmitted
by ticks or mosquitoes. These genera include: Uukuniemi group, Anopheles B
group, Bakau group, Crimean hemorrhagic fever, Congo group, and several
other groups.
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Table 9. Bunyaviruses: viral RNA and proteins

RNA Protein
molecular weight x 10° molecular weight x 10?

Virus L M S L G1 G2 N
Uukuniemi 2.3-4.1 1.0-1.9 0.4-0.88 170 75 65 25
La Crosse 2.9 1.6 0.4 180 110-120 35-39 25
Lumbo 29 2.0 0.5 — 115 35-38 22-25
Snowshoe hare 2.8-3.0 1.6-1.9 0.41-0.45 — 115 38 21
Main drain 3.1 2.0 0.4 — 115 38 21
Bunyamwera 3.0 1.9 0.34 — 115 30-38 19-23
California 6.7 22 0.4 — 82-125 30-39 17.5-25

encephalitis

(BFS-283)

(After Obijeski and Murphy, 1977.)

The name Bunyamwera comes from a place in Uganda where the type species
was 1solated.

Viral RNA and proteins

The viral genome is divided into three RNA minus circular molecules (large,
medium, and small: L, M, S) that code for four polypeptides. The relationship
between the size of the viral RNA and the polypeptides coded from them is
presented in table 9. Protein L is found in small amounts in the viral nucleocap-
sid; N is a major protein of the nucleocapsid; G1 and G2 are external mem-
brane glycoproteins of the virions.

The ribonucleoprotein (RNP) complexes (nucleocapsids) were isolated from
Uukuniemi virions and by centrifugation in sucrose gradients were resolved
into three components with sedimentation coefficients of 150S (L), 120S (M)
and 90S (S) (figure 54). Electron microscopy revealed that the RNP complexes
have a circular conformation. Each nucleocapsid size class contains its corre-
sponding size class of RNA—namely, 29S (L), 22S (M), and 19S (S). The S
RNA codes for the N protein and the M RNA codes for the G1 and G2
polypeptides (Gentsch and Bishop 1978, 1979).

RNA-dependent RNA polymerase in the virions

This enzyme was isolated from purified virions of Uukuniemi and Lumbo
viruses (Ranki and Pettersson 1975; Bouloy and Hannoun 1976). The RNA
molecules synthesized by the enzyme are complementary to the viral RNA
minus genome. The enzymatic activity was inhibited by pancreatic RNase.

Virus replication in infected cells

The viral mRNA species that are translated by the cellular polyribosomes have
sedimentation coefficients of 32S, 24S, and 14S. Viral nucleocapsids are
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formed in the cell cytoplasm and they have sedimentation coefficients of 105S,
85S, and 45S. The four viral proteins of La Crosse virus (L, G1, G2, and N)
could be identified in the cytoplasm, the site of virus replication (see Obijeski
and Murphy 1977). Defective interfering particles are produced in Bunyamw-
era virus-infected cells (Kascsak and Lyons 1978).

Virus recombinants

Recombinants between two Bunyaviruses are obtained when two viruses in-
fect the same cell. The viral recombinants contain RNA molecules of both
viruses (Gentsch et al. 1977).

DISEASES IN MAN AND ANIMALS
Rift Valley fever (RVF)

This is a viral disease of ruminants, rodents, and man. RVF virus is transmit-
ted by the bite of mosquitoes. The disease was first described in the Rift Valley
in Kenya in 1912 and since then it has been noted in Uganda, Rhodesia, South
Africa, Zambia, Mozambique, Somalia, Sudan, and more recently, in Egypt
(Ellis et al. 1979).

RVF primarily affects domestic animals, causing abortion in pregnant
sheep, cows, and goats, and has an exceptionally high mortality in young
lambs and calves. Sheep are the animals most sensitive to RVF infection
whereas cattle are less susceptible. Buffalo and camels develop a slightly differ-
ent disease, and goats can also be infected, as can rats and other rodents, for
which the virus is fatal. Rabbits, horses, donkeys, and pigs are resistant and do
not develop the disease. The acute stage of the disease in young animals is
accompanied by vomiting, bloody diarrhea, and weakness. Virus can be found
in the blood, liver, and spleen, but the damage is predominantly in the liver.

Transmission of virus

Mosquitoes such as Aedes or Culex are the transmitters of RVF virus in Africa.
In addition to insect transmission, humans are infected by direct contact with
blood or tissues of diseased animals since in viremic animals a high virus
concentration is present in the blood.

The symptoms of the disease in man resemble those of influenza, starting
with fever, tremors, vomiting, muscle ache, and headache. Complications can
occur in the retina, followed by partial blindness.

Virus stability

The virus is stable under hot climatic conditions. In a blood sample, the virus
can be kept for one year at 4°C, three months at room temperature, and 24 hr
at 37°C or in the sun. Heat inactivation at 56°C requires 40 min to destroy the
infectivity of the virus. The virus can also be inactivated by a 1:1000 dilution of
formalin or by pasteurization.
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Figure 54. Separation of Uukuneimi virus ribonucleoprotein complexes by centrifugation in a
sucrose gradient. The virus labeled with *?P was disrupted with Triton X-100 and the released
ribonucleoproteins separated on a linear sucrose gradient. A standard assay for polymerase activ-
ity was performed and the incorporation of >H-UTP was determined.

(Ranki and Petterson 1978. Reprinted by permission from Negative Strand Viruses and the Host Cell. B.W.].
Mahy and R.D. Barry, eds. Copyright by Academic Press Inc. [London] Ltd. 1978, Fig. 3, p. 362.)

Diagnosis

Isolation of the virus in laboratory animals is achieved by injecting a liver or
brain suspension from diseased animals into mice, which develop hepatitis as a
result.

Serological tests like agar diffusion, complement fixation, hemagglutination
inhibition, or neutralization are used to identify the isolated virus. The antigen
used is inactivated virus. Serum antibodies to the virus obtained from infected
animals that survived the infection are used to identify RVF.
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Vaccines and vaccination

A killed virus vaccine similar to the Salk polio vaccine is available for the
immunization of humans in those regions where RVF virus occurs. A live
attenuated virus vaccine was developed in the Veterinary Research Laborato-
ries in Kenya to immunize sheep. It is inadvisable to use these vaccines in
virus-free countries so as not to mask a naturally occurring epidemic.

Prevention of virus spread

RVF, which is a life-threatening disease in humans and sheep, is spread by
mosquitoes, making eradication of the virus virtually impossible. Prevention
of virus spread, as recommended by the United Nations Food and Agriculture
Organization, involves:

1. Spraying all airplanes coming from RVF enzootic countries with insec-
ticides.

2. Transport of live sensitive animals from enzootic countries is prohibited.
3. If the disease is diagnosed in animals, the whole area should be sprayed with
insecticides. Animals must be kept under conditions that repel insects.

4. All dead animals must be buried. Consumption of meat from infected

animals is prohibited.
5. Migration of herds from an infected area to an uninfected area is prohibited.
6. In an enzootic area, humans and animals must be vaccinated.

Sandfly fever virus

This virus is prevalent in the Mediterranean basin and is transmitted by sand-
flies. The natural hosts are birds.

Crimean hemorrhagic fever

This fever occurs in Central Asia and Africa and is transmitted by ticks.
Mammals are the natural hosts.

California encephalitis virus

This virus is prevalent in North America and is transmitted by a mosquito.
The virus reservoir is in rabbits and rodents.
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D. VIRUSES WITH SINGLE-STRANDED RNA PLUS GENOMES



18. RNA PLUS GENOME THAT SERVES AS
MESSENGER RNA: PICORNAVIRUSES

FAMILY PICORNAVIRIDAE

The virions are spherical particles with no envelope or core and a diameter of
20-30 nm. The icosahedral capsid consists of 60 copies of coat proteins VP1
and VP3, 58-59 copies of VP2 and VP4, and 1-2 copies of VPC, the precursor
to VP2 and VP4. The virions contain a single-stranded RNA* genome of 2.6
X 10° daltons. The unique property of this virus is the ability of the plus strand
viral genome to serve as messenger RNA in the infected cell. After release
from the virions in the cytoplasm, the viral RNA interacts with the cellular
ribosomes and serves as templates for the synthesis of the viral proteins.

Genus Enterovirus

These viruses are resistant to acid conditions (as low as pH 3) and are therefore
able to replicate in the alimentary tract after passing through the stomach.

Human viruses

Human polioviruses 1-3.

Human coxsackieviruses A1-22, 24 (A23 =echovirus 9).
Human coxsackieviruses B1-6.

Human echoviruses 1-9, 11-27, 29-34.

Human enteroviruses 68-71.

Hepatitis A is a possible member.
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188 II. Virus families

Animal viruses

Bovine enteroviruses 1-7

Porcine enterovirus 1-18

Simian enteroviruses 1-18
Murine poliovirus

Genus Cardiovirus (EMC virus group)

Encephalomyocarditis (EMC) virus
Murine encephalomyelitis
Mengoviruses (probably same as EMC virus)

Genus Rhinovirus

Human rhinoviruses 1A, 2—-113
Bovine rhinoviruses 1-2

These viruses are unstable below pH 5.

Genus Aphthovirus
Foot and mouth disease virus strains O, A, C, SAT 1, 2, 3, Asia 1 (Figure 55)

These viruses are unstable below pH 7.

Equine rhinoviruses 1-2 (not yet assigned to genus)

There are also a number of unclassified picornaviruses of invertebrates. The
name picorna is derived from pico (micromicro) and the suffix RNA.

Properties of poliomyelitis virus

The diameter of the virion is 30 nm with a molecular weight of 8.6 X 10°. The
viral single-stranded RNA genome has a molecular weight of 2.6 X 10° a
polyadenosine residue is attached at the 3’ end of the molecule (Yogo and
Wimmer 1972). A small virus-coded protein (designated VPg) of >7,000
daltons (Lee et al 1977) is covalently linked to the genome through a tyrosine
residue and a phosphate attached to the first nucleotide at the 5" end of the
RNA molecule:

VPg-tyr-O-P-O-UUAAAACAG . . .

An enzyme that cleaves the bond between tyrosine and phosphate was found
to be present in animal cells.

ADSORPTION AND UNCOATING OF THE VIRAL RNA. The virions adsorb to a
specific receptor on the cell membrane and are incorporated by pinocytosis
into the cytoplasm where they appear in phagocytic vacuoles. The coat pro-
teins are digested by the cellular proteolytic enzymes which enter the vacuoles,
and the viral RNA genomes are uncoated and released into the cytoplasm. Of
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Figure 55. Electron micrograph (negative staining) of virions of foot and mouth disease virus
(FMDV).
(By courtesy of Dr. Daniel Dekegel, Institut Pasteur du Brabant, Brussels, Belgium.)

these genomes, 94% are digested by the cytoplasmic nucleases. The remaining
viral RNA genomes attach to cellular ribosomes and serve as mRNA in the
translation process. Because of the degradation of the viral RNA by the cellular
nucleases, 100 virions are required for the production of 1 plaque (i.e., 1 pfu).

GENE IN CHROMOSOME 19 DETERMINES THE CELL SENSITIVITY TO POLIO-
VIRUS. The use of human-mouse cell hybrids made it possible to demon-
strate that a gene in human chromosome 19 codes for the protein that is the
virus receptor on the outer surface of the cell membrane (see chapter 4). The
properties of this cellular gene and its protein product are still to be studied.

Synthesis of viral RNA

Two poliovirus-specific RNA polymerase activities were identified: a poly(U)
polymerase and a replicase (Flanegan and Baltimore 1979; Dasgupta et al.
1980). The virus-coded RNA-dependent RNA polymerase (replicase) and
poly(U) polymerase both have the same polypeptide component of 63,000
daltons designated p63. Synthesis of poliovirions and mRNA takes place in a
replication complex that consists of the replicase and a replicative intermediate
(RI), which is composed of one complete strand of complementary (negative-
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Figure 56. Schematic representation of terminal structures of poliovirus RNAs. The arrows (I,
11, and III) suggest the relationship between different RNA structures. Whether structure (A) or
(B) of polio RI functions in vivo is unknown, but structure (B) certainly arises upon deproteini-
zation of structure (A). The 3'-end of minus-strand RNA of RF terminates in

... GUUUUAA 6y, which we assume is true for all minus strands.

(Kitamura et al. 1980. Reprinted by permission from Ann. NY Acad. Sci. 354, Fig. 3, p. 188.)

strand) RNA that has several nascent chains of plus-strand RNA attached
(Flanegan and Baltimore 1979). The VPg protein is covalently linked at the 5’
end to all nascent strands of the RI, to the minus-strand RNA of the RI, as well
as to the replicative form (RF) (Pettersson et al. 1978; Kitamura et al. 1980).
While the RI of poliovirus is involved in the synthesis of single-stranded
progeny RNA, the polio RF has been shown to be a by-product of replication:
the RF is formed as a result of a nascent strand annealing to template RNA,
thus generating double-stranded RNA (Nomoto et al. 1977).

Since all newly synthesized viral RNA species are protein-bound (except
mRNA) (figure 56), it has been suggested that VPg acts as a primer in the
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initiation of RNA synthesis (Flanegan et al. 1977; Kitamura et al. 1980). It has
also been proposed that VPg undergoes proteolytic cleavage at the moment of
initiation of RNA synthesis. Using rapid sequencing techniques as illustrated
in figure 57, the primary nucleotide sequence of the entire single-stranded
genome of poliovirus type 1 was determined (figure 58) (Kitamura et al. 1980,
1981; Semler et al. 1981).

Messenger RNA

The mRNAs of a number of animal viruses contain a capping group of meth-
ylated nucleotides with the general structure m’G(5")ppp(5')N™p at the 5 ter-
minus. This capping group, which is important for viral protein synthesis, has
not been identified in poliovirus mRNA, and it appears that pUp is the 5'-
terminal structure (Nomoto et al. 1976; Hewlett et al. 1976). Viral mRNA
differs from virion RNA 1in that it lacks VPg; it is formed by removal of VPg
from the phosphate residue at the 5'-terminal nucleotide without loss of infec-
tivity.

Inhibition of cellular protein synthesis

Infection with poliovirus leads to inhibition of cellular protein synthesis at an
early stage of infection. The site of inhibition of host protein synthesis is
located on the host polyribosomes (Kaufmann et al. 1976). With eukaryotic
mRNA, an initiation factor (elF-4B) interacts with the capped 5’ end of the
molecule for translation to occur and the capped 5" end is important for ribo-
some recognition of mRNA. Since poliovirus mRNA lacks a 5" end, the 5'-
cap-dependent recognition mechanism has to be bypassed; inactivation of an
initiation factor involved in 5'-cap recognition would then favor poliovirus
mRNA translation. Thus it appears that inactivation of the eIF-4B initiation
factor is the mechanism by which poliovirus infection selectively inhibits the
translation of host cell proteins (Rose et al. 1978).

Synthesis of viral proteins and virions

For translation of mRNA, the ribosomes must attach at a binding sequence at
or near the 5" end and move along the molecule from the initiation site to the
termination codon at the 3’ end. The nucleotide sequence is translated, and the
corresponding viral propeptide is synthesized. The viral propeptide is then
cleaved (processed) by proteolytic enzymes, as shown in figure 59 (Kitamura
et al. 1981). The polypeptide map has been divided into three regions: P,
corresponds to the region that produces the four capsid polypeptides VP1,
VP2, VP3, and VP4; P2 corresponds to the central portion of the genome; and
P3 to a group of nonstructural polypeptides that include the putative protein-
ase P3-7c, VPg, and the RNA-dependent RNA polymerase P3-4b.
Assembly of the poliovirus shell is a three-stage process (figure 60): Proto-
mers form pentamers (five uncleaved protomers form a 13S pentamer); penta-
mers are cleaved; and a dodecahedron is formed. Virions are formed in two
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Figure 57. Strategy to determine the primary structure of poliovirus RNA. Separation of RNase
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polymerase I. DNA synthesis is terminated randomly by dideoxynucleoside triphosphates
(ddNTP) and the fragments are separated by gel electrophoresis. This method can be applied to

the sequence determination of any high molecular weight RNA.
(Kitamura et al. 1980. Reprinted by permission from Ann. NY Acad. Sci. 354, Fig. 4, p. 189.)
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additional steps: The RNA-VPg genome is encapsidated to form a provirion of
12 pentamers which then undergoes maturation cleavage to finally yield infec-
tive virions. During the final stage, the four capsid proteins (VP1 to VP4) are
formed (Rueckert 1978).

Phenotypic mixing of picornaviruses

Infection of one cell with two viruses (e.g., polio and Coxsackie viruses) leads
to the replication of both viruses at one cytoplasmic site. No genetic recombi-
nation between the two viral RNA genomes takes place, but the newly formed
virions contain one of the two RNA genomes in a capsid made up of capso-
meres donated by both viruses. Phenotypically mixed virions are not neutral-
ized by antiserum to one of the viruses, and antibodies to both viruses are
needed to neutralize this phenotypically mixed virus.

POLIOMYELITIS VIRUS AS A HUMAN PATHOGEN

Studies by A. Lwoff revealed that poliovirus strains differ in their ability to
replicate at low (37°C) and high (41°C) temperatures. This property of
poliovirus was further investigated by H. Koprowski and A. Sabin and led to
the development of avirulent mutants of poliovirus. The poliovirus plaques
that developed at 41°C were found to be avirulent, as compared to the plaques
formed at 37°C, which are highly virulent. Sabin selected the strains of the
three poliovirus types (1, 2, and 3) which were able to grow at 41°C and used
them to develop the avirulent live virus vaccine. The Sabin attenuated
poliovirus vaccine which came into use throughout the world in 1957 (see
chapter 24) was preceded by the formalin-inactivated virus vaccine developed
by Jonas Salk. Immunization of children with poliovirus vaccine stopped the
spread of the disease.

Poliovirus, which is found in sewage, affects children and adults, leading in
most cases to an inapparent infection that results in lifelong immunity. In some
infected individuals, the disease is accompanied by fever, sore throat, head-
ache, and vomiting. In severe cases, symptoms include muscular aches, fol-
lowed by stiffness of the neck and finally paralysis of the legs and/or arms, as
well as of the diaphragm. Patients aftlicted with paralysis of the diaphragm
were kept in mechanical respirators (iron lungs) to assist them in breathing.
The paralysis is due to the destruction of CNS neurones. The virus replicates
in the intestine from where it enters the blood stream and penetrates into
certain defined regions of the CNS.

The extent of poliomyelitis past and present

Until 1955, the poliomyelitis virus caused epidemics all over the world. In
1955, 76,000 poliomyelitis patients were reported in the United States,
Canada, Australia, New Zealand, USSR, and 23 European countries. After the
introduction of the inactivated Salk vaccine and the Sabin attenuated vaccine
for large-scale immunization, a sharp decline occurred in the extent of the
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