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PREFACE

The importance of viruses as infectious biokyber-
netic elements is connected by their importance as model
systems for the investigation of virus-cell interactions
at the molecular 1level. Undoubtedly, the application of
this powerful tool 1led to the discovery of certain
cellular genes. So far as Iridoviruses are concerned,
they are biologically and genetically fascinating and
their investigation allows us unambiguously to learn so
much more about the natural strategy of evolution, for
example the architecture of viruses, genomic organiza-

tion, and particularly viral replication.

Iridoviruses are icosahedral cytoplasmic DNA

containing viruses belonging to the family Iridoviridae

and are able to infect ©protozoa, algae, 1invertebrates,
and vertebrates. The iridoviruses are ubiquitous 1in
nature, have been found on all continents of the world

and have been isolated from a variety of insect species.
The discovery of the circular permutation and terminal
redundancy as a genomic feature of several members of the
Iridoviridae is of special importance, since such genomic
arrangements and organization had been known only for
prokaryotic viruses since the beginning of this decade.
The other very intriguing genomic property common in two
members of this virus family (Frog virus 3 and Fish
lymphocystis disease virus) is the high degree of methy-
lation at CpG residues. The toxic effect of the viral
proteins on the liver Kupffer cells found for Frog virus
3 and Chilo iridescence virus is another interesting
phenomenon of this virus family which deserves more
attention. A chapter on this topic has therefore been
included 1in the book.

It is now generally accepted that African swine fever

virus as the fifth genus of the Iridoviridae family
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should be separated from the other genera due to its
genomic feature which contains a terminally cross-1linked
nonpermuted 1linear double-stranded DNA molecule. This
genomic organization is characteristic for the members of
the Poxviridae family. Two contributions on this subject
will give the reader the basic information necessary for

understanding this very sophisticated phenomenon.

Molecular biology and related disciplines have
progressed to a remarkable degree in the last decade and
are powerful and efficient instruments for the discovery
of viral genes. The prime objective of this book is to
summarize the recent data on the molecular biology of the
iridoviruses which should demonstrate the state and the
progress of iridovirus research which indeed merits more
fundamental support. However, there are still too many
authorities involved in managing and evaluating research
grants who believe that their prime and overriding
mission 1s to support only those investigations which
seem to be of immediate benefit. I hope that reading
this book will help to create new understanding within
the 1inter-connected disciplines of basic science and
inspire colleagues working in the field of virology. This
book contains original studies and can be considered as a
contribution to modern education in biology. Of course
such way of thinking is not innovative for basic science.
The book is addressed primarily to professional investi-
gators, though I hope that junior and senior scientists
who seek to know the actual progress in virology may also
find it of interest. Each chapter -endeavours to present
concise data of those aspects of most interest +to the
scientist and key literature references are provided for

those who wish to read further.

I am particularly indebted to Professors Rudolf Rott

and Walter Doerfler, and the Deutsche Forschungsgemein-



xiii

schaft for supporting the molecular biological research
on iridoviruses in Germany. Without their efforts the
development and progress of this field in this country
and consequently the editing of this book would not have

been possible.

I wish to thank all the contributors of this volume.
I have the privilege of particularly thanking my friend
Professor Yechiel Becker who gave me the opportunity to
edit this volume in his series "Developments in molecu-
lar virology". The editorial assistance of Julia Hadar
and Karl Raab, and the -excellent secretarial help by
Barbara Holder, Dragica Lehmann, and Gudrun Pohle are

much appreciated.

Gholamreza Darai
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TAXONOMY OF IRIDOVIRUSES
DAWN B. WILLIS

Department of Virology and Molecular Biology, St. Jude
Children’s Research Hospital, Memphis Tennessee 38101, USA

ABSTRACT

Originally grouped together on the basis of morphology,
the iridoviruses are now beginning to reveal biochemical and
genetic similarities--e.g. circularly permuted and terminally
redundant genomic DNA--that set them apart from other eukary-
otic virus groups and justify their inclusion in the same

family.

BACKGROUND

The classification of viruses into taxonomic groups is a
troublesome area of virology, even when there is a large
background of information on the nucleic acid sequences,
structure, and mode of replication. In the case of the
iridoviruses, where very few comparative studies have been
carried out, the problem is even more complex. The goal of
any classification scheme is to place organisms that are
closely related on morphological and biochemical grounds into
groups that reveal evolutionary and phylogenetic relation-
ships and, in addition, provide a convenient system of
nomenclature. These concepts have served well for the
classification of higher plants and animals, where there are
fossil records stretching back millions of years, but are
hardly adequate for establishing relationships among viruses,
which probably do not have a common ancestry or evolutionary
history (1). A relationship of viruses to cellular elements
is as plausible as a relation of viruses to each other, and
any classification of viruses is bound to be an artificial
scheme set up with the main view of facilitating communica-
tion among virologists.
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In the early days of virology, nomenclature consisted of
giving the name of the disease produced in the host followed
by the word "virus." But in the early 60’s, as more informa-
tion about viruses became available, the desirability of a
nomenclature that grouped viruses with similar characteris-
tics was apparent. Lwoff et al. (2) used the properties of
the nucleic acid (RNA or DNA, single or double stranded) plus
the presence or absence of an envelope to describe 7 major
virus "groups." The International Committee on Nomenclature
of Viruses, established in 1966 to bring some semblance of
order to the haphazard naming of viruses by individual
investigators, proposed a dual system of nomenclature

consisting of generic names ending in -virus for individual

virus groups and eight digit cryptograms that attempted to
describe each virus according to a conventional key (3).
Virologists were almost unanimous in their refusal to use
this system, and by the time the committee (now called the
International Committee on Taxonomy of Viruses, or ICTV) met
in 1979, the cryptogram system was abandoned in favor of the
classic Linnaean latinized binomial genus-species nomencla-
ture (4). The new international nomenclature purportedly
gave order and structure to virus research because it
permitted scientists to use universally agreed upon names for
the different virus groups, but in practice, most virologists
continue to use the original vernacular names.

As mentioned earlier, the establishment of a satisfac-
tory taxonomy for iridoviruses has been greatly complicated
by the fact that there is, to date, no good evidence for any
member of this group infecting humans or even mammals. The
one possible related mammalian virus, African Swine Fever
Virus (ASFV), has recently been shown to be more closely
related to poxviruses than to iridoviruses (5). Thus,
interest in securing the kind of nucleic acid sequence data
that would advance the classification of iridoviruses has
lagged considerably behind that in virus families whose
members infect higher orders of animals. However, the
biochemical evidence that is available suggests that
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iridoviruses not only occupy a unique biological niche
between nuclear and cytoplasmic DNA viruses, but have

features similar to prokaryotic viruses as well.

IRIDESCENT INSECT VIRUSES

The first "iridovirus" to be described was the irides-
cent insect virus discovered by C.F. Rivers in 1954 in
infected larvae of the crane fly Tipula paludosa in the
fields of Shropshire, England (reviewed in 6). Because of
the blue coloration conferred on systemically infected
larvae, the term Tipula iridescent virus was applied to this
early isolate. As a result of pioneering studies on this
virus (7,8,9), Tipula iridescent virus became the prototype
for similar iridescent viruses infecting insects. Several
other insect viruses were subsequently isolated that shared
common characteristics-- iridescence, large (120-200 nm)
size, icosahedral morphology, and the production of DNA-
containing cytoplasmic inclusions-- with the original Tipula
isolate, which was thereafter called insect iridescent virus
type 1. Iridescent virus type 2 was isolated in New South
Wales from the coleopterous scareb, Sericesthis paludosa
(10) ; three other iridescent viruses, which produced a
turquoise-green coloration rather than the blue to purple of
the first two iridescent viruses, were discovered in three
separate species of North American mosquitoes (11,12) and
called insect iridescent virus type 3, 4, and 5. Iridescent
virus type 6 was originally isolated from the lepidopterous
rice stem borer Chilo suppressalis, found in the field in
Kyushu, Japan (13). A non-iridescent insect virus with
icosohedral morphology was observed by Stoltz et al. (14) in
Chironomus plumosa; because it was not iridescent, the
Chironomus virus was not classified as one of the insect
iridescent viruses at that time. However, the icosohedral
morphology, the large double-stranded DNA genome, and the
cytoplasmic site of replication clearly marked this virus as
a closely related member of the group, and it is now
considered iridescent virus type 35 (15).
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AMPHIBIAN AND PISCINE VIRUSES

In 1966, Granoff et al. (16) described 23 separate
isolates of a polyhedral cytoplasmic deoxyribovirus from both
normal and tumor tissue of the common leopard frog, Rana
pipiens. Although bearing many similar morphological
characteristics to the insect viruses, the amphibian viruses
were not iridescent. Over the next few years, similar
viruses were isolated from bullfrogs (17), toads (18), and
newts (19). Also during this same decade, the virus causing
lymphocystis disease in fish was identified as an icosahedral
cytoplasmic deoxyribovirus (20), as was the causative agent
of African swine fever, isolated in Kenya (21).

Based on common morphology (icosohedral), large (165-400
kbp) double-stranded DNA genomes, and an apparent cytoplasmic
site of replication, all of these icosohedral cytoplasmic
deoxyriboviruses were lumped together with the insect irides-
cent viruses into one group called "iridoviruses" (3),
although not all of them were, in fact, iridescent. Many
workers in the field objected to the use of the iridescent
terminology, and promoted the use of either "polyhedral" or
"jcosohedral®" cytoplasmic deoxyribovirus (ICDV) instead (22).
But this term proved too unwieldy for general acceptance, and
it did not conform to the international binomial nomenclature
that the ICTV wished to adopt. (Possibly there was confusion
between ICTV and ICDV as well!) In addition, the morphologi-
cal description could also apply to a number of algae and
plant viruses that would then have to be included in the same
group with the animal viruses (22), and it seemed highly
unlikely that there would be any relationship between viruses
whose hosts were phylogenetically so far apart. The name
"jridovirus", for both historical and esthetic reasons, had a
lot of appeal to the executive committee of the ICTV, and in
1976 the family Iridoviridae was created to include both
vertebrate and invertebrate viruses that could be described
as icosahedral cytoplasmic deoxyriboviruses, whether they
displayed iridescence or not (23).



CURRENT TAXONOMIC STATUS OF IRIDOVIRUSES
By 1982 (4), enough biochemical data had accumulated to
warrant the establishment of the following 5 genera within

the family Iridoviridae:

Table 1. Classification of the family Iridoviridae (4)

English vernacular International Type species

hane name

1. Small iridescent Iridovirus Tipula
insect virus iridescent

virus (Type 1)

2. Large iridescent Chloriridovirus Mosquito
insect virus iridescent
virus (Type 3)

3. Amphibian Ranavirus Frog virus 3
icosahedral (FV3)
deoxyribovirus

4. Fish lymphocystis Lynmphocystivirus Flounder lympho-
disease virus cystis disease
virus (FLCDV)

5. African swine (Removed from Iridoviridae by ICTV
fever virus Edmonton, 1987)

The insect viruses were subdivided into two genera,
Iridovirus and Chloriridovirus. The Iridovirus genus
consisted of the small (~120 nm) insect viruses with blue to
purple iridescence, whereas the genus Chloriridovirus was
made up of larger (~180 nm) viruses that possessed a yellow-
green iridescence. Although Tipula iridescent virus (type 1)
was taken as the original type species, it proved difficult
to work with in tissue culture, and much more information is
now available on Chilo iridescent virus (type 6), which was

approved as the new type species at the ICTV meeting in
Edmonton, August, 1987. Early serological comparisons and
nucleic acid homologies (22) revealed that insect iridescent
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viruses types 1 and 2 were strains of the same virus, as were
types 9 and 18. Types 2 and 9 had 26-45% homologous sequen-
ces, and type 6 Chilo iridescent virus was unrelated to any
of the above (22). Now that the techniques are available for
intricate sequence and serological comparisons, it would be
possible to determine exact relationships among all of the
isolates, but lack of interest by both investigators and
funding agencies in this type of research makes it unlikely
that such studies will be carried out.

The members of the genus Chloriridovirus (iridescent
insect viruses types 3-5, 7, 8, 11-15) appear to be serologi-
cally related to each other, but not to any members of the
Iridovirus genus; no nucleic acid homology studies have been
carried out (6). All of the isolates from mosquitoes can be
transmitted transovarially, in contrast to the Iridovirus
genus (6). The Chironomus plumosus virus has been tenta-
tively classified as an Iridovirus, only on the basis of its
relatively smaller size (4). It is not iridescent, and no
serological or nucleic acid homology data is available (14).

Frog virus 3 (FV3) is undoubtedly the most widely
studied member of the family Iridoviridae at the molecular
level, yet its relationship to the other family members
remains obscure. FV3 was selected from a panel of 22 similar
viruses for further study because it had been isolated from
the Lucké renal adenocarcinoma; however, it was later shown
to be unrelated to the tumor except as a possible opportunis-
tic virus infection (24). It has been classified as a genus
according to international nomenclature under the name of
Ranavirus; few investigators have adopted the new terminol-
ogy. An interesting recent development comes from the work
of Essani and Granoff (personal communication). FV3, the
tadpole edema virus (TEV) isolated by Wolf (17), and an
isolate from newts (19) have been shown by restriction enzyme
patterns and nucleic acid homology to be strains of the same
virus. All of the amphibian isolates are over 90% homologous
with each other and share about 26% homology with a recent
isolate from goldfish (25). The goldfish virus, like FV3,
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does not cause overt disease in the host from which it was
isolated. Coupled with the nucleic acid homologies, the
goldfish virus is presumed to be more closely related to
Ranavirus than to another fish virus, the lymphocystis
disease virus (LCDV, genus Lymphocystivirus), which causes
the formation of benign tumors in several species of
flounder, dab and plaice (26). There is no nucleic acid
homology between FV3 and LCDV (27). Other possible members
of the Ranavirus genus are viruses that form DNA-containing
inclusions in the cytoplasm of frog erythrocytes (28) or frog
lymphocytes (29).

In the absence of any biochemical information, the
Octopus vulgaris disease virus (30) is considered a probable
member of the Lymphocystivirus genus because of the pathology
observed in the host. 1In contrast to the systemic disease
caused by the insect and amphibian viruses, both LCDV and the
octopus virus are found in tumorous cells only (reviewed in
26) .

Other iridovirus-like agents isolated from fish include
carp gill necrosis virus (31), cod ulcus syndrome virus (32),
and Nillahootie redfin perch virus (33). Piscine erythrocy-
tic necrosis virus (PENV), which has not yet been isolated,
also appears to be an iridovirus (26). The host ranges in
vivo and in vitro, in addition to the different cytopathic
effects, indicate that PENV and LCDV are not the same virus--

but until serological or nucleic acid hybridization studies
are performed, it is impossible to say whether any of these
fish viruses belong to the Ranavirus or the Lymphocystivirus

genera, or if some of them constitute a new genus.

RELATIONSHIPS AMONG IRIDOVIRUSES

Iridoviruses appear to be ubiquitous in nature, and it
is only now that we are beginning to understand what
parameters link them together. The original decision to
place them all in the same group was based on their icosohe-
dral morphology, their large, double-stranded DNA genomes,

and the presence of a non-cellular membrane derived envelope



(3). The discovery that FV3 virions possess a wide variety
of enzymatic activities, among them a highly active cyclic-
AMP independent serine-threonine protein kinase (34), ATPase
(35), and an assortment of nucleases (36), was eventually
followed by descriptions of the same virion-associated
enzymatic activities in LCDV (26) and Chilo iridescent
viruses (37). Thus it appears that both invertebrate and

vertebrate iridoviruses have these structural enzyme features
in common, in addition to the cytoplasmic site of morphogene-
sis.

A puzzling aspect to the problem of iridovirus replica=-
tion arose when Goorha et al. (38) reported that FV3 had a
nuclear phase in which the initial round of DNA replication
occurred, and that the virus required the host RNA polymerase
ITI for the synthesis of early messenger RNA (39).
Furthermore, a temperature-sensitive FV3 mutant was isolated
in which viral DNA synthesis was confined to unit-sized
pieces in the nucleus at the non-permissive temperature; when
shifted down to the permissive temperature, the synthesis of
long concatemeric DNA was observed in the cytoplasm (40).
These data provided genetic support for the existence of a
"two-stage" viral DNA replicative cycle, resembling in some
respects that described for bacteriophages (41,42). The
presence of a nuclear phase of viral replication made the
classification of FV3 as a "cytoplasmic" virus dubious;
however, such studies have not yet been reported with the
other iridoviruses, and it may be that this unusual mode of
replication will not only turn out to be a unifying mechanism
for the Irididoviridae, but reveal a relationship between
these unusual eukaryotic viruses and prokaryotic viruses as
well.

One of the most interesting attributes of FV3 is the
structure of its genomic DNA. Although it exists as a
linear, double-stranded molecule in the virion, it is both
circularly permuted and terminally redundant (43). A similar
structure has been reported for LCDV (44), and more recently
for two insect iridescent viruses--Chilo iridescent virus
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(45) and iridescent virus type 9 from Wiseana species larvae
(46) . This structural feature has no counterpart in any
other eukaryotic virus and is indeed more like that of
bacteriophage P22 (42). Circular permutation and terminal
redundancy of the genome may be another biochemical charac-
teristic that unites the vertebrate and invertebrate
Iridoviridae. This unusual DNA structure has important
implications for the replication and packaging of the viral
DNA, for it suggests that iridovirus DNA, like that of
bacteriophage T4 (41) or P22 (42) forms concatemers that are
then cleaved and packaged into preformed heads via a
"headful" mechanism.

Although the invertebrate and vertebrate iridoviruses
both appear to have circularly permuted and terminally
redundant DNA genomes, they can be differentiated by the
presence or absence of DNA methylation. FV3 genomic DNA is
methylated at all cytosines in the dinucleotide sequence CpG
by a virus-encoded DNA methyltransferase (47). Although the
enzyme has only been purified from FV3-infected cells, TEV, a
newt virus, the goldfish virus (Essani, personal communica-
tion), and LCDV (44) all possess similarly methylated DNA, as
measured by resistance of the genomic DNA to cutting with C-
methyl sensitive enzymes. On the other hand, the DNA of all
insect viruses that have been tested is readily cut by C-
methyl sensitive enzymes, implying that the insect virus
genomes are not methylated (15). This is perhaps not
surprising, since insect DNA itself contains no methylated
cytosine, in contrast to the DNA of vertebrates. If viruses
evolved from their host cells rather than from a primordial
virus ancestor, one would expect the methylation status of
the viral DNA to be similar to that of its host.

I might mention here that the only candidate mammalian
cytoplasmic deoxyribovirus, AFSV, was removed from the family
Iridoviridae because its DNA was not methylated, circularly
permuted, or terminally redundant (48). Instead, the genomic
DNA of ASFV is cross-linked and unmethylated, the virus
carries its own virion-associated RNA polymerase, and its
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promoters can be recognized by the vaccinia virus RNA
polymerase (5). Despite the obvious biochemical similarity
between ASFV and vaccinia virus, the Poxvirus Study Group has
been reluctant to adopt ASFV into the poxvirus family, so it
remains today an orphan virus in a class of its own.

The final association among the members of the family
Iridoviridae is an epidemiological one. They all appear to
be confined to poikilothermic animals who are associated with
an aquatic environment at some stage of their life cycle.
Kelly (6) has postulated that it is this aquatic association
that accounts for the internal membrane structure that
permits the high degree of stability these viruses display in
aqueous solutions. One could hypothesize that the insect
viruses arose first, and were later adapted to life in a
vertebrate host as a result of being eaten by fish and frogs!
If the insect viruses prove to have a nuclear replicative
phase, as well they might since Devauchelle et al. (37) have
been unable to demonstrate the existence of a virion-
associated RNA polymerase in the Chilo virus system, the
relationship between the insect viruses and the piscine and
amphibian viruses will be more apparent. One might even
speculate that ASFV, which does after all morphologically
resemble an iridovirus, is the "missing l1ink" between the
Iridoviridae, with their nuclear and cytoplasmic phases, and
the truly cytoplasmic Poxviridae, the only other double-
stranded DNA virus family infecting both vertebrates and
invertebrates. Or it may be that there is no connection
between nuclear and cytoplasmic viruses, but that each virus
family arose independently to fill a particular ecological

niche.
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ABSTRACT

Tipula iridescent virus (TIV) is an icosahedral insect virus that replicates
cytoplasmically in infected cells. The TIV virion has a diameter of 130 nm containing
between 25 and 30 polypeptides. Within the core resides the double-stranded genome
which is comprised predominantly of two DNA components, L (176-247 kbp) and
$1(10.8 kbp), both of which are seen consistently in agarose gels of total TIV DNA. We
present here a review of available literature on TIV and other iridoviruses, and discuss in
particular the molecular approaches that we have introduced to study this virus. We also
extend our observations on the multiple DNA components of TIV by comparing our isolate
with one obtained from Ireland. These studies indicated that the latter isolate lacked the
S1 DNA component suggesting a separate evolutionary origin for this DNA component. A
strategy for isolating transcripts on the basis of abundancy is also described along with a

discussion on the relative abundance of the TIV capsid protein in purified virions.

INTRODUCTION
Background and Classification

In 1954, Xeros reported an insect pathogen isolated from the European crane fly
Tipula paludosa (Diptera) (1). The fat body of the diseased larvae appeared iridescent
blue through the integument. The purified, pelleted virus particles also displayed the same
iridescence as the infected tissue and this virus was later named Tipula iridescent virus (2).
These early studies established a cytoplasmic site of replication for TIV and DNA as its
genetic material.

Several characteristics of TIV have made this virus very suitable for fundamental
studies on iridoviruses. These include the stability of TIV (3, 4), and the ability to purify
large quantities of virus from infected larvae (5). As a result, some of our basic
understanding of the structure of icosahedral viruses came from the pioneering studies
carried out with TIV (6). Some of the biophysical properties of TIV are listed in Table 1.
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Table 1. Biological and biophysical properties of Tipula iridescent virus'.

Property Details References

Host range Diptera 14
Lepidoptera
Coleoptera

Replication site cytoplasm- 1
all tissues of 14
insect

Chemical composition 80% protein 15
12.4-19% dsDNA 16
5.2% lipid 17

Size (diameter) 130nm (dehydrated) 18
250nm (hydrated) 19

Shape skewed 20
icosahedron 21

Genome ds-DNA 176-247 kbp 22

estimated from restriction

enzyme analysis;

Identification of L (large)

(176-247 kbp) and small DNA
components (S1: 10.8 kbp) 22

190-235 kbp 23
estimated from
reassociation kinetics

“Updated from (24).

Since the discovery of TIV, a number of other vertebrate and invertebrate viruses
with similar properties have been isolated. These viruses were called icosahedral
cytoplasmic deoxyriboviruses (ICDVs) and were grouped in the family Iridoviridae (7). The
best studied members of this family are frog virus 3 (FV3; 8) and African swine fever virus
(ASFV; 9), the latter causing an important disease of domestic pigs. Other prominent
members include fish lymphocystis disease virus (FLDV) which is the causative agent in a
chronic disease of several higher order salt and freshwater fish (10), and Chilo iridescent
virus (CIV; 11). There have also been recent reports of a large (about 190 nm) ICDV that
infects certain eukaryotic Chlorella-like green algae and has cytopathic properties similar to
the other ICDVs (12, 13). Comparative molecular studies between this and other
Iridoviridae should be useful in determining how these viruses are related.

Insect viruses form the largest group within the Iridoviridae spanning the Iridovirus

(small iridescent virus) and Chloriridovirus (large iridescent virus) genera. To date, over 30
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insect iridescent viruses have been isolated of which TIV is Type 1 (25). These viruses are
referred to by their common name such as "TIV" (type 1) and "SIV" (Sericesthis iridescent
virus, type 2) or by the proposed number IV1 (iridescent virus 1) and IV2, respectively.
The insect iridescent viruses will be referred to here by their numerical assignment. Those
that have appeared more commonly in the literature such as TIV, SIV, and CIV (Chilo
iridescent virus, IV6) will be referred to by their more historical designation.

The term "iridescent" was first used to describe the turquoise coloration of
systemically infected larvae and pellets of purified TIV (5). This property was investigated
in detail by Klug and coworkers (19) who showed that crystals of TIV can diffract light in a
manner similar to the diffraction of X-rays by ordinary crystals. By selecting conditions of
growth of TIV crystals, they established that the iridescence is due to Bragg reflections
(constructive interference) where the wavelength reflected is a function of the distance
between successive reflecting planes (interparticle distance) in the crystals. These
investigators also concluded that the virus particles were packed in a face-centered array
with an interparticle spacing of 250 nm, approximately twice the distance of dehydrated
virions.

Host range

The small insect iridescent viruses have been demonstrated to have broader host
ranges when artificially injected, compared to entry occurring naturally by injestion. This
suggests that host range is mediated either by breakdown of the virus by gut enzymes or the
susceptibility of gut epithelial cells to infection (see 26 for discussions). TIV infects a wide
range of species in at least 3 different orders: Lepidoptera, Diptera, and Coleoptera (14).
Enzymes associated with TIV

Enzyme activities that have been shown to be associated with the insect iridescent
virions include protein kinase, nucleotide phosphohydrolase, and DNA-dependent RNA
polymerase (27-30). Recent studies by Franke and Hruby (31) have shown that vaccinia
virus will fortuitously package chloramphenicol acetyl transferase, a bacterial enzyme
produced in the eukaryotic cell by recombinant means, into virions by way of "hitchhiking".
Therefore the significance of enzymes and proteins reported to be associated with virus
particles is questionable as they may not be virally encoded.

Serological relationships

In early studies on ICDVs, a popular method of comparing viruses within the
Iridoviridae involved protein analysis by serological and acrylamide gel electrophoresis
techniques (32). Unfortunately, these studies have not proven to be very conclusive.
Comparisons using DNA hybridization techniques should prove to be a better approach,

particularly in the classification of the numerous insect iridescent virus isolates.
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Physical and structural properties
Iridoviridae form the largest known isometric viruses with sizes ranging from 120 nm

for some of the insect viruses (11) to the recently discovered frog erythrocytic virus which
measures 370-450 nm in size (33, 34). Many of the reported values of particle diameter
vary due to particle orientation, degree of hydration, and the presence or absence of an
outer envelope. The latter is acquired by some of the viruses through budding at the cell
membrane. These viruses are not occluded in a proteinaceous matrix like other viruses
such as the nuclear polyhedrosis viruses (35).

Members of the Iridoviridae family share some common structural features. By using
biophysical techniques such as negative staining and thin sectioning, freeze-etching, and
neutron scattering, a number of investigators have determined that the Iridoviridae shell is
composed of three concentric domains: a proteinaceous icosahedral capsid, an
intermediate unit membrane composed of lipids and proteins, and a central core containing
the viral DNA and its associated proteins (21, 36, 37). Viral cores represent the internal
structure comprising the DNA and its associated proteins. Cores can be released from the
shell by treatment of viral suspensions with the non-ionic detergent NP40 or chymotrypsin
(38, 39). Klump and coworkers (40) have demonstrated that the viral DNA within the core
is attached to the coat protein to form a chromatin-like structure.

Iridescent virus particles are not sensitive to ether (41), suggesting that the external
lipid membrane is not essential for infectivity. With FV3, the outer envelope is not
required for infectivity since nonenveloped particles are also infectious (38) albeit 150 fold
less than enveloped virions (42).

Electron microscope observations have revealed an interesting structural feature of
purified Iridoviridae virions. Several investigators have shown the presence of a
microfibrillar fringe located at the surface of a certain number of these viruses such as
FLDV, mosquito iridescent virus (MIV), and CIV. This fringe seems to be absent from
others such as ASFV and FV3 (11). These microfibrillar structures can be 3-5 nm in
diameter and up to 150 nm in length (45). Their presence was also demonstrated with
iridescent virus type 29 (IV29) as the particles became ordered in the host cell. Kelly and
Robertson (32) have suggested that these fibers might cause the interplanar spacings in
crystals of these viruses.

Virion shell. When a crude preparation of TIV virions is centrifuged on a linear
sucrose gradient, several bands are often evident (46). The main viral band of highest
density represents intact virions corresponding to infectious virus. A less dense band called
“top component" (TC; 46) is located immediately above the main band. A band consisting
of empty capsids is found near the meniscus of the gradient. The three bands of virus

indicated here correspond to "full", "partially filled", and "empty" virions, respectively,
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referring to the state of the viral core (permeability to negative stains) as visualized under
the electron microscope (47). Recently, we showed that the TC fraction corresponding to
partially filled virions contained less DNA than full virions and that the DNA of TIV
virions consisted of two main components L and S1 (22). This TC fraction contained the
highest molar ratio of S1 DNA to the L DNA component.

In other studies on the virion structure, investigators have shown that a major
polypeptide, approximately 50 kDa in size, is present in the iridescent viruses. This protein
constitutes up to 45% of the total proteins in the virion (48-50; also present study). Two
obvious locations for such an abundant protein are the capsid of the virus or the core in
association with the DNA. Tripier-Darcy and coworkers (51) using biochemical
fractionation of FV3 particles localized the major 48 kDa FV3 protein in the capsid of the
virion. Moore and Kelly (52) isolated the major structural polypeptide from three types of
iridescent viruses (2, 6 and 9) by preparative polyacrylamide gel electrophoresis. By using
amino acid analysis, these authors revealed that these proteins showed a close similarity,
although their mobilities on SDS-PAGE were slightly different from each other but about
50 kDa in size. Surface labelling of IV9 with Z°I revealed that the capsid protein was at
least partly exposed at the surface (52). Structurally, TIV has been found to be remarkably
stable since it can be stored at 4°C for 2 months (4) or greater (present study) with
breakdown of only some of the virions.

Post-translational modifications

Studies on TIV by Krell and Lee (46) have indicated that none of the virion proteins
are glycosylated. Glycosylation was also not detectable with mosquito iridescent virus and
FV3 proteins (53, 54). However, Aubertin and coworkers (55) have reported that some
FV3 core proteins are phosphorylated, while the capsid (48 kDa) protein was never found
to be phosphorylated in vivo or in vitro.

Icosahedral virus assembly

In constructing a virion, there are a limited number of efficient designs that can be
formed from a large number of identical protein molecules. Two basic designs are
icosahedral heads and helical tubes (6). Most closed-shelled virus particles have been
shown to have icosahedral symmetry (56). The icosahedron consists of 20 equilateral
triangular faces consisting of smaller morphological subunits called capsomeres.
Icosadeltahedra have 20T facets, where T is the triangulation number (6). The advantages
of an icosahedral structure over that of other types of cubic structures (tetra and
octahedral) in the formation of virions is that it allows for the smallest subunit repeat for
shell formation as economically as possible (57).

With improvements in electron microscope technology by the late 1960s, more

accurate determinations of the structural features of viruses were made. Wrigley (20),
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using the nasal decongestant Afrin on SIV, showed an icosahedral structure of skewed
orientation that probably contained 1562 capsomeres. Subsequently, a study using TIV
showed a similar structure with a revised estimate of 1472 capsomeres (58). This finding
was confirmed by Manyakov (4) who used long term storage of TIV at 4°C or treatment
with chloroform to break up the virus into its structural elements. He predicted that TIV
was formed by 12 pentagons and 20 equilateral triangles composed of 1472 capsomeres per
virion.

Several models have been proposed for the assembly of iridescent viruses. These
include: a) the formation of viral membranes or shells before development of the core
(59); b) development of the core first followed by encapsidation with protein (60); and ¢)
a parallel formation of the viral shell and DNA fibrils (61). In a study by Yule and Lee
(62), an hypothesis was proposed which combined features of particle assembly suggested
by Smith (59) and Xeros (61). By using cytological and immunological techniques, Yule
and Lee (62) demonstrated that ferritin labelled antibody was closely aligned to the inner
faces of empty capsids in various stages of assembly. These data provided evidence that the
viral shell is assembled prior to entry of the DNA. Similar models have been suggested for
adenovirus and herpes virus assembly (63, 64).

It is evident that a large amount of information has accumulated on the gross
structural properties of TIV in the last three decades. These studies have increased our
understanding of viral architecture and have helped in the creation of models to explain the
icosahedral design (6). However, aside from these pioneering studies, little or no
molecular information has been produced to explain the mode of replication, pathogenesis,
and the regulation of gene expression of this and other iridescent insect viruses. Recent
investigations of the TIV genome (22) have indicated that this virus has some novel
features that have not been described for other Iridoviridae members or other large double-
stranded DNA viruses. In addition to these features, the ability to purify large quantities of
this virus from infected larvae make TIV a good candidate for experimentation to answer
some of the questions raised in this section.

In our lab, we have been interested in obtaining more molecular information on TIV
genes. For this purpose, the TIV capsid gene was chosen as the main candidate for
detailed analysis. This gene was selected for a number of reasons. First, this gene is
interesting since a significant biological function can be ascribed to its protein product.
Studies with some of the other Iridoviridae have indicated that this protein is expressed at
very high levels and is the major component in the morphological subunits that constitute
the virion. Second, the isolation of this gene and the study of its protein product with
respect to self-assembly properties should complement and advance some of the earlier

structural studies that were carried out with TIV. Third, the purification of the capsid
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protein, by virtue of its abundance in virions, should facilitate the production of capsid-
specific antisera for the identification of this gene and the study of its biosynthetic
properties. Fourth, very little is known about late genes of large cytoplasmically replicating
viruses such as vaccinia virus or FV3. The strategy that was chosen to isolate the TIV
capsid gene involved using amino acid sequence information derived from the purified
protein (65).

Pathway of TTV infection

Gross pathology. Information on the pathogenesis of iridescent viruses is incomplete
largely because little is known about how the virus gains access to the initial replication site.
These viruses have a low infectivity when administered orally and are probably transmitted
in the field through wounds, cannibalism, or by parasites (66-68).

Carter (69) found TIV to be infective to all four larval instars, to pupae, and to adults
of both sexes of Tipula oleracea. The most effective method of transmission of TIV
appeared to be by injection and the infection was characterized by a blue iridescence of the
affected organ.

The initial site of TIV multiplication is not known, however, the fat body and
hemocytes have been implicated (14, 25). The virus then produces a systemic infection by
rapidly multiplying in skin, muscles, wingbuds, legs and head (14). Interestingly, an
anomaly of TIV infection of the silkworm Bombyx mori is the production of epidermal
"tumors" which result from the proliferation of epidermal cells to form a multilayered
epidermis (70). However, these tumors were not demonstrated to contain virus. Tumor
formation has not been reported from other insect species, although some iridescent
viruses of vertebrates and of the octopus are associated with tumors (26, 71).

Massive amounts of virus can result from a productive infection of larvae. TIV was
reported to constitute at least 25% of the body weight of dead larvae (5), the highest
concentration often being found in the epidermis and fat body. The fat organ in insects is
similar to the vertebrate liver in function. This organ, which is most extensively developed
in larvae, serves as a storage organ for lipids, protein, and glycogen as well as playing a
crucial role in metamorphosis (72). The resulting infection renders larvae flaccid within
7-10 days of infection, although death may take longer (25).

Cytopathology. Much of our understanding of insect iridescent virus cell pathology
comes from infection studies carried out on cells in vitro. The major features of replication
are common among the iridescent viruses with some variations in the timing of events (26).
The focal point of viral replication and assembly is the cytoplasm (3, 25), although it is not
clear if nuclear involvement occurs, as happens with FV3 (73, 74). Following inhibition of
host DNA synthesis with heat-inactivated FV3, Goorha and coworkers (74) observed by
electron microscope autoradiography that 30% of the viral DNA was synthesized in the
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nucleus. These authors showed by DNA-DNA hybridizations that this labelled viral DNA
was associated with extensively purified nuclei  Nuclear involvement during TIV
replication has not been determined.

The pathway of TIV infection in Estigmene acrea hemocytes in suspension culture has
been extensively studied by light and electron microscopy (47, 75-77). Electron microscope
studies by Mathieson and Lee (75) determined that the virus inoculum adsorbed to the
plasma membrane of the cultured cells is internalized by phagocytic engulfment into
membrane bound vesicles within 1.5 hours post-inoculation (p.i.). A general breakdown of
the virus occurs within the vesicles, and as early as 4 hours p.i., cytoplasmic lesions called
viroplasmic centers (VCs) appear in the cytoplasm. The VCs increase in size and number
over the course of infection.

Viroplasmic centers appear as membrane-free isolated pockets of cell cytoplasm
containing ribosomes, engulfed by a homogeneous "dense matrix" resembling chromatin in
appearance and devoid of ribosomes. Electron microscope autoradiography has localized
viral DNA exclusively in the dense matrix zones whereas progeny virions are assembled
within the cytoplasmic component of the VC (75). These studies also revealed that viral
DNA synthesis occurs as early as 6 hours p.i. and progeny virions can be seen at 16 hours
p.i. Viral release occurs by exocytosis or lysis, giving enveloped and non-enveloped virions,
respectively, although the majority of virus particles remains cell associated and therefore
non-enveloped (32).

Studies on the formation and composition of TIV VCs have revealed that there may
be differences in the assembly sites of some members of the Iridoviridae. For example,
investigations of FV3 assembly sites by electron microscopy and the use of cytoskeletal
disruptive agents, implicated a functional role for intermediate filaments in the formation
of FV3 assembly sites (78-80). In contrast, similar studies carried out on TIV VCs in
E. acrea and Aedes albopictus cells revealed that microtubules and microfilaments are not
involved in VC formation or maintenance (81, 82). More recently, immunofluorescent
studies by Bladon and coworkers (83) showed that in sitt VCs and fractionated VCs
reacted with monoclonal antibodies raised against lymphocyte nuclear matrix proteins. The
possibility that highly conserved mammalian nuclear scaffolding proteins are involved in
TIV VC formation warrants further study.

Some of the cytopathic effects caused by TIV infection include a profound decline in
cellular DNA, RNA, and protein synthesis and the formation of multinucleate cells due to
cell fusion (75). The inhibition of host macromolecular synthesis is a common feature of
invertebrate and vertebrate viruses and with a few exceptions, is poorly understood (84).

Recent studies by Chinchar and Caughman (85) suggest that heat inactivated FV3

selectively inhibited equine herpesvirus type 1 protein synthesis at the level of translation
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initiation. Although no such detail is available on the other iridescent viruses, Lee and
Brownrigg (47) showed that nuclei of cells inoculated with UV-inactivated virus and empty
viral capsids failed to incorporate [*H]-thymidine whereas virus treated with the protein
inactivator B-propiolactone had no effect. These findings suggest that a protein component
of the invading virus subverts nuclear nucleic acid metabolism. Similar observations have
been made with FV3 and poxvirus inhibition of host DNA synthesis (86, 87).
Semipermissive replication of TIV

During our studies on TIV we discovered that an A. albopictus cell line was
semipermissive for TIV replication. We carried out comparative studies between E. acrea
(permissive) and the A. albopictus (semipermissive) cells, for TIV propagation (88). Light
microscope autoradiography showed viral DNA present in viroplasmic centers (VCs) and
these VCs appeared morphologically similar in both cell lines when examined by light and
electron microscopy. Radiolabelled cDNA was then synthesized from RNA samples
obtained from infected cells, at different times after infection and hybridized to TIV DNA
restriction endonuclease digests. These experiments indicated that transcription levels and
the kinetics of TIV infection were similar in both cell lines. The cDNA hybridization
studies also revealed that the S1 DNA component of TIV carries sequences that are
transcribed and are TIV specific. In spite of the similarities between these two cell lines,
electron microscope studies revealed that A. albopictus VCs were devoid of progeny
virions. However, the TIV capsid protein was synthesized in both cell lines. These data
suggested a block in TIV replication in the 4. albopictus cell line occurring late in infection,
likely just prior to the assembly of progeny virions.

The use of viral mutants to study the effects of specific lesions in the viral replication
cycle has been well documented in the literature (63, 64, 89). Probably the best studied
semipermissive cell system is the infection of African green monkey kidney cells with
human adenovirus type 2 (Ad2; 90). Replication of human adenoviruses is often
incomplete in most cultured cells of nonhuman origin. For example, the infection of rodent
or monkey cells by Ad2 is semipermissive, resulting in limited viral replication (90-92). The
lesion in viral replication in these cells involves aberrant late gene expression at the level of
transcript processing and translation (93-95). Such detailed studies are lacking for the
insect iridescent viruses. The semipermissive 4. albopictus cell line described above should
allow us the opportunity to carry out similar studies with TIV.

The establishment of cell lines from primary cells of a host organism has been a
routine practise in the study of viral replication in vitro. However, cells that have
undergone continual passage often have chromosome numbers, growth rates, cell
morphologies, and nutrient requirements that are very different from their counterparts in

vivo (96). Although the in vitro studies provide a convenient framework for studying viral
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pathogenesis, it is necessary to exercise extreme caution when extrapolating back to the
original host organism, particularly when considering host range (see 88 for discussions).
Molecular information available on Iridoviridae

Genome organization. In a recent study of the CIV genome, Delius and coworkers
(97) concluded that the DNA is linear and about 158 million daltons in size, is circularly
permuted and has a terminal redundancy of about 12%. Two other Iridoviridae genomes,
FV3 and FLDV, have also been shown to be circularly permuted and terminally redundant
(98, 99). These physical features are common to some prokaryotic viruses like
bacteriophages T4 and lambda (100, 101) and have not been demonstrated for any other
eukaryotic viruses.

As mentioned earlier, Goorha and coworkers (74) showed that the FV3 genome
enters the nucleus where it is transcribed during the early stages of replication, probably by
a modified host RNA polymerase II (102). Goorha (103) later showed that FV3 DNA
replicated in two stages which were distinguishable by the genome size and the site of
replication. The first stage was confined to the nucleus where the DNA ranged from
genome to twice genome size. The second stage took place exclusively in the cytoplasm,
and the replicating DNA was concatemeric. Results of pulse-chase experiments showed
that this concatemeric DNA served as the precursor for the production of mature FV3
DNA. This concatemeric arrangement is consistent with the finding that FV3 DNA is
circularly permuted and terminally redundant and provides additional evidence for a
specific pathway of virus assembly, namely packaging of DNA into preformed heads (98).
We are currently investigating the termini of TIV DNA to determine if TIV is also
circularly permuted and terminally redundant.

The study of FV3 genes has revealed that, like vaccinia virus, there is a lack of
concensus with prokaryotic or eukaryotic transcription regulatory sequences. DNA
sequencing of two immediate-early FV3 genes revealed the lack of a classical TATA box
and no significant identity in DNA sequence between their promoters (104, 105). Further,
these regulatory sequences did not resemble those of known vaccinia viral gene sequences
(105).

Polyadenylation. Unlike other animal DNA viruses, the majority of FV3 transcripts
do not appear to undergo processing and polyadenylation at their 3’ ends (106). This
feature is common to prokaryotes and their viruses, which provides further evidence for
evolutionary links between prokaryotic and eukaryotic viruses. Studies on the invertebrate
TIV should reveal whether this virus produces polyadenylated transcripts (see Results and
Discussion).

TIV genome. The TIV genome is complex consisting of four DNA components.
Two of these, L (176-247 kbp) and S1 (10.8 kbp) are seen consistently in ethidium bromide
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stained agarose gels of total TIV DNA. TIV L DNA is a linear, double-stranded molecule,
and its size was estimated from summations of DNA fragment sizes produced by 7
restriction endonucleases (22; and present study). Size estimates for the other Iridoviridae
genomes range from 100-250 X 10° Da or 150-280 kbp (7). Other components measuring
~6 (S2) and ~3.5 (S3) in size have also been observed in association with total TIV DNA.
We have speculated that these components (S2 and S3) may be deletion products of L
and/or S1 DNA (22, 107). To date, no other Iridoviridae or large DNA containing viruses
have been reported to contain multiple DNA components, although an earlier study with
an iridescent virus from mosquitoes (RMIV) suggested that this virus may contain two
identical DNA molecules (108).

There are several examples of viruses with more than one component. The genome
of herpesvirus consists of two covalently linked DNA components in a linear arrangement
(L: long-82%; S: short-18%), each containing unique sequence (64). Other studies by Krell
and coworkers (109) have revealed that the Campoletis sonorensis virus, which belongs to
the recently discovered polydnavirus family, contains a multipartite genome. This viral
genome is believed to consist of at least 28 molecules of covalently closed, superhelical,
double-stranded DNA. The size of these molecules ranges from 6 to 21 kbp and they are
non-equimolar in distribution (109, 110).

As previously mentioned, the presence of a small DNA component (S1) existing
separately from the main genomic DNA is a novel finding among the large double-stranded
DNA containing viruses. To fulfill any long term goal of solving TIV genomic organization,
it was necessary to determine if S1 DNA is packaged within virions and is TIV specific. By
treating TIV particles with nucleases and subsequently purifying total DNA, it was
demonstrated that S1 DNA is indeed of viral origin and is packaged within virions (107).
Furthermore, CsCl fractionation of TIV particles and extraction of total viral DNA from
the "empty", "partially filled" and "full" particles showed that partially filled virions contain a
higher S1 to L ratio than does the main viral fraction (22, 107). To ensure that these and
other TIV preparations used in these studies were free of other contaminating particles,
TIV suspensions were regularly monitored by electron microscope examination (111).
These studies were then extended to determine if the S1 DNA component is made by
infected cells. Recently, we showed that that S1 DNA was indeed synthesized in both
E. acrea and A. albopictus cells (88). Additionally, the intracellular ratio of S1 to L DNA
was at least 10 fold greater than in mature virions where the ratio for these DNA
components is approximately 1:1 (22, 88, 107). The presence of more S1 than L DNA in
partially filled capsids (22) implies that the S1 DNA component, by virtue of its smaller
size, is preferentially packaged into empty viral capsids first followed by the L component.

In order to study the production of TIV transcripts in infected insect cells, we used
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Figure 1. Schematic representation of some of the experimental approaches used in our
laboratory to study TIV.

radiolabelled cDNA made from infected cell RNA to monitor TIV transcription (see
present study). These studies revealed that both L and S1 DNA hybridized to the cDNA
(88). Although these results suggest that transcribed sequences are present on S1 DNA, we
do not know in fact, whether S1 DNA serves as the transcriptional template. Of five genes
that have been isolated recently in our lab, none were found to hybridize to S1 DNA (65; S.
Tajbakhsh and V. L. Seligy, unpublished results).

The high levels of S1 DNA in infected cells argues that S1 DNA may replicate
autonomously in insect cells. Alternatively, S1 DNA may be generated from L DNA during
infection in a way that is analogous to the "onionskin" model proposed by Sambrook and
coworkers (112). This model assumes that repeated activation of an origin of replication
would ultimately result in production of extrachromosomal copies and of intrachromosomal
duplications and deletions. These events could account for the release of free cyclic
molecules (113). Although S1 DNA has sequences common to L (22), it is not certain if all

of the S1 DNA sequences are exclusive to L DNA. It would be of interest to determine if
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purified S1 DNA can replicate autonomously in insect cells, or if this DNA component
requires coinfection with TIV. If the former is true, then S1 will be a good candidate for
the development of an expression vector for insect cells.

Although the small DNA components are present in virions, we demonstrate in this
study that a TIV isolate from Ireland (Ir-TIV) that was also propagated in Galleria
mellonella, lacked the S1 DNA component as determined by ethidium bromide staining of
total viral DNA in agarose gels. Further, hybridization with a 0.75 kbp EcoRI fragment of
S1 DNA indicated that this sequence was lacking in the Ir-TIV. Therefore, we believe that
the smaller DNA components that are associated with TIV are not essential for a
productive TIV infection (see Results and Discussion). The possibility that S1 and L are
both essential for TIV replication has not been tested yet in infected cells.

As discussed above, information on the gross structural properties of TIV has
accumulated in the last three decades. These studies have increased our understanding of
viral architecture and have helped in the creation of models to explain the icosahedral
design (6). However, aside from these pioneering studies, little or no molecular
information has been produced to explain the mode of replication, pathogenesis, and the
regulation of gene expression of this and other iridescent insect viruses. The main
objective of our studies is to provide molecular genetic information on gene regulation,
host-cell interactions, and related events that lead to TIV pathogenesis. A schematic
representation of some of the approaches we have used in studying TIV is illustrated in

Figure 1.

MATERIALS AND METHODS
Virus and Cells

TIV was propagated and purified from Galleria mellonella larvae essentially as
described by Yule and Lee (62) with some modifications. Larvae were macerated in liquid
nitrogen with pestal and mortar, resuspended in 10 mM sodium phosphate buffer pH 7.2
and subjected to two cycles of low speed (2000 g for 5 min) and high speed (55,000 g for 1 h,
SW 25.1) differential centrifugation. Viral pellets were resuspended in buffer, layered on
to 10-40% linear sucrose gradients, and centrifuged at 25,000 g for 30 min. The main viral
band was removed, diluted with buffer, pelleted, and layered on to a second sucrose
gradient. The final viral pellet was resuspended in buffer containing 50 pg/ml garamycin.
Viral concentration was determined as described by Younghusband (114) by measuring
absorbance at 260 nm.

Cell lines were grown at 28°C with 2.5% CO,. Estigmene acrea (BTI-EAA) cells were
obtained from Dr. R. Granados (Boyce Thompson Research Institute, Ithaca, N.Y., USA)

and propagated in GTC-100 medium containing Grace’s insect medium, 10% Fetal Bovine
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Serum (FBS), 0.26% bactotryptose broth and 50 pg/ml garamycin at pH 6.25. Aedes
albopictus C6/36 cells were obtained from Bonnie M. King (US Department of Agriculture,
Denver, CO.,, USA) in 1984 and grown in minimal essential medium (MEM) pH 7.2,
supplemented with 10% FBS, non-essential amino acids and penicillin (5000
units/ml)/streptomycin (5000 pg/ml).

Cells were infected with TIV at a viral concentration of 80 pg/ml for 1-2 h at 28°C.
After this period, cells were centrifuged for 5 min at 200 g, washed twice with medium,
resuspended in fresh medium, and incubated at 28°C until harvesting. TIV-infected cells
were assayed for infection as already described (88).

The Irish TIV (Ir-TIV) was kindly provided by Maeve S. Kelly (Queen’s University of
Belfast, Northern Ireland). This isolate was obtained from a Tipulid larvae (leatherjacket)
from Fermanagh county, Northern Ireland in 1987, and propagated in G. mellonella larvae.
The small icosahedral particles (sv) were obtained from the top of the initial sucrose
gradient in the TIV purification scheme. They were repurified on a second sucrose
gradient and were subsequently layered onto CsCl step gradients (1 ml each of 1.3, 1.4, 1.5,
and 1.6 g/cm®) and centrifuged using a SW 50.1 rotor, at 30 Krpm for 1 h. Viral bands were
then removed and viewed by electron microscopy as described previously (75).

Bacterial transformations and molecular manipulations

Competent cells for plasmid and M13 transformations were prepared as described by
Hanahan (115). The protocol for M13 transformation and media used are outlined in
Messing (116). Throughout our studies, several Escherichia coli bacterial strains were used
for different purposes. The JM101 strain was used for M13 transfections and pUC
transformations, however other strains were also used: JM103, JM109, HB101, DHS5a, and
DHSaF’.

DNA from different sources was digested with restriction endonucleases using low,
medium, or high salt buffers, and fractionated on horizontal agarose (Seakem) as described
by Maniatis and coworkers (117). Digests were terminated by addition of 1/10th volume of
stop buffer (100 mM EDTA, 0.5% SDS, 25% glycerol, and 0.1% bromophenol blue) and
heated at 65°C for 3-5 min before loading, or stored at 4°C. DNA ligations and
recombinant DNA manipulations such as preparation of labelled markers were also carried
out as described by Maniatis and coworkers (117).

DNA purifications

DNA from TIV. TIV DNA was isolated as previously described (22) from virus
obtained from experimentally infected G. mellonella larvae.

S1 DNA component. In initial studies with the S1 DNA component, the source of

this DNA was from virions (22). This DNA component is now obtained from infected

E. acrea cells as described recently (88).
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Plasmid, M13 RF. Both miniprep and bulk preparations of plasmid and M13 RF
DNA were isolated by the alkaline lysis procedures outlined by Maniatis and coworkers
(117). Plasmids were isolated from E. coli grown in 2YT or LB media whereas M13 RF

was isolated from E. coli grown in 2YT medium.

ssDNA template. To prepare M13 template DNA, a 1/50 dilution of an overnight
culture of E. coli IM101 cells was used to inoculate 2YT media. After 30 min of growth at
37°C the cultures (1.5ml or 10 ml) were inoculated with a plaque or 50 pl of phage
supernatant and grown for 7-12 h. The cultures were centrifuged at 10,000 rpm for 15 min
and phage was precipitated from the supernatant by addition of 1/5 volume of
20% polyethylene glycol (PEG)/2.5 M NaOAc pH 7.0 at room temperature (RT) or 4°C
for 20-30 min. After centrifugation at 10,000 rpm for 20 min (or 13,000 rpm for 15 min in a
micro-centrifuge), the tubes were inverted for 1-3 h and excess PEG was wiped from the
sides of the tube with a sterile cotton swab. The phage pellets were resuspended in 600 pl
STE and extracted once with an equal volume of phenol, twice with phenol: chloroform:
isoamyl alcohol (25:24:1) and once with chloroform: isoamyl alcohol (24:1) before ethanol
precipitation. DNA pellets were washed once with 70% ethanol and resuspended in TE
(10 mM Tris-HCl pH 7.5/0.1 mM EDTA).
Immobilization of nucleic acids, probe preparation and hybridization

DNA fractionated on agarose gels was transferred to nylon membranes (Biotrans,
ICN; Hybond, Amersham) by alkaline blotting according to Reed and Mann (118). The
DNA was depurinated in 0.25 N HCI for 7-10 min (119), denatured in 0.3 M NaOH/1.5 M
NaCl for 30 min and transferred to nylon in the same buffer for 2 h. After the transfer was
completed, the filter was briefly rinsed in 2X SSC (1X saline sodium citrate: 150 mM NaCl,
15 mM sodium citrate pH 7.0), baked for 1 h at 80°C and stored dry until use.

Double stranded DNA was radiolabelled with [a-**P]dATP by nick translation (117,
120) or by the method of "random primed" DNA labelling developed by Feinberg and
Vogelstein (121). For nick translation, DNA (100-500 ng) was combined with 60 pM each
of dGTP, dCTP and dTTP, 50-100 pCi [a-*P]dATP (800 Ci/mmol, 10 pCi/pul) in 50 mM
Tris-HCl pH 7.2, 10mM MgSO,, 100 uM DTT, 50 pg/ml BSA. One ul DNasel
(0.1 pg/ml) and 7-10 units of E. coli DNA polymerase I were added and the reaction
incubated at 16°C for 1 h. The reaction was terminated by heating at 65°C for 10 min and
addition of 2 pl 250 mM EDTA. Fifty ul STE (10 mM Tris-HCI pH 8.0, 1 mM EDTA,
100 mM NaCl) was added and the unincorporated nucleotides removed by spin-column
chromatography in Sephadex G-50 (117). To calculate the percent incorporation of label
into DNA, 1 pul of pre- and post-spin column solutions were spotted on Whatman glass
microfiber filters and total cpm were calculated by scintillation counting (122) using a

Beckman LS 7000 liquid scintillation counter. Typically, probes were obtained with specific
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activities up to 2 X 108 dpm/pg with approximately 20-30% of the label being incorporated.

Random priming was performed using a random hexaoligomer obtained from a DNA
labelling kit (Boehringer Mannheim). DNA was denatured by boiling for 10 min in the
presence of 2 pl of the hexanucleotide mixture in 10X reaction buffer, and subsequently
cooled on ice. To the primer-annealed DNA, 1ul each of dGTP, dCTP, and dTTP
(0.5 mmol/1), 50 pCi [a-*P]dATP (800 Ci/mmol), 2 units pol I Klenow were added and the
reaction made to 20 pl with H,O. After incubation for 30 min at 37°C, the reaction was
terminated and unincorporated nucleotides removed by use of a spin column. Typical
specific activities were up to 8 X 10® dpm/pug with approximately 30% of the label being
incorporated. Radiolabelled single stranded cDNA was made as described recently (88).

Filters containing DNA were hybridized in plastic bags (Seal-a-Meal) at different
stringency conditions. Generally, DNA-filters were prehybridized in hybridization solution
(1 M NaCl, 1% SDS, 100 pg/ml denatured salmon sperm DNA; Gene Screen Plus Manual)
for at least 1 h before addition of boiled (10 min) probe to the bag containing fresh buffer.
Probe concentration ranged from 10° to 2 X 10° cpm/ml. After hybridization (18-24 h), the
filters were washed at high stringency in 2X SSC/0.1% SDS, 3 times 5 min at RT, followed
by 2 times at 65°C for 30 min each, and finally in 0.1X SSC for 15 min at RT. The filters
were kept damp by placing in between Saran wrap and exposed to X-ray film with or
without the use of intensifying screens.

Electrophoresis and detection of proteins

Procedures for SDS-PAGE of proteins, western blotting and capsid protein detection
using the anti-capsid antibody and alkaline phosphatase conjugated anti-rabbit antibody
were carried out as recently described (88). Silver staining was carried out as outlined by
Morrissey and coworkers (123). Coomassie blue staining was done by soaking the gel in
0.1% Coomassie Blue R-250 (Sigma) in 40% methanol/10% acetic acid for 1 h and
destaining in 40% methanol/10% acetic acid. Procedures for isolation of *S-labelled TIV
and fluorography are described in (65).

Immunodetection was also carried out with ZI-protein A using a modification of the
procedure described by Towbin and coworkers (124). All reactions were performed at RT.
Filters were washed for 10 min in TBS buffer (20 mM Tris-HCI pH 7.5, 500 mM NaCl,
0.05% v/v Tween 20) containing 20% Fetal Calf Serum (Flow Laboratories) or 1% gelatin
as the blocking agent. The filters were then rinsed briefly with TBS prior to the addition of
anticapsid antiserum (100 ul/10 ml) and gently rocked for 2 h. The filters were washed
with 25 ml TBS/blocking agent for 5 min followed by 3 X 5 min washes in 20 ml TBS.
Filters were then placed in a solution containing “I-protein A (ICN; 125) in TBS/blocking
agent at 1 X 10° cpm/filter for 20-30 min with gentle rocking, followed by a 5 min wash in
TBS/blocking agent and 3 X 5 min washes in TBS. Filters were air dried and exposed to
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Kodak X-Omat AR film with intensifying screens overnight at -70°C.

RESULTS AND DISCUSSION
TIV genome

Evaluation of genome size. The estimated genome size of TIV from our studies was
obtained by averaging totals from restriction digests and eliminating the submolar
fragments (22; Table 2). This analysis revealed the presence of numerous submolar
fragments and a genome that is heterogeneous in size. Our estimate of 176-247 kbp is
within the range of earlier studies (23) which indicated that the molecular mass of this
genome is 1.26 X 10® to 1.55 X 10° Da (~190-235kbp). This value is also in close
agreement with the size of IV22 DNA, isolated from a Simulium species, aquatic Blackfly
larvae (Diptera), which was found to be 173-220 kbp by restriction endonuclease analysis
(126). Further, genomic size heterogeneity in the uncloned viral preparation of TV22 was
suggested by these authors as one of the reasons for the presence of submolar fragments.
More recently, Ward and Kalmakoff (127) reported a genome size of 192.5 kbp for IV9
isolated from Wiseana cervinata, and the presence of submolar fragments in restriction
digests of total IV9 DNA. Serial passage of this virus in G. mellonella larvae resulted in a
complete loss of one of these submolar fragments. These authors also attributed the
presence of submolar fragments to a mixed population of virus in their preparations. The
genomic size variation observed with TIV was only partly resolved by the finding of the
smaller "S" DNA components associated with this virus. It is likely that measurement error
of large molecular weight fragments accounts for some differences. As mentioned
previously (see Introduction), it has been demonstrated that several members of the
Iridoviridae family have genomes that are circularly permuted and terminally redundant.
The observed heterogeneity in the termini of these viral genomes could also account for
some of the variability in genome size seen with TIV. However, preliminary electron
microscope studies carried out in collaboration with Dr. K. G. Murti (St. Jude Children’s
Research Hospital, Memphis, Tennessee) have so far failed to demonstrate that the TIV
genome is circularly permuted. Further EM studies and analysis of the genomic termini
with 5’ lambda exonuclease and T4 DNA polymerase are planned for the immediate future
to determine if this is in fact the case.

Methylation of DNA. Another potential source of heterogeneity in genomic size

measurement involves the methylation of cytosine to 5-methylcytosine in DNA which
would affect cutting by various restriction endonucleases. Methylation has been suggested
to be involved in the regulation of eukaryotic and, in some cases, viral gene expression
(128, 129). Willis and Granoff (130) have reported that FV3 DNA is methylated by

analyzing this DNA using various isoschizomeric restriction enzymes which differentiate
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Table 2. Size estimates of TIV DNA restriction fragments’,

Fragment Size (kbp)
Band
No. BamHI EcoRI HindIII Pstl Sall Xbal Xhol
1 19.0 >25 (14.0) 32.0 (23.0) 21.5 26.0
2 18.0 (22.0) (12.2) 26.0 19.5 (20.0) 220
3 17.0 14.0 (10.2) 23.0 18.0 17.0 19.0
4 152 (13.5) 8.5 (21.0) (17.0) (153)  (18.0)
5 14.9 (13.0) 8.0 (19.0) 16.0 (13.7) 13.5
6 143 12.5 (7.3) 18.0 15.0 12.8 (13.0)
7 13.5 11.8 (7.1) (14.0) 14.5a,b 12.2 12.5
8 (12.5) 9.0 6.7 13.0 13.4 9.8ab 119
9 (11.8) 8.7 6.0 11.0 (13.0) 9.5) 10.2
10 10.8a,b 8.5 59 10.2 (11.0) 9.0 9.7
11 (10.2) (8.0) 55ab  (10.0) 102 8.7 9.4
12 (10.0) (74) 54 8.7 8.6 8.4a,b 8.5
13 (9.8) (7.1) 52 (8.6) (8.3) 8.2) 7.9
14 (9.5) (6.9) 4.6 8.4) 8.1 15 (7.4)
15 8.7) 5.8 44 8.0 7.6a,b 7.4 6.6
16 6.7a,b 4.9 4.1a,b 55 (7.0) 7.1 6.2
17 52 4.5a,b 3.8a,b 54) 6.6 6.3a,b 5.1
18 44 44 3.7 4.8 (6.2) 5.7 3.7a,b
19 33 43 35 44 5.9 54ab 2.95
20 0.75 4.0 33 2.10 5.6a,b 44 (2.35)
21 0.65 3.9 3.2a,b 1.50 52 37 (1.82)
22 0.60 3.6a,b 3.0 1.40 (5.0) 3.0 (1.65)
23 3.5a,b 29 4.8 2.80
24 34 2.75 44ab 2.65
25 33 2.60a,b (4.0) 2.50
26 3.0 247ab 3.7 23
27 2.70 2.25 34 1.9
28 2.50 2.15 3.1 1.8
29 235 1.87 2.55 1.45
30 21 1.82a,b 23 1.3
31 1.74 1.70a,b 2.2 0.85
32 1.40 1.6 2.0 0.75
33 1.36 1.25 1.95a,b
34 1.30 1.15 1.94
35 1.20 1.05 145
36 0.95 0.87a,b 1.1
37 0.70 0.80a,b 0.3
38 0.40 0.60
39 0.3a,b
Total 2343 242.8 190.9 256.0 3179 264.8 223.1
Total of
submolar
fragments 161.8 164.9 140.1 169.6 220.3 198.1 178.9

Average size of genome = 176 + 10° to 247 + 17 kbp

!Revised from (22). Values in parentheses represent submolar fragments.
“Value determined by elimination of submolar fragments.
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Figure 2. Analysis of possible TIV DNA methylation. TIV DNA was digested with
restriction endonucleases Hpall and Mspl and electrophoresed in 1% agarose. Markers
(M, kbp) represent lambda phage DNA digested with HindIII and EcoRL

between methylated and non-methylated sequences. For example, DNA cleavage by Hpall
(C/CGG) does not occur in the presence of a 5-methyl group at the internal cytosine
residue, while Mspl (C/CGG; C/M*CGG) cleaves at the same residue of the recognition
sequence irrespective of the presence of a methyl group at this position (131).

Since methylation of FV3 DNA is extensive (130), similar modifications of TIV DNA
could potentially obscure interpretation of TIV restriction fragment analysis. To determine
if TIV DNA is modified by methylation, total TIV DNA was digested with the
isochizomeric nucleases Hpall and Mspl. This data shown in Figure 2 shows similar
restriction profiles for TIV DNA using these restriction endonucleases. This preliminary
analysis revealed that unlike FV3 (130) and FLDV (132) DNAs, TIV DNA does not
contain methylated CpG sequences. These results agree favorably with those of Thomas
(133) which indicated that no methycytosine or 5-hydroxymethylcytosine residues were
present in TIV DNA. Therefore, methylation may not contribute much to TIV genomic
size variation. It would be of immediate interest to obtain genomic size estimates of a

plaque pure TIV from a homogeneous tissue culture system when it is available.



32

TIV DNA S1 Component

In order to localize the S1 DNA component in L DNA, we hybridized a cloned
0.75 kbp EcoRI fragment of S1 DNA (88) to restriction digests of total TIV DNA. These
results shown in Figure 3 revealed that, in addition to the S1 DNA fragment, this sequence

can be located on specific restriction fragments of L DNA. This finding provides further
evidence that S1 DNA is in fact present in the L DNA component.

Although we have sufficient evidence that the S1 DNA component is indeed a part of
L DNA, we do not know if it is necessary for a productive TIV infection. In an attempt to
answer this question, we chose to examine another TIV isolate for the presence of S1
DNA. A preliminary comparative analysis was carried out between our TIV isolate and a
TIV isolate that was propagated in G. mellonella originally obtained from Ireland. When
total DNA was isolated from this Ir-TIV sample and fractionated in agarose gels, we
discovered that only the L DNA component was present. This result is shown in Figure 4.
Further, hybridization of the radiolabelled 0.75 kbp sequence of S1 DNA to both genomes
revealed that this sequence was absent in the Ir-TIV isolate (Figure 4B). These results
strongly suggest that S1 DNA is not essential for a productive TIV infection. If this is
indeed the case, our TIV isolate must have acquired this sequence independently of at least
the Ir-TIV isolate. We have observed that the 0.75 kbp EcoRI fragment of S1 DNA did not
hybridize with either A. albopictus, E. acrea, or G. mellonella insect DNAs (S. Tajbakhsh
and V. L. Seligy, unpublished observations). We have not checked if all of S1 is missing or
S2 and S3. These small DNA components could have originated from a number of sources
including the integration of another viral genome in TIV, or a mobile genetic element.

In addition to lacking the S1 DNA component, the Ir-TIV showed some differences
in restriction fragment sizes when compared to endonuclease digests of TIV DNA (Figure
4A). Hybridization of the TIV capsid gene to both genomes revealed some differences in
the hybridization pattern between the two isolates (Figure 5). Clearly, more extensive
analyses must be carried out between these two isolates and other iridescent viruses in
order to determine their evolutionary relationships, and the origin of S1 DNA.

TIV Transcription

As mentioned in the introduction, our long term goals are to obtain detailed
molecular information on TIV. To do this, we chose to isolate and characterize the TIV
capsid gene. One of our approaches was to identify the most abundantly produced
transcripts during viral replication. Based on other examples (134-137) one might expect
that the TIV capsid gene will also be expressed in relatively abundant amounts late in
infection. To identify the most abundant transcripts, a method that does not require direct
labelling of the RNA was employed. Total RNA was extracted from TIV-infected cells and
radiolabelled first strand cDNA was made from this RNA using oligo dT as a primer and
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Figure 3. Hybridization of S1 DNA to total TIV DNA. A) Total TIV DNA and purified
S1 DNA were restriction endonuclease digested and electrophoresed in 0.7% agarose.
B) The DNA in A was denatured, transferred to nylon membrane (Hybond) and
hybridized with nick translated insert of pSE3 containing a 0.75 kbp EcoRI fragment of S1
DNA. The upper band in Sall digest of S1 DNA represents undigested S1 DNA. Markers
are lambda DNA digested with HindIII/EcoRI (M1; see Figure 2) and phi X174 DNA
digested with Haelll (M2).

AMYV reverse transcriptase. The single stranded cDNA probes were then hybridized to a
blot of TIV DNA digests (Figure 6; 88). A method similar to this was used successfully to
isolate the abundant transcript of the polyhedrin gene of Bombyx mori nuclear polyhedrosis
virus (138). Using this approach, we isolated two TIV DNA restriction endonuclease
fragments, Sall fragments #24a (4.4 kbp) and #36 (1.1 kbp), for analysis (see Figure 7B).
The transcripts located on these fragments were called AB1 (1.1 kb) and AB2 (0.75 kb)
respectively. The transcripts coded by these genes were too small to be considered as
candidates for the capsid gene and are being studied independently.

An insert containing sequences for the putative AB1 gene was isolated from a
pBR322 plasmid, L13, shown in Figure 7C. This plasmid was selected from several such
recombinant clones by hybridization of radiolabelled cDNA (data not shown) to a partial
TIV DNA bank in pBR322 (22). More detailed mapping revealed that this plasmid
contains BamHI fragment #4 (15.2 kbp) which harbors a 2.2 kbp Sall/BamHI fragment of
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Figure 4. Comparison of two TIV isolates for the presence of S1 DNA. A) A 0.7%
agarose gel of undigested and digested TIV DNA and TIV DNA from an Irish isolate.
Note the presence of S1 DNA in the TIV but not the Ir-TIV sample. B) To determine if
S1 DNA is present in the Ir-TIV sample, the gel in A was blotted and hybridized as

described in Figure 3. See Figure 2 for markers (M).
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Figure 5. Hybridization of TIV and Ir-TIV DNA with the TIV capsid gene. The blot from
Figure 4 was reused to hybridize with HindIII fragment #26b containing the TIV capsid

-gene (65). See Figure 2 for markers (M).
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Figure 6. Hybridization analysis of the major TIV transcripts. A) A 0.7% agarose gel of
undigested and endonuclease digested TIV DNA. B) Total RNA was extracted from TIV-
infected A. albopictus cells at 13 h p.i. and radiolabelled single-stranded cDNA was made
using AMYV reverse transcriptase and oligo dT as primer. This cDNA was then used as
probe to hybridize against an alkaline transfer of the DNA in A. Radiolabelled marker
(M) is lambda DNA digested with HindIII and EcoRI (see legend to Figure 2 for sizes).
Dots indicate Sall # 24a and #36 (88).
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Figure 7. Hybridization of the AB1 gene to TIV DNA digests. TIV DNA was digested
with various restriction endonucleases, electrophoresed in 0.7% agarose (A) and alkaline
transferred to nylon (Hybond) membrane. (B) X-ray film of a hybridization using insert
DNA from SL13-1A radiolabelled with *P by nucleotide chain extension using random
primers. The first lane contains L13 insert DNA. The adjacent lane contains a mixture of
Sall fragments 24a,b digested with BamHI. (C) Restriction endonuclease map of plasmid
L13 from which clone SL13-1A was obtained. M = markers; lambda digested with
HindIII/EcoRI (see legend to Figure 2); U = Undigested TIV DNA; B = BamHI;
E = EcoRI; H = HindIII; P = Pstl; S = Sall; Xb= Xbal; Xh= Xhol.

Sall fragment #24a. This 2.2 kbp Sall/BamHI fragment was subsequently cloned into M13
mp19 and called SL13-1A. Hybridization of insert DNA from SL13-1A back to digests of
TIV DNA (results shown in Figure 7A, B) confirmed that this fragment is a subset of Sall
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Figure 8. Mapping of the AB1 gene on SL13-1A. SL13-1A RF DNA was restriction
endonuclease digested, electrophoresed in 1% agarose (A) and alkaline transferred to
nylon (Biotrans) membrane. Radiolabelled cDNA, made by oligo dT priming of E. acrea
RNA isolated 16 h after TIV infection, was hybridized to this blot (B). Marker sizes for
lambda DNA digested with HindIII are indicated. (C) Restriction map of SL13-1A. Lane
1 = total TIV DNA; Lane 2 = Sall digested TIV DNA; Lane 3 = single stranded DNA
from SL13-1A; Lane 4 = SL13-1A digested with Sall/BamHI; Lane 5 = SL13-1A digested
with HindIII; Arrow = 600 bp HindIII fragment.
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fragment #24a and is present as a single copy in the genome. Hybridization of ®*P-labelled
c¢DNA made from 16 h total TIV-infected E. acrea RNA revealed that the 1600 bp
HindIII/BamHI of SL13-1A contains the AB1 gene (Figure 8A, B). In addition, single
stranded template prepared from SL13-1A failed to hybridize with the radiolabelled cDNA
(Figure 8A, B; lane 3) suggesting that this template (plus strand) contains the DNA coding
strand for the AB1 gene. The SL13-1A clone was used to screen a cDNA band and several
cDNA clones were subsequently isolated. The genomic and cDNA clones are currently
being analysed by sequencing to determine if TIV transcripts are polyadenylated. The AB2
gene is also being studied by DNA sequencing.
Analysis of TTV proteins

Although the cDNA hybridization approach was not successful in determining the
relative abundance of the TIV capsid transcript, we investigated the relative abundance of
the capsid protein in virions using several protein detection methods. These methods
involved the use of protein binding reagents such as silver and Coomassie Blue, and
radioactive labelling with ¥*S-methionine. A preliminary comparison of these techniques
was conducted in order to evaluate the relative abundance of the capsid protein compared
to the other virion proteins. Such a comparison, shown in Figure 9, revealed the presence
of 25-30 polypeptides. These results are in good agreement with an earlier study on TIV,
using a different electrophoretic system, that TIV virions contained 28 polypeptides with a
total estimated molecular weight of 1.72 X 10°Da (46). Assuming that all these
polypeptides are encoded by TIV, this value corresponds to 30-40% of the coding capacity
of the TIV genome. Our analysis in Figure 9 indicated, as expected, that the 50 kDa capsid
protein (size determined from gene sequence, 65) is the most abundant protein in the
virion. However, some striking differences were evident when some of the other minor
proteins were examined, For example, silver staining of virion proteins revealed the
presence of an intensely staining 33 kDa protein, and a 29 kDa that was barely detectable.
In contrast, Coomassie Blue staining of an identical viral preparation revealed these bands
to be of equivalent staining intensity. These dramatic differences can be attributed to the
specific properties of the protein that is being detected. Tal and coworkers (139) reported
a strong correlation between the intensity of response to Coomassie dyes and the basicity
of a protein, which depends on the number of lysine, histidine, and arginine residues, and
the nature of the N-terminal amino acid. These authors also reported that hydrophobic
interactions of the dye molecule with the polypeptide backbone adjacent to positively
charged amino acids, enhances the binding. The Coomassie R molecule contains two
sulfonic groups and three nitrogens, two of which are likely positively charged under the
staining conditions (139). According to these studies, the binding of Coomassie R to

proteins is a consequence of electrostatic forces between the sulfonic groups and the basic
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Figure 9. A comparison of TIV proteins using various protein detection methods. Purified
TIV was analyzed by SDS-PAGE (4% stack/10% base) and either silver (A) or Coomassie
blue (B) stained. (C) Fluorograph of *S-methionine labelled virions from E. acrea cells
(65). The capsid protein (arrow) and minor proteins are indicated (dots; see text).

amino acids as well as hydrophobic interactions with the peptide backbone. The number of

dye molecules bound was found to be approximately proportional to the number of
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positively charged amino acids in the protein, therefore, estimation of the relative molar
ratios of proteins in a sample is possible if the sequence is known. Our studies have
indicated that the capsid protein contains 35 basic amino acid residues, the predominant
one being arginine (20 residues) (65).

Although silver staining of proteins in gels is reported to be up to 100 times more
sensitive than Coomassie Blue staining, the basis of the silver stain is not as well defined
and extreme caution has been suggested for quantitation of proteins following silver
staining (140, 141). Additionally, lipopolysaccharides have been shown to stain with silver
(142), Nielsen and Brown (140) suggested that the different shades of blue, yellow, red,
and gray that characterize different proteins stained with silver, can be predicted if the
amino acid sequence is known. Further, they suggested that the color of protein/silver
complexes is related to the binding of silver to the side chains of charged amino acids. In
contrast, Chuba and Palchaudhuri (141) showed a strong correlation existed between
increased staining with silver and the cysteine content of the protein., Regarding the
mechanism of action, Dion and Pomenti (143) reported that protein-aldehyde adducts that
result from glutaraldehyde pretreatment, directly participate in metallic silver deposition in
a manner that resembles latent image formation in the photographic process. Although the
precise mechanisms for these protein stains remains obscure, it is evident that quantitation
of proteins using Coomassie Blue staining gives a more reliable indication of the relative
quantities of proteins than does staining with silver.

Lastly, quantitation using *S-methionine labelling is dependent on the methionine
content of the protein. We know from translation of the capsid DNA sequence that the
capsid protein contains 9 methionine residues (65). Cell associated capsid protein was
found to be the third most abundant de novo synthesized protein in infected cells as
determined by ¥*S-methionine labelling, however, our analysis of *S-labelled TIV indicated
that the capsid protein was the most abundant protein in virions (Figure 9; 65). For a more
accurate evaluation of the relative abundance of proteins, it would be suitable to label
proteins with a mixture of labelled amino acids such that none of these precursor molecules
are limiting during the synthesis of the protein(s). This approach should help minimize
some of the obvious biases inherent in the techniques discussed above.

TIV capsid protein stability. On one occasion over the course of our studies, during
conventional purification of TIV from G. mellonella, it was found that the sucrose gradient
fractionation yielded a much wider top component band. After further purification of this
band by sucrose and CsCl gradients, EM observations revealed that this band contained
numerous small icosahedral particles ~26 nm in diameter that were not as intensely
stained as "full” or "empty" TIV virions which measured about 130 nm (see Figure 10A, B).

These small particles were non-occluded but were sometimes associated loosely with
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Figure 10. Comparison of TIV and small icosahedral virus (sv) particles from

G. mellonella. (A) and (B) Negatively stained electron micrographs of TIV and small
icosahedral particles, respectively. Silver stain (C) and western analysis (D) of TIV (lane 1)
and sv (lane 2) particles. (E) Western analysis using I protein A of TIV frozen and
thawed ~10 times (lane 2). Lane 1 contains purified capsid protein. Western analysis was
done as described in Materials and Methods. Bar represents 80 nm.
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membranous material or engulfed within a membrane. However, most often these
particles appeared free, or arranged in arrays. Small particles have been previously
reported by Yule (144), in G. mellonella larvae; these particles were estimated to be about
50 nm in size. In this study, it was initially thought that these particles may be due to a
contaminating latent virus induced from the larvae. However, SDS-PAGE analysis,
Coomassie Blue (not shown) and silver staining (Figure 10C) revealed the presence of a
major band co-migrating with the major TIV capsid protein, and some other minor bands.
Further, no nucleic acid other than the TIV DNA regular components (L and S1) were
isolated from this sucrose gradient fraction. Repeated attempts were made in this study to
obtain a homogeneous sample from this fraction that was devoid of the larger TIV
particles, but such a homogeneous sample was difficult to obtain because of the tendency of
these particles to aggregate. Whether the 26 nm particles are comprised of aggregated
capsid protein and/or breakdown products of TIV virions has not yet been determined.
The capsid protein was found to be quite stable since long term storage at 4°C (over
3 years) resulted in at least 30% of the protein remaining intact and of the expected size
(46 kDa) as seen by SDS-PAGE followed by silver staining and western analysis (Figure
10C, D). The degraded capsid protein formed discrete bands as a consequence of long
term storage at 4°C (Figure 10D). This phenomenon was also observed by western analysis

of virus that had been extensively frozen and thawed (Figure 10E).

CONCLUSIONS

The TIV which we are studying has a fairly complex genome consisting of two major
DNA components, L (176-247 kbp) and S1 (10.8 kbp). The S1 DNA component that exists
both as a free molecule and integrated, at least in part, in the major genomic component of
TIV is of particular interest (22, 65, 88, 107, 111; present study). The studies presented
here further show that a TIV isolated from Ireland lacked this sequence, implying that this
DNA component is not essential for a productive TIV infection. We are currently
investigating this DNA component in detail by transcript analysis and DNA sequencing to
determine its exact location in L, its possible origin and whether it can replicate
autonomously in insect cells. Additionally, the nature of the TIV DNA termini is being
investigated since circular permutation and terminal redundancy has been shown for FV3,
FLDV, and CIV. The finding that TIV DNA is not methylated suggests that this virus
differs from some of the other Iridoviridae members. DNA sequence comparisons are also
being made between genomic and cDNA clones to help determine if, unlike FV3, TIV
transcripts are polyadenylated. DNA sequence analysis of TIV genes should also allow
sequence comparisons to be made with the consensus regulatory sequences from other

systems. Finally, our investigations of the TIV proteins and expression of these proteins,
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particularly the capsid protein, could give us insights into the complexities of virion

assembly.
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ABSTRACT

The genome of the insect iridescent virus type 6
-Chilo iridescent virus (CIV)- contains a double-stranded
linear DNA molecule of 209 kbp which is circularly
permuted and terminally redundant. A defined and complete
gene library of the viral genome was established which
represents 100% of the CIV DNA sequences. The physical
maps of the wviral genome were constructed for the
restriction enzymes Apal, Asp718, BamHI, EcoRI, McoI,
PvuII, Sall, SphI, and Smal. Although the CIV genome 1is
linear the restriction maps of the viral genome are
circular due to circular permutation of the CIV DNA
molecule. The CIV genome contains repetitive DNA
sequences located in the EcoRI DNA fragments H and
PvuII CIV DNA fragment L (5064 bp) at the <coordinates
0.535 to 0.548 and 0.920 to 0.944, respectively. A DNA
element (91 bp) at the nucleotide position 1981 to 2072
of the EcoRI CIV DNA fragment H had been found to be
complementary (>90%) to nine regions of the PvuIIl DNA
fragment L. A stem-loop structure has been identified by
heteroduplex mapping at the genome coordinates 0.571 to
0.582 (HindIII/EcoRI subfragment (2555 bp) of the EcoRI
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CIV DNA fragment H). The DNA nucleotide sequence of the
PvuIl DNA fragment L contains many perfect direct repeats
of sizes up to 145 bp. In addition to these repetitions a
cluster of four imperfect repetitive DNA elements (R1 to
R4) with a complex structural arrangement was detected.
R1, R2 and R3 exist in duplicate (two boxes (B)) between
nucleotide positions 271 to 3466). The R4 repetitive
element was found in 12 boxes (between bases 1301 and
4417). Five open reading frames (ORFs of 118 to 333 amino
acid (AA) residues) were detected. The analysis of the
amino acid sequences of the largest ORF revealed that the
deduced amino acid sequence of the putative gene product
contains two repetitions. Sequences of 43 amino acid re-
sidues of ORF 5 (160 to 202 AA) were found to be homo-
logous within the majority of ORFs. A consensus sequence
-MANL (X)g IGSSST (X)g L(X)q LGS(X)y LQISG(X)2 L(X)1 VN- was
found in all five ORFs. The origins of DNA replication of
the CIV genome were identified within the DNA sequences
of the EcoRI DNA fragments C (13.5 kbp, 0.909 to 0.974
map units (m.u.)), H (9.8 kbp, 0.535 to 0.582 m.u.), M
(7.3 kbp, 0.310 to 0.345 m.u.), 0 (6.6 kbp, 0.196 to
0.228 m.u.), Q@ (5.9 kbp, 0.603 to 0.631 m.v.), and Y (2.0
kbp, 0.381 to 0.391 m.u.).

INTRODUCTION

Iridoviruses are icosahedral cytoplasmic DNA viruses
which have been isolated from a variety of invertebrate
and vertebrate host species, principally from insects.
Tinsley and Kelly (1) have suggested a provisional
classification scheme whereby isolates are 1listed in
numerial sequence according to their date of isolation.

Iridovirus type 6 or Chilo 4iridescent virus (CIV)
was 1isolated by Fukaya and Nasu (2) from the rice stem
borer, Chilo suppressalis (Lepidoptera); this wvirus

occurs in Japan and the United States (3). CIV might be

of agricultural importance, since it has been shown to
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infect the green rice leafhopper Nephtotettix cincticeps
and to be lethal for 99% of the 1leafhopper Colladonus

montanus '(Homoptera: Cicadellidae), the vector of a

mycoplasma agent of stone fruits (4). Serological studies
by Kelly et al. (5) have shown that CIV is not <closely
related to any of the 29 iridoviruses 1isolated so far
(6). The first analysis of the DNA properties of CIV such
as G+C content and molecular weight were performed 1in
1967 by Bellet and Inman (7). However, the discovery of
the circular permutation and terminal redundancy in frog
virus 3 (FV3) (8) and fish 1lymphocystis disease virus
(FLDV) (9, 10) both members of the Iridoviridae family
(11), made it necessary to analyse the structural
properties of the genomes of the members of the other
genera of this interesting virus family. From this point
of view and with respect to the fact that CIV can be
vtilized in agriculture and be considered as a biological
insecticide, e.g. to eliminate plant diseases transmit-
ted by insects in which CIV induces a lethal infection,
we chose the CIV as a svuitable <candidate for genetic

analyses.
MATERIALS AND METHODS

The experimental approach for this study (e.g.
isolation and purification of virions, DNA extraction,
electron microscopy, vTestriction enzyme analysis, nick
translation, DNA hybridization, molecular cloning,
physical mapping, DNA nucleotide sequence determination,
and computer-assisted analysis) was carried out as

described previously (12-17).

RESULTS
STRUCTURE OF THE VIRAL GENOME

Circular permutation of the viral genome

The analysis of the CIV genome by electron
microscopy revealed that the majority of the DNA

molecules were linear double-stranded DNA with a size of
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above 84.9% 1.1 ﬂm corresponding to 238 kilobase pairs
(kbp) (12). However, the self-annealed single-stranded
viral DNA led to the formation of double-stranded circu-
lar DONA molecules with single-stranded protruding tails
(12). The average size of the reannealed <circles was
found to be 76.9%2.6 Ams corresponding to 209 kbp. An
example of this study which had been described previously
(12) is shown in Fig. 1. This analysis indicate that the
circles were obtained by the reannealing of two single
strands which were terminally redundant and circularly
permuted.

To test for a «circularly permuted ODNA structure, a
combined 3° Escherichia coli exonuclease III digestion of

the CIV DNA was performed. This study revealed that all

resulting DNA fragments were degraded without preference
for any DNA fragment (12). These results are consistent
with a circularly permuted ONA structure as found by
electron microscopy described above, indicating that the
genome of CIV is circularly permuted and terminally
redundant (about 12%), a property which it has in common
with FV3 (8) and FLDV (9, 10) both eukaryotic viruses and
members of the iridovirus family. Therefore it was of
importance to prove whether direct molecular <clonig of
the complete genome of CIV is possible and whether the
physical maps of the viral genome are circular as shown
for FV3 (18) and FLDV (10).

Molecular <cloning and physical mapping of the wviral

genome

To clone the CIV genome, viral DNA was analysed by
digestion with different restriction endonucleases and by
electrophoretic separation of the resulting DNA fragments
in agarose slab gels. The results of this study for the
restriction endonucleases Apal, Asp718, BamHI, EcoRI,
NcoI, PvuII, Sall, SphI, and Smal as described previously
(12-14) are summarized in Table 1. When the CIV genome

was cleaved with the restriction enzyme EcoRI, 32 DNA
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ffagments (A to Z and A to F") were generated. The indi-
vidual DNA fragments were 1isolated after electropho-
resis and directly inserted into the EcoRI site of the
plasmid vector pACYC184 (13). In parallel experiments
BamHI, BamHI/Sall, SphI, and Ncol DNA fragments of the
viral genome were inserted into the corresponding sites
of the plasmid vectors pAT153 or pKm2, respectively. The
identity of the viral insert of each recombinant plasmid
to CIV DNA was confirmed by Southern blot hybridization
as described elsewhere (13). This analysis revealed that
all of the 32 EcoRI DNA fragments A to Z and A" to E’
representing the complete CIV genome, have been mole-
cularly cloned directly into the corresponding site of
the plasmid vector pACYC184 without any linker or adapter
(13).

As a first step towards the understanding of the
underlying mechanisms which determine this unique genomic
feature among eukaryotic viruses, the arrangement of the
DNA sequences of the viral genome must be elucidated.
The established and defined gene 1library of the CIV
genome was used for construction of restriction maps of
the viral genome for the restriction -endonucleases Apal,
Asp718, BamHI, EcoRI, NcoI, PvuII, Sall, SphI, and Smal
(13, 14). Physical mapping of the CIV genome was carried
out by Southern blot hybridization tests as described
previously (13, 14).

Although the CIV genome is a linear DNA, according
to the results obtained by molecular cloning and physical
mapping the restriction maps of the viral genome must be
constructed as circles as shown in Fig. 2 (13, 14). The
Apal recognition site located within the EcoRI DNA
fragment J was fixed as the start and end point of the
genome coordinates (0/1). This finding supports the
results of earlier analyses and is strong evidence that

the genome of CIV is indeed circularly permuted.



33

Table 1: Size of DNA fragments of insect iridovirus type
6 obtained by cleavage with restriction endonucleases

Size of DNA fragment (kbp)

F* Apal Asp BamHI EcoRI Ncol PvuII Sall SphI Smal
7

18
A 158 50 72.76 17.0 57.77 46 85 39 102
B 51 39 40.56 14.8 31.55 36 57 30 55
C 25 29.59 13.5 16.5 25 26 30 52
D 17 21.2 12.7 13.4 18 20.6 26
E 17 19.7 11.1 13.1 15 19.9 24
F 16 15.6 10.8 12.5 13.6 0.58 19
G 13 8.1 10.0 10.8 11.2 12.2
H 9.5 1.0 9.8 9.0 11.0 10.7
I 8.7 0.4 9.2 8.1 9.4 6.4
J 7.8 7.9 7.2 8.5 5.5
K 4.6 7.6 5.7 6.2 2.6
L 2.0 7.3 5.1 5.1 2.6
M 7.25 4.6 3.2 1.4
N 7.1 4.2 1.15
0 6.5 3.3
P 6.4 3.1
Q 5.9 0.9
R 5.5 0.56
S 5.25
T 5.2
u 4.5
v 3.5
W 3.1
X 2.85
Y 2.2
YA 1.8
A” 1.78
B” 1.65
c’ 1.5
D” 1.35
E- 1.1
F- 0.38

Sum: 209 209.6 208.91 206.51 207.38 209.35 209.4 209

* DNA fragment

Note. The corresponding map coordinates for the indivi-
dual DNA fragments had been described periviously (13,
14).
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Fig. 2. Physical maps of the CIV genome for restriction
endonucleases Apal, Asp718, BamHI, EcoRI, NcoI, Pvull,
Sall, Smal, and SphI. The restriction maps are circular
and start at the boundary of the Apal DNA fragment B to
A. For detail see (13, 14).

Detection and characterization of repetitive DNA

sequences in the CIV genome

To detect possible repeat DNA sequences within the
genome of CIV the defined gene 1library of the viral
genome was tested in hybridization assays. A significant
homology was detected between the EcoRI DNA fragments C
(13.5 kbp, 0.909 to 0.974 map units (mu)) and H (9.8 kbp,
0.535 to 0.582 mu) of the CIV genome as described
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Fig. 3. Determination of the DNA sequence homology
between the EcoRI CIV DNA fragments C and H by Southern
blot hybridization experiment. The labeled recombinant
plasmid pyIV6-E-C harboring the EcoRI DNA fragment C of
the viral genome was hybridized to the EcoRI digest of
CIV DNA at various concentrations ( lane 2 = 0.9 fM, lane
3 =0.4 fM, 1lane 4 = 7 fM, ond 1lane 5 = 0.01 pM ). The
labeled CIV DNA (lane 1) and unlabeled DNA of recombinant
plasmid pyIV6-E-C (lane 6) cleaved with EcoRI served as
internal marker. The DNA fragments were separated
electrophoretically on a 0.8% agarose slab gel. (A)
Ethidium bromide staining and (B) autoradiogram of the
blot hybridization experiment. Labeled phage lambda DNA
digested with M1ul (lane 7) served as molecular weight
marker. The big arrow marks the position of the vector
and the small arrows indicate the positions of EcoRI CIV
DNA fragments C and H.

previously (15). As shown in Fig. 3 it was found that
the EcoRI DNA fragment C hybridized not only to itself
but also to the EcoRI DNA fragment H of the viral ge-
nome. Similar results were found when the DNA of recom-
binant plasmid pyIV6-E-H which harbors the EcoRI DNA

fragment H of the viral genome was used as hybridiza-
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Fig. 4. Determination of the DNA sequence homology
between the EcoRI CIV DNA fragment C and H by Southern
blot hybridization experiment. The labeled recombinant
plasmid pyIV6-E-H harboring the EcoRI CIV DNA fragment H
of the viral genome was hybridized to the EcoRI digest of
the viral DNA at the concentration of 7 fM (lane 2),
0.014 pM (lane 3), and to the DNA of recombinant plasmids
pyIV6-E-C (lane 4) and pyIV6-E-H (lane 5) cleaved with
EcoRI. The labeled CIV DNA digested with EcoRI (lane 1)
served as internal marker. The DNA fragments were
separated electrophoretically on a 0.8% agarose slab gel.
(A) Ethidium bromide staining and (B) avuvtoradiogram of
the blot hybridization experiment. Labeled phage lambda
DNA digested with HindIII (M) served as molecular weight
marker. The arrowheads mark the position of the EcoRI CIV
DNA fragments C and H and the arrows indicate the
position of the vector.

tion probe (Fig. 4). The position of the repetitive DNA
sequences were localized at the map coordinates 0.535 to
0.548 and 0.920 and 0.944 of the viral genome using fine
mapping by DNA-DNA hybridization assays (15) as shown in
Fig. 5.

For further <characterization of the DNA sequence
homology between the EcoRI CIV DNA fragments C and H
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electron microscopical heteroduplex analysis was carried
out as described elsewhere and the results are given in
Fig. 6. In this study the recombinant ©plasmids (pyIV6-
E-C-C1, pyIV6-E-H-C100, and pyIV6-E-H-C217 (15)) harbo-
ring the EcoRI CIV DNA fragments C and H (in two diffe-
rent orientations) were linearized by the restriction
endonuclease Sall within the vector sequence, denatured
and reannealed to form heteroduplexes. Only hetero-
duplexes with fragment H in one orientation (pyIV6-E-H-
C217) displayed an interaction between the two strands.
Examples are shown in Fig.6A to C. The results of the
measurements on the heteroduplexes (15) revealed that the
region of homology between the two EcoRI fragments maps
at a distinct position on fragment H (2.12% 0.16 kbp from
the EcoRI site; 0.545 mu). But the maps obtained for the
position of the duplex on EcoRI fragment C (15) indicate
that it is found at variable locations on fragment C. As
deduced from a histogram (15) the region is extended
between 4.14 to 7.86 kbp from the EcoRI site (0.824 to
0.938 mu). This indicates the presence of tandem repeats
distributed through a wide region on EcoRI fragment C,
corresponding to the PvuIIl CIV DNA fragment L (0.920 to
0.944 mu).

In addition it was found that the strand of the EcoRI H
fragment can be recognized by an inverted repeat causing
a stem-loop structure (Fig. 6A to C). Its position was
determined using a HindIII/EcoRI subclone (0.571 to 0.582
mu) of the EcoRI DNA fragment H (15). The distance of the
inverted repeat from the HindIII site (0.571 mu) was
determined to be 260 40 bp (Fig. 6D). The 1length of
the stem is about 65 *10 bp, and the size of the loop
approximately 650 ¥ 80 bp. The length of the stem is quite
variable and indicates that the inverted repeat does not
have a very good homology. To ascertain these results and
to clarify the structural arrangement of these repeat
regions it was necessary to perform the DNA nucleotide

sequence analysis.
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Fig. 6. Electron micrographs of recombinant DNAs
carrying inserts of the CIV DNA EcoRI fragments C and H.
(A) and (B) Electron micrographs of heteroduplexes
between the recombinant plasmids pyIV6-E-C and
pyIV6-E-H which harbor the EcoRI DNA fragments C and H of
the viral genome, respectively. The recombinant plasmids
were linearized with the restriction endonuclease Sall
approximately in the center of +the <cloning vector
pACYC184. While the distance of the site of interaction
between the two strands is always at the same position
on the strand from the shorter fragment H carrying the
stem-loop structure, the position on the strand from
fragment C varies between extremes Trepresented in the
two pictures (A) and (B). (C) Electron micrograph of
heteroduplexes between the recombinant plasmid pyIV6-E-C
and pyIV6-E-H100, harbouring the CIV EcoRI DNA fragment H
in the opposite cloning orientation. (D) Electron
micrograph of the single stranded DNA of the plasmid
pUC18-IV6-E-H-C1, an EcoRI/HindIII subclone of pyIV6-E-H
linearized with HindIII. This insert contains the region
of the stem loop structure in the EcoRI DNA fragment H.
The double stranded circular DNA is PM2 DNA added as
length reference. The samples were prepared as described
previously (15). The arrowheads point to the stem-loop
structure contained in the EcoRI restriction fragment H.

The characterization of the repetitive DNA sequences in

the CIV genome by DNA nucleotide sequence analysis.

The complete nucleotide sequence of the EcoRI/Pstl

subfragment (0.535 to 0.548 mu) of the EcoRI CIV DNA
fragment H was determined as described previously (15).
The obtained nucleotide sequence is shown in Fig. 7. This
DNA fragment has a size of 2708 bp and a base composition
of 33.9% G+C and 66.1% A+T and contains many perfect
short direct and inverted repeats (15). Only short open
reading frames were identified. The largest one (294 bp;
98 amino acid residues) is located between nucleotide
positions 1057 and 1351 of the complementary strand.
The determination of the nucleotide sequence of the Pvull
CIV DNA fragment L (0.920 to 0.944 mu) (Fig. 8) revealed
that this DNA fragment has a size of 5064 bp and a base
composition of 39.79% G+C and 60.21% A+T (16).

The search for DNA sequence homologies between the
obtained DNA sequences and the DNA sequences was

performed by dot matrix analysis (Fig. 9). These studies
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EcoRI(0.535 mu)

1 GAATTCAACCAATTCCATTTGGAATTTTTAAAGAAGAARAACTTAARAACCTGTTTACAAT TTTATAAACTTTTTCCCTGGATTARAGATCAAGTTTTAGATGTATTCGTTGCTCCTATTT
121 CATCTAATTTTGATGACAGTTTTTTTATTCGTTCTGACTTTTATGAATATATTTCTTCTC CAGTAGGAXTTGCTATAACGGATGATGAAGAAGTTGAAAAATTTTATCGTCCAARAGAAA
241 AATATTATAAACTTCAGTGTTACGGAATAAACAAATATTATAATGAARACGAACCCGAAA TTATTCATGTTAATTGGAATAACCAGGAATATTTATTCAAAATTGGCATTTTGACTGAAA
361 ATAGAGGATTTCTTATACAAGAAGCAGATATTTTACCTAGCAGAAGAGGATTTTATAGAA AATTGGTTAGGAAAATCTGATAAAAGACGTGAAGAATTATTAAATTCTGTTAATATTCCA
481 TCAGATGCAAAAGCAGTGGCCAGAAATGAAATTTTGAGATCGCTTTTAAATGTTATTCCA AATGCAGATCTTTTATACAACARATAGAATTTTGACAAATATAGTTGAAAARARATAGTAG
601 ATTTGAGTTAAATACGTGATTTTTTAAGAGTTGCAGATTTAATAGTTTCATCAACCCAAA AATTAATTTTGTTTCTTCTGTATTTCCAAAAAGACTTGCTAAAATGCAATATAACCAGAA
721 ATTTACCTCTTTAACTCAAGAGAGAATTACCTGAATTTTGATGATAATCGTATACCAGAA GCAACAATTGAATATGTAAATCGCACAATTCAC T¥CAAATAGAAAAGTATACGAGGATT
841 TAGTTAATTATACTGTCATGTATAATGTTATTCCAACTAGAAAAGCAACTCGACCATTTC AAATGGGAGGCAAAGTTAAACCAACAGGTCGTGATGACAAAATAATTATAGGTCTTCCAG
961 AATGGAAAAATGCATGTGTGAATGTTAATGATGTTATAAATATTCCCGATGAAGATTTAATTTTTTACTCTGATATCGAAGATCTTATCCGATAATTCGAACCATCAAGCGGAAAGAGGT

1081 TGTAGAAGGTTAAGAAGAGTGAGAGTTAATATTCCAGAGGTCCGTTAATAAAATTAATTA AAGCAGTTCTTTTAAGTTAGAAAATAATCTTATTGAACCAGAATACTTCCAAGAAGAAGA
1201 AATTAAATGTTTAGAATGTAAAAAAGCTGTTCCTGCTGGGAAGGAATGTTGAGTATTTTC ARAGGTAAAAAAGTTGCTTTTTGTAATATGGAATGTTTTGAAAATAAAAAATGGTAAATT
1321 TTAATGGTTAATAACCATTAARATTTAAAAAAAAATTAAATGACAGATAAGACAGATACA ARAAATGAATTTGACGCAATTGCAGAAATACTTATATTCCATTGTTTACCAAATGTTTGA
1441 TCTATAAGGACATATGTTTGCATACCTCCAACTTGACTTAAAAATCCTCCACCCCATACT TTTTGCAATCCTACAAAAGTACCAGAAATAGGGTTGGTACATATTTCCARTATTTTGAGC
1561 ACTCCCATTAGCAGCATATGTGCTGAATAAGCTGGCAGTACATTGATGTGTTTGAGAATC ATTAAACATAACAAATATTGAACAATTTGCATTATTAACAATGCCTCCAACTTGTACAAC

1681 EAAATTACCAaﬁ;g:;k'A"AGTTAAACTTGEAACTATACTTCCCG"GATETTAAAEEAGAG;;;ATTTYTTTACATAATTAB'ACCATTATATAACCAAATAEATCCATCTETTCCA
1
1801 GAATATAATBTATTTTETTBTBCAGGTCTATCT"" AGCGGTTGTGTTGGGA TMTTETTAAAAACBAAA'AGEEEEATTTAATTBABAATTTGTCATCGACA'GCTAGG'
1
1921 CCAAGAGTAATATTAGTGGGAGTAGTACTTGTTTTGCTAGATCATAAGTTGGAGTTCGAAIGTTAGCCATCTTGCAAGTGTAATGGCACCTGGGGCAACGTTGGEECTGTTGCAACACTGC

072
2041 CTGTAAGTCTCCCCAGCATTTGAATACCTCC$ABATBAGAG'AGCGCTGGATAEAACCC CTGTTAAGTTAACGCTCAATTGACTCCGCACTCATACAGACGGAACCGAGAGTAATAGCA

2161 GAGTCGTAGTTGATCCACTGAAGAACCAATTAATTCAGATGTCGCGGTAAGAGCAAGTTG ACTAAACCTACTGCTCCATTAGCAAGTTGTGCAGTTTTCTACAGCGTTGTTTGCAAGTTG
2281 TGCAGTGCCTATTGCATTATTTGCAATAGTAGGAGCAGTTGCTGTACCCGATAATAACCG GCTAGCTGAATTGTACCCAATGAAGTAGAAGTAGAAGTTGCTGGGGCAGCTATTGCCGTT
2401 GCGGAAAGAACTCCTCCAGAACTCATTGACAAACCAGTGCGTAGAGTGATATTTGTTGCT GCACTTGAAGAGCTATTCGAACCAATTAATTGTGAAGTTCGTGAAAGTGCTGCCAATTGT
2521 CCAGTGCCAACTGAGTTGGCAGCTATTTGTGTAGCTCCAACAGCACCATTAGCAATTTTA GATGCTCCTACAGCACCATCGGCAATTTGTGTAGATCCAACAGAGCCTGCGGATAAGTTG
2641 AGATGTAGCAGAACCGGACAATGCTCCTGAAAGTTGAATAGTTCCTAAACTAGATGATGT TGCTGCAG 2708

Pst1(0.548mu)

Fig. 7. DNA nucleotide sequence of the EcoRI/PstI
subfragment (0.535 to 0.548 m.u., 2708 bp) of the EcoRI
CIV DNA fragment H. The positions of the DNA sequences
which are complementary to DNA sequences of the PvuIll CIV
DNA fragment L are indicated in box A (nucleotide
positions 1981 to 2072) and in box B (nucleotide
positions 1817 to 1863). The figure was taken from (15).

revealed that the DNA sequence of the EcoRI CIV DNA
fragment H at the coordinate 0.535 to 0.548 mu contains
two regions which are complementary (>90%) DNA sequences
of the PvuII CIV DNA fragment L. These regions were
termed box A (91 bp at the nucleotide positions 1981 to
2072) and box B (46 bp at the nucleotide positions 1817
to 1863) (Fig. 7) . As shown in Fig. 10 the DNA sequences
of the repeat box A are complementary to nine regions
within the PvuII DNA fragment L of the viral genome (Fig.
11) . This indicates that the PvulIl DNA fragment L should
possess a cluster of direct repeat DNA elements. In

contrast the DNA sequences of the box B are only
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(0.920 mu)
Pvul
CAGCTGTAACTAGTATACCTGTTTCARATGTAAATGGTGCTGTTCAATCTGTTAATGGGG TTTTTCCAGACTTGTCTGGAAATGTAACTGTAACTCTTGGAACAGTTACTACAGGTACTT

121 TAGCTGCACTACCTCCTGTGGGTCCTCCATTAGTAAACGGAGATATATATGTAGTTTCTG GAGATCCTACACCATCAAATAATGGGT TAACATTTATATATAGTACAACTCCTACARATC
241 AATGGTTAGAAATTTCTCCAAGTTTTGGTTCTTTAGATGCACGATATTTACAGCTATCAG GTGGAACAATGTCTGGGAATATAGTTATTCCTAGCGGTAATTTTATCACATTAACTAGTT

361 GCCTGTCAATCCAACAGATGCAGCTAATAAATCATATGAAGATGTCAATATTACACCATC TGCTACAACATCTTTACAGGGAAAAGTTCAACTATCTGGTGATTTATCAGGGETGECGTC

481 AGCTCCAGTTATAACTACCGGAGCAATTACTTTAACTARAATGGCAAATTTAACATCAAC AAGTTCTTTCATAG AGCAGTACAAGTACAAGTCCATCTCAATTAAGTTTAGGTTC

601 TAATTTACAAATTTCTGGAAGAAGTTTAGATGTGAACACAAGTTCACTTTCAGGAACATT TTTACCACTCACCGGAGG YA #aTGTCAGGAAATATTGTTATACCAACAGGAGATTTAAT
721 TTCAATAACAGATGCACCAACAATTGGAACCAGTGCTGCAAATAAAGCITATGTTGATGL AAATA'AACTCCAAATGCAAC"CAACTG'LmaﬂAAAATTCAA'TAGC'GGAGATTTAT
841 TAGGMCTvCT:;CAAGAcTTcCAACTATTT@;GAGCVGTTACCHAVCAAAMTGG CTAATTTATCAACTACAATGTCTTTAATAGGTTCATCTTCTACAAGTARTTTAGTATCTC
961 AATTAAGTTTAGGTTCTAATTTACAAATTTCTGGAACAACTTTAI ATGTGAACACAAGTT CACTTTCCGGAACATTTTTACCACTGCGATGGGGGTACAATGTCTGGAAARTATTGTTATA
1081 CCACTGGAGATTTAATTTCAATAGCAGACGCTCCAACTGTTGGAACTAGT TAGTGCTGCAAA'A AGGCTTATGTAGATGCAAATATAACTCCAAATGCAACAACAACGGTTTTGGGAAAATTL A
1201 ATTATCTGGTGATTTTGACTCTACGTCAACCAGCAACAGTTCCTGTAATTAAAGTGCACA TCGTCAATACAAGGTAAAATTCACCTTTC'GGAl,A'CTAACAG?%ATCGCATTCTCAA
1321 CAATTGCTGCCGETGCCATTACTTGTAAAGATGGGCARTCTTTCAGGGAACTCTCAAATT ATTGGTTCTAGCAGTACTGCATCAACGCCTACAAATCTCACATTAGGTTCTGGACTACAR
1441 ATTTCTGGAACCCGTGTTGAGCGTTAATTCAGCAACGTAACTGGCCTCCAGCAACTGCTA CAACTATTGGAGGTATTGAAATGTTAGGAGACTTAACAGGCAGTGTTGCAACAGCCTCAR
1561 CGTTGCCACTGGTGCCATTACATTAGCAAAGATGGCCAATCY P AGGAACTCTCAATTAT TGTCTAG 43 ¥ RCAACATTCTCGCCTACCAATCTCACATTGGGTTCTRATCACAAATTTC
1681 TGAACCGGGTTGAGCGTTAATTCAGCAACGCTAACTGTTCCCCGGCTACATCAACTTCTC TTGGAGGTATTGAAATGTTAGGAGACTTAACAGGCACGGTTGCACACCCHI#AZGTTGLG
1801 TGGTGCTATAACACTAGCAAAAATGGCCAATCTTTCAGGGAACTCTCAAATTATTGGTTC TAGTAGTACTGCATCTACACCTGTARATTTAACGCTTGGARATTTTTTGCAAATGACAGS
1921 AACAGTTTTAAATGTAAACTCAAGTTCACTTTCCGGAACATTTTTACCACTTTCTGGAGG TACAATGTCCGGARATATTGTTATACCAACTGGAGATTAATTTCAATAGCAGACSCTCCA
2041 ACTGTTGGAALTAGTGCTGCAAATARAGCTTATGTAGATGCTCAARTARTATCAGCAACT CCAATGCAACCACCACAACACTTGGRAARAATTCAATTATCTGGCGATTTTGATTCTACA «
2161 TCAACAGCAACAGTTCCTATAATTAAAAGTGCAACTTCATCAATACAAGGTAAAATTCAA CTTTCTGGAMCAG%’TCG%TATTTCTC‘CAA ZGGTTGLTIGCAGGTGCAATTACA
2281 CTTGCAAAGATGGCCAATCTTTCTGGAAATTCTCAAATTATTGGTTCTAGTAGCACAACC TCTTCchmﬂTCTCACATTGGGTTCCGGAC'ACAAATTTCTGGAACCGTATTAAGC :
2401 GTTAATTCAGCAACCGCTAACCGTTCCCCCGGCTACTGCTACAACTATTGGAGGTATTGA AATGTTAGGAGACTTAACAGGCAGTGTTGCAACAGCCCAACGETTGCTGCCTGGTGCCAT |
2521 TACATTAGCAAAGATGGCAAATCTTTCTGGAACGTTCTCAAATTATTGGTTCAAGGAGCA CAACATCAGCACCTACAAATCTCACATTAGGTTCCGEATCACAAATTATCAGTATCGTGT &
2641 TAAGTATTTCTGCAGCTACTTCTTCTACCCTTGGAGGTATTGAAATGTTAGGAGACTTAA CAGGCAGCGTTGCAACAGCCCCAACGGTTGCCGCTGETGCCATTACACTTGCAARAGATGE |

2761 CCAATCTTTCAGGGAACTCTCAAATTATTGGTTCTAGTAGCACTGCATCAACGCCTACAA ATCTCACATTGGGTTCTGGACTACAAATTTCTGGAACCGTGTTGAGCGTTAATTCAGCAA &

28681 CGCTAACCGTTCCCCCGGCTACTGCTACAACTATTGGAGGTATTGAAATGTTAGGAGACT TAACAGGGCAGCGTTGCAACAGCCCCAACGGTTGCCGCTEGCEACCTTACACTTGCARAG |
3001 ATGGCCAATCTTTCAGGGAACTCTCAAATTATTGETTCTAGTAGCACTGCATCARCGCCT ACAAATCTCACATTGGGTTCTGGACTACARATTTCTGGAACCGTGTTGAGCGTTAATTCA ©
3121 GCAACBCTAACTGTTCCCCCGGCTACTGCTACAACTATTGTAGGTATTGAAATGTTAGGA GACTTAACAGGCAGCGTTGCAACAGCCCCAACGETTGCGCTGECGCTATAACACTTGCAA |
3241 AGATGGCCAATCTTTCAGGGAACTCTCAAATTATTGGTTCTAGTAGCACTGEATCTACGE CTACAAATCTCACATTGGGTTCTGGACTACAAATTTCTGAACTATTTTGAATGTTAATAC |

3361 AACATCTATTATCAAGTACATTTTACCATTAGCAGGTGGTACAATGTCTGAAATATTATT ATTTCCAACAGGAGATTTAATATCAATAGCAGATGCTCCACTTGTAGGTACAAGCGGAGE {

3481 TAATAAATCTTATGTAGACTCACAAATAATTGCTAATGCAACACCTTCTGCAACAACTGG TATTCAAGGCARAATTCAATTAGCTGGAGATTTGGGTGEGTCTGEAACAACTGCAAGCTC

Spel

3601 ACCTGTCATTTCATCGGGTGCAATAACATTAACARAAATGGCTAATCTTTCTGGARATTC ACARATCATTGGTAGTGGAAGTACTAGTTCTAGTCCAGTTAACTTAACATTAGGTTCTGE

3721 ACTACARATTTCTGGAACCGTGTTGAGCGTTAATTCAGCAACACTAACCGTTCCCCCEEE TACTGCTACAACTATTGGAGGTATTGARATGTTAGGAGACCTAACAGGCAGTTTTGCAAC
3841 AGCCCCAACGATTGCCGCTGGCGCTATAACACTTGCAAARATGECCAATCTTTCAGGGAA CTCTCARATTATTGGTTCTAGTAGTACAACATCTACGCCTACARATCTCACATTGEGTTC
3961 TGGACTACAAATTTCTGGAACCGTGTTGAGCGTTAATTCAGCARCGCTAACTGTTCCTCC ACGAACTGCTACAACTATTGGAGGTATTGAAATGT TAGGAGACT TAACAGGCAGCGTTGE
4081 AACAGCCCCAACGGTTGCCACTGGTGCAATTACCCTTTCAAAGATGGCCAATCTTTCAGG GAACTCTCARATTATTGGTTCTAGTAGCACAACATCTACGCCTACARATCTCACATTS5S
4201 TTCTGGACTACAAATTTCTGGAACCGTGTTGAGCGTTAATTCAGCAACGCTAACTGTTCC CCCGGCTACTGCTACAACTATTGEAGG TATTGAAATGTTAGGAGACT TAACAGGCAGCGT
4321 TGCAACAGCCCCAACGGTTGCCGCTGGTGCCATTACACTTCAAAGATGGCCAACCTTTCA GAACTTCCCAACTTATTGGTTCTAGCAGCACARCTACTAGTCCTGCTAATATATCTT TAG
4441 GAAGTACATTACAAATGTCAGAACAACTTAAGTTAARACACATCAACATTAATGTTATTGG TTCCATCATCAGTARATGSAGAT TTGGCARCATTAATGCATCTGGACAAGT TATAGACAG
4561 CGGTGTTTCTATTAATAATTCGTTTAACCAGTGCAAGTTTATGGAATGCTGCAAAATTAG CTATTACAACAAATTTCATGET TTGCTGGACAAATCCAAATACAACTGCTCCAACAGATA
4681 GACCAGCAACTTCTAGCGTTTGTATGTTGGACAAGATGCATCATTATGGAT TTGGAATGG TTCTGTGTATATAAGTTTARTAGCAGCTAAATGACCTACATCAGTAACAAGAACTTTTTA
4801 CAACAAGCACTGGTGCTTCAGGATTTCAAATCTCAACGATAAATGGAGCATTTGTTCATT AYTCTGTATCAATATCTACTACAAT TGGAGTGGGAGG TACATCTACAGGCACTGTTAATT
4921 TAGAAGTTTCTCCTACAAATTCAGCAACTCCAGCATGGTGGATTGTAAACGGAGTTATAT CTAATTCTCAATCATTTGCTGGATTAATAACACTATCAAGTGT TCAAGTGCAAGGAGGAC

5041 AACTATGTACATAVGTTCCAG%TG

(0.944 mu)

Fig. 8. Nucleotide sequence of the PvuII CIV DNA
fragment L. The figure was taken from (16)

complementary to one region of this DNA fragment (Fig
10). With exception of these repetitions which show a
high degree of DNA sequence homology to the DNA sequences
of the PvuII CIV DNA fragment L the DNA sequences of this
particular region contain a number of other repetitions
with a very weak homology to a variety of the DNA
sequences of the PvuII DNA fragment L (9)

The analysis of the DNA sequence of the PvuII CIV
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Fig. 9. Dot matrix homology comparison of DNA nucleotide
sequence of the HindIII/PstI subfragment (0.535 to 0.548
mu) and the PvuII DNA fragment L (0.920 to 0.944 mu). The
position, size, and the base composition of the
individual repetitions are given in Figs. 10 and 11. The
analysis was performed as described in the legend of Fig.

12.

DNA fragment L for detection of repetitions was performed
with computer assistance. The results of these studies
which have been described elsewhere (16) indicate that
the PvuII CIV DNA fragment L contains many perfect direct
repeats and a few short inverted repeat sequences of a
size up to 145 bp. The dot matrix analysis of the DNA
sequence revealed that in addition to the perfect
repetitions mentioned above a <cluster of imperfect

repetitons with a very complex but rather regular
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I H 2072 ACCTCDATAAGTTTACGADCCCTCTGAA-TGTCD-GTDACAACGTTGTCGGGGTTGD—AACGGGG-TCDACGG-TAATGTEA&CG-TTCTACCG&TT:G 1981 I
L-BOX 1 1508 TGGAGGTATTGAAATGTT-AGGAGACTTAACAGG-CAGTGTTGCAACAGCCCCAACG*TTGCEAD-TGGTGCE—ATIADATTAGCAAAEATGGCCAATC 1601

L-BOX 2 1742 1832

L-BOX 3 2449
L-BOX 4 2672

A L-80X 5 291§

L-BOX 6 3159 .......eviiinnent e [EEREEEN B R KRR

L-BOX 7 3796 ....vvvivnnionnnnn P Covuvnnn LR R RRRERE

L-BOX B 4039 ...........ieuenenn e I o R R

LL»snx 9 4282 ...iiiiiieinienas e O AP T Blmerreiam e L 3374
W 1883 ACCTTTATTAGGGTTGTGTTGGCGAGGGAGTCTATCTGGACGTGTTG 1817
B L 4647 TGG-ACAAATCCAAATACAACTGCTCCAACAGATAGACCAGC--AAC 4630
Fig. 10. Comparison of DNA nucleotide sequences between

the repetitive DNA elements (boxes A and B of Fig. 9) of
the EcoRI/Pstl subfragment of the EcoRI CIV DNA fragment
H to the complementary DNA sequences of the PvuIIl CIV DNA
fragment L as labeled in (A) with L-box 1 to 9 and in (B)
with L. Dashes indicate artificial gaps introduced into
the DNA sequences to achieve optimal base match. Dots
represent identical bases of the DNA sequences of the
L-boxes 2 to 9 in <comparison to the DNA sequences of the
L-box 1. Those bases of the DNA sequences of PvuII CIV
DNA fragment L which are not complementary to the
corresponding DNA sequences of the EcoRI CIV DNA fragment
H (H) are marked with asterisks. The photograph was taken
from (15).

structural arrangement are present within the PvuII DNA
fragment L (Fig. 12). Four repetitive elements were
detected and termed R1 to R4. Three of these repetitive
elements (R1, R2 and R3) exist in duplicate (two subunits
or boxes (B)). The R4 element appears in 12 boxes. The
nucleotide positions and the sizes of the individual
boxes of R1 to R4 as described previously are given in
Fig. 11 C and Tables 2 and 3.

A comparative analysis of the DNA sequences of the
subunits of each repetitive DNA element was carried out
and the results are given in Fig. 13. 1In this study the
DNA sequences of the second boxes of the elements R1 to
R3 were compared to the ~corresponding DNA sequences of

the first boxes and the differences in base composition
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Fig. 11. Diagram of the position, distribution, and
structure of the repetitive DNA element detected within
the EcoRI CIV DNA fragment H (A) and the PvuII CIV DNA
fragment L (C). (B) shows the position of the
corresponding regions of the DNA sequences of the Pvull
CIV DNA fragment L which are homologous to the particular
DNA sequences within the EcoRI CIV DNA fragment H. The
positions, sizes, and orientations of the ORFs located in
the Pvull CIV DNA fragment L are given 1in (D). (E)
Diagram of the amino acid sequence structure of ORF 5
indicates the positions of the two peptide repetitions
(TR1 and 2) and their corresponding domaines (U). The
consensus sequences found after the comparative analysis
of the amino acid sequences of all five ORFs are shown in

(F).

are indicated as shown in Fig. 13A to C. To achieve
maximal DNA base match, artificial gaps (indicated by
dashes) were 1introduced into the DNA sequences of the
individual boxes. In the <case of the repetitive DNA
element R4 the DNA sequence of box 6 was wused as a
reference for a comparison with the DNA sequences of
other boxes (B1 to B5 and B7 to B12) of type R4 (Fig.
13D). The structural organization of all four repetitive
DNA elements throughout the length of the PvuII CIV DNA
fragment L is shown schematically in Fig. 11 C. The DNA
sequence homology between box 1 and 2 of R1, between
boxes 1 and 2 of R2, and between boxes 1 and 2 of R3 was
found to be 80%, 85.2%, and 87%, respectively. The DNA
sequences of the individual boxes of the repetitive DNA
element R4 were analysed 1in comparison to the DNA
sequences of the box 6 and the results are summarized in
Fig. 13D.

The complete nucleotide sequence of the
HindIII/EcoRI subfragment (0.571 to 0.582 mu; a part of
the EcoRI CIV DNA fragment H) which contains 1inverted
repetitive DNA sequences as shown in Fig. 6 was
determined as described elsewhere (15). This DNA
fragment has a size of 2555 bp (Fig. 14) and a base
composition of 24.03% G+C and 74.97% A+T. The nucleotide
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Fig. 12. Dot matrix homology comparison of DNA
nucleotide sequence of PvuII CIV DNA fragment L. The
position, size, and the base composition of the

individual repetitions are given in Table 2 and 3 and
Fig. 13. Lines appearing in parallel to the diagonal
indicate the presence of tandem repeats at positions
earlier in the sequence (to the 1left of the main
diagonal) or later in the sequence (to the left of the
main diagonal) or later in the sequence (to the right).
By superimposing a grid over the dot plot rather accurate
positions of the homologies were obtained. A program was
written for an IBM PC to obtain a plot of the tandem
homologies of the sequence allowing a differentiated
representation of quality of the matches. A window of 25
bases taken from the sequence is shifted base across the
whole sequence and the 100 positions of the best matches
are stored. These positions are marked in the dot plot by
a subarray of up to six dots to present the different
quality of the match. In the plot shown 1 dot represents
a match of 13 out of 25 bases, 2 dots 14, etc., and 6
dots a match of 18 bases out of 25 or better. For every
new horizontal 1line of dot plot the window on the
sequence was shifted by 5 bases, resulting in a dot
matrix of 1012 lines for the analysis of the sequence of
5064 bases.

sequence confirmed the presence of all restriction sites
mapped within this fragment. The analysis of the DNA
sequence was performed with computer assistance. The
search for DNA sequence homologies showed that this part
of the EcoRI CIV DNA fragment H contains many perfect
direct and inverted repeat sequences (15). The position
of three inverted repeats which are able to form
stem-loop structures are indicated in Fig. 14. The DNA
sequences of the repetition number 2 which are located at
the nucleotide positions 304 to 317 and 1011 to 1024 must
be responsible for the formation of the stem-loop
structure found and measured by electron microscopical
analysis (Fig. 6). Only this inverted repeat together
with the flanking regions (interruptedly wunderlined in
Fig. 14) allow the construction of a stem of 62 bp and a
loop of 694 bases.

Coding capacity of the repetitive DNA sequences

Computer analysis of the 5064 bp DNA sequences of
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Table 2: Position and size of the subunits (boxes) of
the imperfect repetitive DNA elements (R1 to R4) detected
within the PvuII CIV DNA fragment L (5064 bp, 0.920 to
0.944 viral map units)

REPEAT No. of BOX POSITION SIZE(bp)
R1: 1 271 - 838 567
2 647 - 1215 568
R2: 1 965 - 1882 917
2 1885 - 2816 931
R3: 1 1032 - 1124 92
2 3378 - 3466 88

R4:
Segment 1: 1 1301 - 1540 239
2 1541 - 1774 233
3 1775 - 1882 107
Segment 2: 4 2237 - 2481 244
5 2482 - 2704 222
6 2705 - 2947 242
7 2949 - 3191 242
8 3192 - 3340 148
Segment 3: 9 3588 - 3828 240
10 3829 - 4071 242
11 4072 - 4314 242
12 4315 - 4417 102

the PvuIl DNA fragment L was carried out for the
detection of ORFs. The results of this study are given in
Fig. 15 and Table 4. Five ORFs were identified of sizes
from 118 to 333 amino acid residues. The largest one is
located between nucleotide positions 3404 to 4403 of the
upper DNA strand (Fig. 11 D).

A search for the detection for known canonical promoter
and termination signal sequences was carried out and the
corresponding results are given in Table 4. Although the
classical or slightly modified TATA, CAAT, and GC motifs
were found, polyadenylation signals were not observed.
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BOX 1: 271 CYYYAGATGCACGAYATTTADAGCTATDAGGYGGAACAATGTCTGGGAAT AYAETTATTCCIAGCGGTAATTTTATCACATTAACTAGTTG——CCTGTCA 369
BOX 2 647 ....-C. e Tei . CALLCAC.. A TuruuneeiBeihees iTor . AL.C ARG, .. AL TT Ao
80X 1: 370 A- TCCAACAGATGDAGDTAATAAATCAIAIGAAGATGTCAA TATTACAC DATEYGCTA~ VCAAEAYETTTADAGGGAAAAETTCAAEYAYEYGGTGAI ;g;
BOX 2: 743 ...GG...CAG...T..A......6.T....T0....—.. ..., LCTT .o =iGeomn TTAL e
BOX 1: 465 TTATCAAGGG-T--GGCCTGACCT-CCA-GTATAACTACCOGAGCAATTA DTTTAAE--AAAATGGCAAAYYYAACATCAADA 557
@ BOX 2: 838 T.G.AAC.TCT. . AA..-CTT...AC...TT..G.A..... TALL T 932 R1
BOX 1: 558 655
BOX 2: 933 . 1030
80X 1: 656 754
80X 2: 1031 1129
BOX 1: 755
Lsux 2: 1130

BOX 1: 965 AAETTTA-~EETTCTAA—~--rrrAcAAAYYYCTEEAACAACTTTAGATG TGAADADAAGrrCACTTchEEAAEArrrrrAccAchtEATGGGGGTAD 1058
AC.

BOX 25 1BB5 ..A....AC.C..G6. ATTT.. .G .. 6A.R..tusBTuurihers cooniTeuiniasaniinionaneeaeannsss TTC, Ae.. .. 1983
BOX 1: 1059 AATGTEYGGAAATATTGTTITACCI EYGGAGATTTAATTTCAATAECAE ACECTCCIIEYGTTGGAAC’AETEC’GEAAAYIIGGETTATG’AGAYGC- 1158
BOX 2: 1984 ...... T 2082

BOX 1: 1157 -AAArA TAABIEEAAATGEAA--BAA
6

S CAABGGIIITGGGAAAA --TTCAATTATEYGGTGAITYYEACTCTAEGTDAACCAGEAAEAGYYECT 1244
BOX 2: 2083 C..... -

CCACCA. .. .AC..--..~. ..  Ahooieee G To A e 2178

BOX 1: 1245
BOX 2: 2179

1340
2277
1437
2328 R2
1534
2475

BOX 1: 1341
BOX 2: 2278

80X 1: 1438
BOX 2: 2377

1628

80X 1: 1535
2574

BOX 2: 2476

1724
2654

BOX 1: 1627
BOX 2: 2575

1820

BOX 1: 1725
2754

BOX 2: 2655

BOX 1: 1821 AAATGGDDAATDTTYBAGGEAACTCTCAAAYYAYYEETTEYAGYAGTACTGCATDYAEACCT 1882
1o A 6. 2816

BOX 2: 3376 ....... - e T AT TR AL AT 3486

©[aux 1: 1032 ABATT"UCCACT ECGAYGGEEEVAEAATGH:VGGAAATA"GTT Av ABB ACYGGAEATTYAATTYEAATAGE GACGCTI:I:AACTGTIGGA 1124y 3
a R

A
JlETeTATTT.

AGTGGAAGTACTA

@
S
©
w
5
a
R

BOX 10: 391
BOX 11: 4159 4
BOX 12: 4400

Fig. 18. Comparison of the DNA nucleotide seguences

between the repetitive DNA elements R1 to R4: (A), (B),

(C), and (D) correspond to the repetitive DNA elements Rl
to R4, respectively. Dots represent identical bases and
dashes indicate artificial gaps introduced into the DNA
sequences to achieve optimal base match. The photograph

was taken from (16)
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Table 3: Analysis of the DNA sequences of the imperfect
repetitive DNA element R4 for detection of the DNA
sequence homology between individual boxes

Number size DNA sequence
of box (bp) homology (%)
. a compared to
(position) Gaps Total size Modification DNA of box 6
(bp) compared to
box 6
Segment 1:
1 (1301-1540) 238 38 277 25 91
2 (1541-1774) 233 44 277 17 94
3 (1775-1882) 107 33 140 12 91b
Segment 2:
4 (2237-2481) 244 33 277 27 90
5 (2482-2704) 222 55 277 29 90
6 (2705-2947) 242 35 277 0 100
7 (2949-3191) 242 35 277 3 99
8 (3192-3340) 148 31 179 4 BBb
Segment 3:
9 (3588-3828) 240 37 277 49 82
10 (3829-4071) 242 35 277 15 95
11 (4072-4314) 242 35 277 10 96
12 (4315-4417) 102 37 139 4 97b

a Number of introduced gaps necessary for achieving a
maximum of DNA base match

b The DNA sequence homology of incomplete repeat boxes
3, 8, and 12 was compared to the DNA sequences of the
box 6 at the corresponding size.

The analysis of 333 amino acid residues of ORF 5 revealed
an internal homology as reflected in the presence of two
perfect repetitions (TR1 and 2) and their structural
organization is shown in Fig. 11 E. The first type of
repeat (TR1) appears as three domains (Ul to 3). Each
domain possesses 50 amino acid residues placed at the
amino acid position 100 to 149 (U1), 181 to 230 (U2), 262
to 311 (U3). The second type of repeat (TR2) consists of
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Hind(8.5711 mu

AAGCTTG'A"AEAYAYGGTTITGAEAAACC'ACAAAAGATAACTGGCTTAE'A'GTGTGTTGGYAGAAACAAAGAAGCYEAAGATATTTA'AAAATTCAYGYYGAAAACAAAGAAYGG'

-

121 GGCAAAAAAGTATTAAAAAAGATCTACAAAAAAGCGAAGAAGAAGAACATCCTAACGATG ATCATG YYATATGACYG#AGAAGATGA'A'GGAAAAAAYYGAAAGAGGGAAYYGAAAGT
3044 —

241 TTGGGGAAATGGGCATTAAAAAATTTTTTTTATCTTA E;BTA:"'AAATGGTTCTAAACACTTAAAAYAAYYYAA""E"CAAT
257 Iﬁ‘i ammesecmacmecascann

381 'éCAGGAG'GGAA AS%%G'GYGYYAACATTTGYYTAACGAEAYYATGTTTGTTATEAEATT;A& TGAAGTATAAAARAAAATTTTTTTTTATGATTTTTTTARAAAATGGTATAATAT
i-—__F‘a 426 L—-==——4‘

481 ARTTGGTATAATATAATGGTTAAGACATTGATATTTAAAACAATAAAAGTTATTCTTTTA TAAAAGGCAAACTTCAAGAAATTATAAATGAACACGATTCCGGACCATTATCCGAGTCTG
601 GAAATATAATTTTAGTAAACAATCCTAAACTACATTTATTCACTTCTACATTTAAAGAAG ACGATGTTAGATTTTTAGAAGTTATAAAATTGTTCAATAAAATTGATGAACTTCAATATT

TCAAATACTGATTAAAATGACCACATGCATTA

721 TAAATGGAAAAATTAAATCTTCGGAAAATATAATTATGGAGATATTGTTATATATTTTAC TCCAACAAAAGAACAAAAAATATATAGATCAAATTTTAAAACTCGAAGGATTAAAARAAA

841 ATCC'G"GCYYYAACAA"GGAAEEAYAAAAGAAAATT"AACATT&;&ATGGAAAAAA AGA?ggTGGA"AAAAGTA"AAYGAGAAAGGTTTA"ETTTTTT'AGAGG'AAAAAAA
[} 1024
T

AACCTTAAATTATTT a‘AAYYGAAGTTAGAAATACATATCA4CACAACTA"AAEAAAEAYACAACTATTATA

961 TTACATTTGATGAAGCACAAAG‘}TTAE' TTTAA
1081 ACAAACATGTCATTAECAGTAAACAG'Cs"'ECAC'CCTGGAAACGCGTGGYEYYTTAA'AGTAYGTGATTGAAGGGTGYGA'AAGAEAGGAAAATCAACTCAATGCAAATTATTATTA
1201 AAAAAATATAGAAGTACGTATGATTAATTTTCCAAATAGAACAACACTTTATAGAACAAC ACAAACAGGAAAATTAATAGATCAATATTTAAAAGGARAAGAAGATATTCACATTTTATT

1321 TTCTAAAAATAGATGGGAAAITATCGATACAATTAAAACAAATATTCTTAATGGTATTACAGTCATTATIGATAGATATTICTTATTCTGGAATTGCGTTTTCTGTTGCTAAAGGTTTAGA
1441 TTTTCAATGGTGCAAACAAACAGAAAATGGATTGTTAAAACCTGATATAATTATTTATTT AACAGGACAAACAAAAAATATGGCATCAAGAAATGGTTATGEALGTGAAATTTATGASAG
1561 AATTGAAATTCAAGATAAAGTTAAAAAATGTTATGAAAAAATGATTGAAATTCCATTATGGAACAAAATAAATGCGGATCAGGATGTTTTAATAATTAAAARACAAATTGAAACTATTAT
1681 TCAAAAATTTTCGTTAGAAAACAACAAACTTGAGTATATATGAATAAGTATATGAATAAG TATATGAATAAGTATATGAAAATTTATAAATTTTTATAAAAATGAAACCTTTTTTCAAARA
1801 GTTTATTTAACAATTAAAGGTATTTAATCAATTAAAGGTATTTAATACAACAATGAATACCAGGAAAAAGTCATATTTAATTATAGATTAAAATTTCATATCCTAAATACE TASACTCTA
1921 ACTTTACAAGTTACATTAAAATGTTGCAAATATTTTAAAAGAACTTTTATGTATTAAAAT TGGAGATGGTTGAAATTTAAATTATTATTGAAGGGACAATCTGACCACATCGCTAATTAA
2041 AATAACAACTCAAATCTATAGTTCCTCAAGAAATAAATTTTAGTGGATAGTAACTAATGT TTTCCACTGAAATTAACAATGGTAACAATTGAAGGAAAAGGTTGAAGTTATTGTAAAAGC
2161 AGAAACAACTAAACAAATAAACGATTTTGCACTTGTATTAATTAATGTTGTTAAATTTATAATGAAAAAATAGTGTGCTCAGGTTCATTTTCAATAAATTAAATTTTATGTAACACCATA
2281 AATTTAAACCAATTAGTTAATCACATCCTCCCCATCCTAAATTATTTTTGATTTGAAGAAAAGGTTCCTCGTTTCGACCGAAGGTCTTGGTTTGTTTAGAAGAAACAACCATAAACACTA
2401 CAAATAAAATAACAATGATTAATAAAAAAAATATCAATTCTTTCATTTATTTCTAAAAACATGATACAACTTATATTATCACTTCTCAATTATTTATTAAATAACATTTGATCAATGETT
2521 YGTTTCAACAEAAAATAATC'A'GEAAAAQAAIIE 2555

EcoR!(0.582mu)

Fig. 14. Nucleotide sequence of the HindIII/EcoRI
subfragment (0.571 to 0.582 m.u., 2555 bp) of the EcoRI
CIV DNA fragment H. The positions of the three inverted
repetitions which are able to form a stem-loop structure
are indicated. The photograph was taken from (15).
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Fig. 15. Diagram of putative reading frames in the DNA
nucleotide sequence of the PvuII CIV DNA fragment L on
both strands. Vertical lines represent stop codons in the
three reading frames. The position and the size of those
ORFs that encode proteins with an amino acid sequence
larger than 100 residues are listed in Table 4.
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3181 GACTTAACAGGCAGCGTTGCAACAGCCCCAACGGTTQCOCTGACGC TATAACACTTGCAA AGATOGCCAATCTTTCAGGGAACTCTCAAAT TATTGGTTCTAGTAGCACTGCATCTACGC 3300
7 3223 3245 3207 3404

ORF (#5. I L L 6
3301 CTACAAATCTCACATTGGGTTCTGGACTACAAATTTCTGAACTATTTTGAATGTTAATAC AACATCTATTA TCAAGTACATTTTACCATTAGCAGGTGGTACARTGTCTGAAATATTATT 3420
3367 PP QH
ORF (#3) 2104 ...csacc.cc.ca.ca
7 F PTG DL I S 1 ADAPLTVYGTS SGATNEKSTY VDB QI I ANATPSBATTG 46
3421 ATTTCCAACAGGAGATTTAATATCAATAGCAGATGCTCCACTTGTAGGTACAAGCGGAGC TAATAAATCTTATGTAGACTCACAAATAATTGCTAATGCAACACCTTCTGCAACAACTGG 3540
L e s T T v P 11 K8 AT S S
#3 c..gga..a.attc.a...tctggogatttt. .. ....tcaac...a. L Ltectm——=== ... a8g. .. ... tt.ate

47 1 Q 6 X I Q L A G DL GG 8 GTTASSB8 PV 1 5 855G A I TLT XN A E L 8G N B 86
3541 TATTCAAGGCAAAATTCAATTAGCTGGAGATTTGGGTGGGTCTGGAACAACTGCAAGCTC ACCTGTCATTTCATCGGGTGCAATAACATTAACAAAAATGGCTAATCTTTCTGGAAATTC 3660
1 Q 6 x 1 QL §

100

87 Q 1 1 6 8 G B T 8 8 PV NLTULG S G L Q1! 8GT 8 v A L TV P A1
3661 ACAAATCATTGGTAGTGGAAGTACTAGTTCTAGTCCAGTTAACTTAACATTAGGTTCTGG ACTACAAATTTCTGGAACCGTGTTGAGCGTTAATTCAGCAACACTAACCGTTCCCCCGGC 3780

3

+

149 159 x ¥ x % + o+
A T A P T I A A G A I TL A KNXAUENILGS G ¥§166

1 E XL GDLTG 8
3781 TACTGC'I‘ACAACTA‘l"I‘GGAGQ'l‘A'l"I‘GAAu‘l"l‘AGGAGACCTAACAGGCAGTGTTGCAAC AGCCCCAACGATTGCCGCTGGCGCTATAACACTTGCAAAAATGGCCAATCTTTCAGGGAA 3900
P A A G A T L A K AN

23 ORF (#4) 2685

3

+
P 206
C 4020
P
4 R P
c g.t.c..
TLD'ITSSLSGTF
2 nntstctt,n. .agat..g..ca..agtt.a..tt.c.gaa.att
8 s F L D L § 6T F
#1 aag.tctt.c.. AntAt..n.n.gc“ ..................... gaagt..agat..g..ca..agtt.a..tt.a.gaa. att

: 20 232
207 A T A T T I 6 G I B XL GDLTG A T
4021 AGCAACTGC‘I‘ACAAC‘I‘ATTGQAGQTATTGAAATG‘I“I‘AOGAGACT‘I‘AACAGGCAGCGTTGCAACAGCCCCAACGG‘I“I‘GCCAC‘I‘GG‘I‘GCAA‘I‘TACCC‘l“l‘TCAAAGATGGCCAATCTTTCAGG 4140
AT ATTIGGTI BNXNLGTDTLTG @ Q
" g..t ............................................... gcageg. tgc. nm:g nc-g tg csct 565 cc. tn ac. 56 nsnt s <. ntc "-c s
Y Y N Y ¥V R Y2458 .
S c. Bctnctsctnc nctn t. 5 gta. txa
R W N

V¥V K Y cY T TGD DL I S 1 ADAPTVGT TS A ANKATY VDA
2 o nctscs tssssstncnn §:Ctgs.as.att t.tacc. t..agatt.asttt atag. .gac.c.c.a. ..t..g.C..BEC.g .. tag ctt.. g agat.c
L PLT GG T XNSGMXN 1V IPTGDL IS TDAPTIGTSAAI 4
#1  ttt.c.actc..cggags. ac.atgtca.g. .ata. t. ttatacc. ... .. agatt.aattt..ataa..gat.cac.a..aat..g..cc.gtgc. g - Tana. tt..s; ;n <
262 T VLGS VNS ATLTV P 286
247 W 1 G 8 T T Q 5 6
N TTTCTOGANCCGTGTTGAGCOTTAATTCAGCARCGCTAACTGTTCE 4260

4141 GAAC‘I‘C'I‘CAAA'l"l‘A'l"I‘GG1‘1‘CTAG1‘AGCACAACA'I‘CTACGCCTACAAA‘I‘CTCACATTAGG TTCTGGACTACAAA
#4 .g.actctc..a.ta.t. g tct ;

W I T PN AT T T VLGEKTPFUNYLV 1L T L RFQPATVPVIK : H : : llt T R:z'ls
#2 a..tataactcca.a..caa.a.ca.c tttt a.aattc. nn .. g8tga.tttga..ct..gt.. coag. aac. gttcotg. a. ttaaagtgcacatogtoaat.  aaggtaa
TRV PR S s VRFI1 RNTFTCKTSNYFCRSCVY LI KNGOR

¥ AT
tataactcca.a..caa. . tca. ctsttct gan att.a. tt gctgg. g . - tat ,nssnncttctgc.ngn.Atcc.a.tnt..ct, .agg. Bc. gttacctta.c.anaa.gg.taa
313

P AT ATT I 4 VA 2 c-rﬂcg‘ggg
aze1 CCCGGCTACTGCTACAACTATTGGAGGTA1‘1‘GAAATG‘I“I‘AGGAGACTTAACAGGCAGCGT TGCAACAGCCCCAACGGTTGCCGCTGGTGCCA‘I“I‘ACAC‘I“I‘CAAAGA‘I‘GGC AACC
333

327 W F P T Y F 4403
4381 GAACTTCCCAACYTATTGGTTCTAGCAGCACAACTACTAGTCETGCTAATATATETTTAGGAAGTACATTAEAAATGTEAGAACAACTTAAGTTAAACACATEAACATTAATGTTATNG 4500

Fig. 16. Comparative analysis of the amino acids and DNA
nucleotides between the five didentified ORFs. The DNA
sequence of the ORF 5 (nucleotide position 3404 to 4403)
together with DNA sequences 223 bp upstream from ATG
(from 3181) and 97 bp downstream from TAG (to 4500) and
the corresponding amino acids sequences are shown in
comparison to the DNA sequences of the other ORFs. The
amino acids identical to amino acid of ORF 5 are
indicated in bold type letters. Dots represent identical
bases and the dashes indicate the artificial gaps which
were introduced into the DNA or amino acids sequences to
achieve optimal base match. Those amino acids which were
identical in all five ORFs are labeled with an asterisk
in ORF 5 and those amino acids which were found to be
identical in three or four ORFs are labeled with a cross.
The single letter amino acid code is A, alanine; C,
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cysteine; D, aspartic acid; E, glutamic acid; F, Phe-
nylalanine; G, glycine; H, histidine, I, isoleucine; K,
lysine; L, leucine; M, methionine; N, asparagine; P,
proline; Q, glutamine; R, arginine: S, serine; T,

threonine; V, valine; W, tryptophan; Y, tyrosine. The
photograph was taken from (16).

Table 4: Position and size of the possible proteins
encoded in the DNA sequences of PvuIl CIV DNA fragment L
( 5064 bp; 0.920 to 0.944 viral map unit) and presumptive
transcription start signals

Possible protein Signals
Number Reading (position)
of frame start stop number of
ORFs 5" to 3° (ATG) codon position amino acids
(kD)
nd
1 2 521 TAA 902 127 (13.3) TATA ( 490)
CAAT ( 406)
GCGG ( 334)
rd
2 3 897 TAA 1275 126 (13.4) TATTA ( 838)
CAAT ( 822)
CCGG ( 672)
st
3 1 2104 TGA 2458 118 (12.1) TATA (2002)
CAAT (1983)
CCGG (1853)
rd
4 3 2685 TAG 3039 118 (12.1) TATTT (2645)
CAAAT (2622)
CCGG (2614)
nd
5 2 3404 TAG 4403 333 (32.4) TATTA (3367)

CAAAT (3330)
GGCC (3245)
GGCGC (3223)
GCGC (3217)

Note, No classical polyadenylation sites AATAAA were
detected in 100 bp distance downstream of the termination
codons of the individual ORFs.

two domains (U1 and 2) of a size of 74 amino acid
residues which are located at the amino acid position 159
to 223 (U1l) and 240 to 313 (U2).

It is noteworthy that the glycosylation signals of the
type NXS or NXT occur in the different ORFs, e.g. ORF 5
contains at least seven glycosylation signals at amino
acid positions 27, 81, 85, 162, 181, 243, and 262. It is
interesting that the fourth glycosylation signal at
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position 162 is conserved in the amino acid

all of the putative gene
Comparative analysis of
each ORF was carried out
16.
sequences

with

the results are shown in
DNA
for a comparison
DNA

for a comparison

Fig.

amino acid and
reference
acid and

amino sequences

reference with
Table 4).
5 to the amino acid residues
limited to the above
into neighboring sequences of ORF
All

consensus

putative proteins possess

sequence which starts

amino acid position 160 to 198 of

products.
DNA and amino acid

as described

The homologies of the protein
of the other ORFs are not

sequences of

sequences of
elsewhere (16) and
This analysis of the
of ORF 5 was
the other ORFs (1 to 4,
of ORF 5 was wused as a

the other ORFs (1 to 4,

used as a

sequence of ORF

region and extended in ORFs 3 and 4

5 (Fig. 16).

a common amino acid
and terminates at the
ORF 5:

160—MANL(X)BIGSSST(X)6L(X)lLGS(X)lLQISG(X)ZL(X)1VN—198

The
HindIII/EcoRI

of 2555

fragment

analysis
DNA

bp
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DNA of

mu)

the

for

sequences
to 0.582

encoded possible proteins revealed the presence of an ORF

between the nucleotide positions 1220 and 1721 encoding a

putative
17 this
slightly modified

Fig. putative gene
polyadenylation signals.

VIRAL DNA REPLICATION

protein of 167 amino acid residues.
contains

transcriptional

As shown in
all

signals in particular

classical or

The analysis of the viral DNA replication revealed
that the complete CIV DNA molecule has been detectable
between three to four hours after infection as shown in
Fig. 18. For the detection of the worigins of DNA
replication of the viral genome the defined genomic

library of CIV was screened using

transfection of CF-124
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1101 AAACAGTCGTTTCCACTCCTGGAAACGCGTGGTCTTTTAATAGTATGTGATTGAAGGGTG
1161 TGATAAGACAGGAAAATCAACTCAATGCAAATTATTATTAAAAAAATATAGAAGTACGTA

1221 TGATTAATTTTCCAAATAGAACAACACTTTATAGAACAACACAAACAGGAAAATTAATAG
1M I N F P N R T T L Y RT T QT 6 K L I

1281 ATCAATATTTAAAAGGAAAAGAAGATATTCACATTTTATTTTCTAAAAATAGATGGGAAA
21 b Q@ vy L K 6 K E D I H I L F S K N R W E

1341 TTATCGATACAATTAAAACAAATATTCTTAATGGTATTACAGTCATTATTGATAGATATT
411 1 D T I K T N I L N G I T V I I D R Y

1401 CTTATTCTGGAATTGCGTTTTCTGTTGCTAAAGGTTTAGATTTTCAATGGTGCAAACAAA
61 S Y S 6 I A F S v A K G L D F Q@ W C K Q@

1461 CAGAAAATGGATTGTTAAAACCTGATATAATTATTTATTTAACAGGACAAACAAAAAATA
81 7T E N G L L K P D I I I Y L T G Q T K N

1521 TGGCATCAAGAAATGGTTATGGAAGTGAAATTTATGAAAGAATTGAAATTCAAGATAAAG
101 M A S R N G Y 6 S E I Y E R I E I Q D K

1581 TTAAAAAATGTTATGAAAAAATGATTGAAATTCCATTATGGAACAAAATAAATGCGGATC
121 v K K €C Y E K M I E I P L W N K I N A D

1641 AGGATGTTTTAATAATTAAAAAACAAATTGAAACTATTATTCAAAAATTTTCGTTAGAAA
1412 Q@ D Vv L I I KX K Q@ I E T I I Q K F S L E
1721
1701 ACAACAAACTTGAGTATATATGAATAAGTATATGAATAAGTATATGAATAAGTATATGAA
161 N N K L E Y I 7167

1761 AATTTATAAATTTTTATAAAAATGAAACCTTTTTTCAAAAGTTTATTTAACAATTAAAGG

1821 TATTTAATCAATTAAAGGTATTTAATACAACAATGAATACCAGGAAAAAGTCATATTTAA

1881 TTATAGATTAAAATTTCATA

Fig. 17. DNA and predicted amino acid sequence of the
putative gene detected within the DNA sequences of the
HindIII/EcoRI (0.571 +to 0.582 map wunits; 2555 bp, see
Fig. 10) subfragment of the EcoRI CIV DNA fragment H. The
positions of the start codon (ATG nucleotide position
1220) and stop codon (TGA nucleotide position 1721) are
indicated. The positions of transcriptional signals
upstream and downstream of the start- and termination
codons are underlined. The single letter amino acid code
is indicated in the legend of Fig. 16.

(19) which were previously infected with CIV. The
plasmid rescue experiments were carried out for
selection of those recombinant plasmids which were
amplified during the viral replication in infected cell
cultures. It was found that six recombinant plasmids
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Fig. 18. Autoradiogram of P-labeled CIV DNA (panel A)
cleaved with the restriction endonucleases Apal (lane 1),
NcoI (lane 2), EcoRI (lane 3), BamHI (lane 4), Sall (lane
5), and BamHI/Sall (lane 6). Radioactively labeled phage
Lambda DNA digested with HindIII (M1) and EcoRI (M2)
served as molecular weight marker. Panels B and C show
the avutoradiogram of radioactively 1labeled DNA of CIV
infected cells after digestion with NcoI. The CF-124
cells were infected with CIV at a multiplicity of
infectious dose of about five infectious particles per
cell. At different times after infection (1 to 12 hours)
the cultures were labeled (1mCi/ml) with phosphorus-32
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(as orthophosphatic acid in HCl-free solution) wusing
phosphate free Grace’s medium according to (17).

harboring the EcoRI DNA fragments C (13.5 kbp, 0.909 to
0.974 map wunits (m.u.)), H (9.8 kbp, 0.535 to 0.582
m.u.), M (7.3 kbp, 0.310 to 0.345 m.u.), 0 (6.6 kbp,
0.196 to 0.228 m.u.), Q@ (5.9 kbp, 0.603 to 0.631 m.u.),
and Y (2.0 kbp, 0.381 to 0.391 m.u.) were able to be
amplified under the conditions wused. This indicates that
the CIV genome possesses at least six DNA replication

origins.

CONCLUSION

The genome of Chilo iridescent virus was found to be
circularly permuted and terminally redundant, a unique
genomic feature among eukaryotic viruses but similar to
the structure of the genomes of Frog virus 3 (8, 18),
Fish lymphocystis disease virus (9, 10), and Insect
iridescent virus type 9 (20). The recent data obtained by
the analysis of the genome of Tipula iridescence virus
(TIV) shows a variability of the genomic size only (21,
22) . However, this result can not yet be considered as an
evidence suggesting that the TIV genome could also
possess a similar structural arrangement. Consequently,
more detailed analysis 1is necessary to find the real
genomic organization of TIV.

The detection of a cluster of tandemly repetitive
DNA elements with a complex structural arrangement within
the CIV genome is of particular interest. To our
knowledge, the extremely complex arrangement of the CIV
repetitive DNA elements has no counterpart in other known
DNA or RNA viral systems, not even in herpesvirus and
poxvirus genomes which <contain many tandem repeat DNA
sequences (23-25). Furthermore the analysis of the amino
acid sequence of the putative protein of the largest ORF
identified within the DNA sequences of the repetitive DNA
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elements which contains 333 amino acid residues revealed
the presence of two perfect peptide repetitions. One
containing 50 amino acid residues appears in triplicate
and the other with 74 amino acid residues exists in
duplicate. No ©polyadenylation signals were detected
downstream of the stop codons of ORFs detected within the
DNA sequences of the PvuII DNA fragment L. However,
multiple slightly modified polyadenylation signals were
detected downstream of a putative gene identified within
the EcoRI CIV DNA fragment H (HindIII/EcoRI subfragment,
0.571 to 0.582 mu).

The absence of polyadenylic acid 1in the majority of
virus-specific RNA species was reported for FV3, another
member of the family Iridoviridae (26). This observation
was confirmed by the analysis of the DNA sequences of the
immediate-early ICR169 gene (27) and immediate-early
ICR489 gene (28) of FV3. However, the absence of
polyadenylation signals described above does not
necessaryly mean, that none of the viral mRNA species are

polyadenylated.
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PROTEIN COMPOSITION OF CHILO IRIDESCENT VIRUS
M. CERUTTI and G. DEVAUCHELLE

Station de Recherches de Pathologie Comparée, INRA-CNRS,
30380 Saint-Christol-lez-Ales, France.

ABSTRACT

Previous studies on interactions between Chilo
iridescent virus (CIV) and cells have shown that several
specific biological activities are associated with
structural components of the virus particles. This is the
case for enzymatic activities (e.g. ATPase, protein
kinase and DNAse), <cell fusion induction, inhibitory
activity of cellular macromolecular syntheses and non-
genetic reactivation of CIV DNA infectivity. In order to
gain insight into viral pathogenesis, precise localiza-
tion of the CIV polypeptides within the virion and cha-
racterization of their related biological properties is
indispensable. This was achieved by different technigues:
(i) analysis of CIV polypeptides cross-linked by disul-
fide bridges in two-dimensional gel electrophoresis, (ii)
stepwise disruption and stripping of virus particles,
(iii) detection of external polypeptides by surface
labeling, (iv) detection of proteins involved in nucleo-
protein complexes and (v) selective solubilization and
reconstitution of the inner viral membrane.

Thus far, up to 43 polypeptides have been identified
by two-dimensional SDS-polyacrylamide gel electrophore-
sis. In contrast with previous reports, the major capsid
component was found to be constituted of two proteins, a
protein of 150,000 daltons (150 kDa, P150) composed of
three identical disulfide-linked polypeptide subunits of
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50 kDa (P°50) and a 50 kDa protein (P50). Although diffe-
ring in some of their properties, these two proteins
showed identical migration in SDS-2-ME-PAGE, however they
differed in some properties. The accessibility of their
sulfhydryl residues was different and radioiodination of
the external polypeptides showed only one single inten-
sively labeled spot, corresponding to the P50. However,
tryptic peptide analysis showed that P50 and P"50 had a
very similar peptide <composition. These observations in-
dicated that the trimeric protein P150 was not directly
exposed at the surface of the viral particle. In addi-
tion, P°50 did not seem to have any affinity for viral
DNA.

Thermodynamic analysis of CIV particles suggested
that the DNA would be packed into a nucleosome-1like
structure with a viral <core composed of at least six
DNA-associated polypeptides. Among the six DNA-binding
proteins P12.5 represents the major constituent and the
preferred substrate for the virus-coded protein kinase.
Preliminary experiments suggested that phosphorylation of
P12.5 may result in decondensation of the DNA molecule
and contribute to the release of DNA from the viral
nucleocapsid at early stages of infection.

Viral inner membrane can be readily solubilized with
octylglucoside. Biochemical analysis of the vesicles
obtained after action of the detergent, showed that only
a few polypeptides were solubilized wunder these condi-
tions. However, this soluble fraction was found to be of

major importance in the first stages of virus infection.

The solubilized fraction contained all the factors
required to initiate the replication cycle. (i) The
so-called "virus-promoting factor" (VPF) induced a full

cell-fusion activity and this phenomenon is independent
of the capsid virus proteins. (ii) The socluble fraction
also contained an inhibitory protein that facilitated
viral infection by switching off cellular macromolecular

syntheses and (iii) a viral-activation protein factor
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that stimulated the transcription of immediate early

genes by a cellular polymerase.

INTRODUCTION

The genus Iridovirus which comprises the small
Iridoviridae family 1includes over 50 isolates (1, 2).
Chilo Iridescent virus (CIV) or Iridovirus type 6 was
first described by Fukaya and Nasu (3) as a pathogen for

the larvae of the rice stem borer Chilo suppressalis

Walker. Thin sections of the virus particles show an
electron-dense irregular core enveloped by a single unit
membrane. Subunits wuniformly disposed on the external
surface of this membrane appeared to be responsible for
the typical icosahedral shape of the shell (4).

The viral genome is constituted of a large (209 kbp)
linear double-stranded DNA molecule with a circular
permutation and a terminal redundancy of about 12% (5).
This DNA accounts for approximately 12% of the particle
weight (6) and has a GC content of 29% (7).

CIV contains about 9% 1lipids, sufficient to form a
continuous internal 1lipid bilayer (8). The lipid compo-
sition of the viral membrane remains unchanged whenever
the virus is propagated, 1in vivo in larvae of Galleria

mellonella, or in vitro in Choristoneura fumiferana

cells. It clearly differs from that of the host membrane
and is mainly characterized by an abundance of phospha-
tidylinositol and diglycerides. This observation suggests
that the viral 1lipid membrane is not derived from
pre-existing host membranes but is synthesized de novo
during viral replication (9).

The polypeptide composition of Iridovirus particles
was first analyzed by Kelly and Tinsley (10). About 19
polypeptides 1in the range of 10 to 213 kDa were resolved
in SDS-PAGE. In later studies,Barray and Devauchelle (11)
have shown that after solubilization of CIV particles

with SDS-2-ME, 16 polypeptides could be resolved ranging
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from 7 to 120 kDa with a major species of 51 kDa, whereas
after solubilization with SDS-urea, 26 polypeptides could
be identified ranging from 10 to 230 kDa. No glycosylated
proteins were found by specific staining of the gel or by
incorporation of labeled carbohydrates. No phosphorylated
polypeptides were detected in the native particle.

A number of enzymatic activities have been reported
to be associated with purified CIV particles: a
nucleotide phosphohydrolase (12), a protein kinase (13)
and a deoxyribonuclease (14).

The cytoplasm was described as the site of Irido-
viridae assembly, morphogenesis and DNA synthesis. How-
ever, the necessity for a functional cell nucleus was
established for invertebrate (15) and vertebrate iridovi-
ridae (16). In previous studies on interactions between
CIV and cells, we have shown that inoculation of verte-
brate or invertebrate <cells with CIV rapidly induces a
massive formation of syncitia (17), whereas host cell ma-
cromolecular syntheses were drastically depressed (18).
These effects which are independent of viral replication
were due to one or more structural components of the in-
vading particle.

This review summarizes the results of our studies on
polypeptide composition, charaterization and localization
of some viral structural proteins. The implications of
these structural data for morphogenesis of the particle

and for the virus physiology are also discussed.

MATERIALS AND METHODS
Virus

CIV was grown in late instar Galleria mellonella

larvae. Larvae were infected by intrahemocoelic inocu-
lation of a sterile suspension of CIV. Twelve days later
larvae were sacrificed and the virus purified as pre-
viously described (10).

SDS-polyacrylamide gel electrophoresis

One-dimensional SDS polyacrylamide gradient gel
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electrophoresis was carried out using the discontinuous
buffer system described by Laemmli (19). For two-dimen-
sional SDS-polyacrylamide gradient gel electrophoresis,
samples were treated with SDS-1lysis buffer. They were
boiled for 5 min and analyzed in the first dimension on
8-16% linear gradient polyacrylamide gel rods (14 x 0.3
cm). After electrophoresis the gel rods were incubated
for one hour in 0.05 M Tris-HCL, pH 6.8, 15% glycerol, 2%
SDS and 5% 2-ME and layered on the top of a 8-16% 1linear
gradient slab gel (14 x 18 cm) for the second dimension.
The gels were electrophoresed at 150 V (constant voltage)
and stained with Coomassie blue R250.

Detection of sulfhydryl residues in CIV polypeptides

Sulfhydryl-containing polypeptides were detected in
SDS-PAGE  profiles by chemical 1labeling with N-1%
ethylmaleimide ( 4C—NEM). Purified viral suspension in
0.01 M sodium phosphate buffer pH 7.0 was divided into
three samples. Sample 1 was consisted to 100 pl of viral
suspension and samples 2 and 3 of 100 wnl1 of wviral
suspension plus 20 ful of 10% SDS. All samples were
incubated for 4 hr at 37°C with 40 Ml (12.5 pCi)  of
14C_NEM (2-10 mCi/mmol, Amersham) and were incubated at
37°C. The reaction mixture was stopped in samples 1 and 2
by addition of 2-ME at 5% final concentration. Sample 3
was heated at 100°C for 5 min prior to additon of 2-ME.
The three 1labeled viral extracts were treated with
SDS-2-ME lysis buffer and analyzed by electrophoresis in
one-dimensional polyacrylamide gradient gel. One sample
from batch 3 was analyzed by two-dimensional electro-
phoresis. Slab gels were stained, dried under vacuum and
autoradiographed.

Surface labeling of CIV particle

125

Surface viral polypeptides were labeled with I
using an iodosulfanilic acid-labeling kit (New England
Nuclear). Prior to coupling with proteins 125 I-iodo-

sulfanilic acid was converted to diazonium salt by
addition of 0.05 M NaNOp and 0.1 M HCl. Five min later
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the reaction mixture was neutralized by addition of 0.05
M phosphate buffer pH 7.5. The purified viral suspension
was divided into samples. Sample 1 consisted of 2 ml of
native CIV. 25 pl of the neutralized diazonium salt was
added to samples 1 and 2 and the reaction mixtures were
gently stirred on ice. After 15 min the 1labeled viral
suspension of sample 1 was mixed with SDS-1lysis buffer
without further analysis. For sample 2, unreacted dia-
zonium salt was eliminated from the native wviral
suspension by sedimenting the virus sample through a
10-40% (wt/vol) sucrose gradient (13,000 rpm, 30 min) in
a Beckman SW27 rotor. Purified virus was then resuspended
in SDS-lysis buffer. Both viral suspensions were analyzed
by two-dimensional polyacrylamide gel electrophoresis.
DMSO treatment of the viral particle

A purified viral suspension was pelleted at 15,000
rpm for 30 min in a Sorvall §SS-34 rotor and resuspended
in 140 mM NaCl, 5 mM KC1l, 0.7 mM NapHPO4, 5 mM glucose,
20 mM Hepes pH 7.05 and 10% DMSO. After standing
overnight at 4°C the viral suspension was layered on top
of a 10% sucrose solution and centrifuged at 36,000 rpm
in a Beckman T40 rotor for 90 min. The supernatant was
extensively dialyzed at 49C against 50 mM Tris-HCl pH
7.4, 150 mM NaCl.

Identification of DNA-binding proteins

DNA binding properties of the viral proteins were
detected by the method described by Bowen et al. (20).
Polypeptides were analyzed by electrophoresis on a two-
dimensional polyacrylamide gradient slab gel and were
transferred onto a nitrocellulose sheet (Schleicher and
Schuell BA85, 0.45 Pm. The blots were preincubated for 30
min at room temperature in 1 mM EDTA, 10 mM Tris-HCl pH
7.0, 50 mM NaCl, 0.02% bovine serum albumin fraction V,
0.02% Fricoll 400 and 0.02% polyvinylpyrrolidone 360. The
blots were then incubated at 37°C with 32p-labeld viral
DNA (5 Pg/ml, 2 x 105 cpmbug). After 6 hr incubation,
blots were rinsed four times with 2 x SSC for 30 min at



87

room temperature, dried and autoradiographed (Fuji X-ray
films).

Solubilization and reconstitution of viral inner membrane

Purified wviral particles were resuspended in the
following buffer: 25 mM Tris-HC1 pH 9.0, 1 M NaCl and 30
mM octylglucoside (Buffer C). After standing overnight at
40C the viral suspension was 1loaded on top of a 10%
sucrose cushion (6 ml, in buffer C) and centrifuged at
36,000 rpm for 2 hr in a Beckman SW41-Ti rotor. The clear
supernatant was extensively dialyzed at 4°C against 50 mM
Tris-HC1 pH 7.4 150 mM NaCl to remove detergent.

Protein kinase assay

Autophosphorylation of CIV polypeptides by endo-
genous protein kinase was carried out as previously
described (13). Purified CIV was resuspended in the
following reaction mixture: Tris-HC1 25 mM pH 8.0, MgCl,
20 mM, NP40 0.02%, ATP 2mM and 15 PCi of 32p ATP as
substrates. After 1 hr incubation, polypeptides were
analyzed on two-dimensional SDS-PAGE. Phosphorylated
polypeptides were detected by autoradiography. »

RESULTS
Analysis of the CIV polypeptides by two-dimensional poly-

acrylamide gradient gel electrophoresis

The electrophoretic patterns of CIV polypeptides
were compared under reducing and nonreducing conditions.
Treatment of CIV particles with 2% SDS 1leads to the
solubilization of about 35 polypeptides designated as:
"polypeptides SDS no" with apparent relative molecular
weights (M) ranging from 300 to 11 kDa. At least, two
major polypeptides could be resolved: polypeptide SDS 6
(150 kDa) and SDS 18 (50 kDa). Electrophoretic pattern
obtained wunder reducing conditions showed very signi-
ficant differences. Viral polypeptides solubilized in
these conditions were resolved into molecular species

ranging from 200 to 11 kDa, with a major polypeptide mi-
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grating at 50 kDa. The relationship between these two
different profiles was established by two-dimensional
polyacrylamide gradient gel electrophoresis (Fig. 1).
Purified CIV suspension was solubilized and electro-
phoresed wunder nonreducing conditions in the first di-
mension and wunder reducing conditions in the second
dimension. Figure 1 shows that some of the viral poly-
peptides have a particular behaviour. (i) Most of the CIV
polypeptides are not sensitive to mercaptoethanol and
migrated similarly in both dimensions. They were
distributed diagonally in accordance with their molecular
size. (ii) Some polypeptides migrated as smaller mole-
cules in the second dimension representing viral poly-
peptide subunits originally linked with disulfide bonds.
At least three proteins behaved in such a way: the major
polypeptide SDS 6, which migrated in the first dimension
at 150 kDa <corresponded to a trimeric form of a 50 kDa
polypeptide species (P°50). Similarly, polypeptide SDS 7
(120 kDa) corresponded to a dimeric form a P60 and P12.5
respectively. (iii) Four spots referred to as P81, P79.5,
P53 and P49 appeared above the diagonal 1line of migra-
tion. These polypeptides migrated with a lower molecular
size in the first dimension and behaved as much larger
molecules in the second dimension. This shift suggested a
conformational <change of the molecule 1likely due to
occurrence of intramolecular disulfide bonds.

Addition of 8 M urea in the lysis buffer and in the
first dimension gel did not significantly modify the
two-dimensional pattern (Fig. 2). This experiment indica-
ted that the presence of polypeptide P" 50 was not the
consequence o0of a non-exhaustive solubilization of the
sample. In addition, treatment of CIV with urea led to an
extensive solubilization of polypeptide P12.5 (compare
panels Fig. 1 and Fig. 2). When gels were electrophoresed
without urea, a large proportion of P12.5 was retained on

top of the first-dimension gel. After idincubation in
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Fig. 1. Two-dimensional SDS-PAGE analysis of CIV pro-
teins and disulfide-linked protein complexes. CIV was
fractionated in the first dimension in nonreducing

SDS-PAGE and in the second dimension in 2-ME-containing
SDS-PAGE.

P100

Fig. 2. Two-dimensional electrophoresis pattern of CIV
polypeptides after disruption of viral particles with 2%
SDS, 5% 2-ME and 8 M urea solution.
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reducing buffer, this fraction was partially solubilized
and a discrete spot appeared perpendicularly to the top
of the first-dimension gel. This experiment showed, that
polypeptide P12.5 represented an important proportion of
the total virion protein.

Accessibility of sulfhydryl residues in the CIV particle

Sulfhydryl-containing polypeptides were detected by
binding with N-14C ethylmaleimide (4C-NEM) and accessi-
bility of these residues was analyzed after stepwise
stripping of the CIV particle. This was achieved in one-
and two-dimensional electrophoresis. 14¢_NEM labeling was
performed in three different samples. When native CIV
particles (Sample 1) were incubated with 14C—NEM, one-
dimensional autoradiocgram (Fig. 3A) only showed a weak
labeling of (P50-P°50). The intensity of the (P50-P°50)
labeling was significantly increased by 2% SDS treatment
of the CIV particle (Sample 2). In addition, 14C—labeling
of P60 was observed. When CIV was heated at 100°C for 5
min with 2% SDS (Sample 3) the labeling intensity in the
(P50-P°50) zone was even more pronounced, whereas the la-
beling in the P60 species seemed to remain unchanged. Two
polypeptides referred to as P100 and P33, appeared to. be
highly reactive wunder the most denaturing conditions
(Sample 3). Two-dimensional analysis of sample 3 (Fig.
3B) showed a very significant difference of labeling in-
tensity between P50 and P°50. This difference could not
be account for by a difference in the copy number of P50
and P°50 within the virion. Coomassie blue staining of
the same gel suggested a stoichiometric ratio of 1:1 for
P50 and P°50 (Fig. 1).

Identification of surface viral polypeptides

Surface viral polypeptides were labeled with 1257
iodosulfanilic acid and analyzed by two-dimensional poly-
acrylamide gel electrophoresis. Iodosulfanilic acid re-
acts with amino groups of tyrosine and histidine and with
sulfhydryl groups of the cell surface proteins (21). It
has been shown that diazotized sulfanilic and iodosul-
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Fig. 3. Sulfhydryl-containing polypeptides of CIV (A)
one-dimensional  SDS-PAGE pattern of 14C NEM-labeled
virus. The viral suspension was aliquoted into three
samples. Sample 1 consisted of 100 pl of wviral sus-
pension, samples 2 and 3 of 100 % of viral suspension
plus 20 pl of 10% SDS. 40 Pl of C NEM was added to
each sample and further incubated for 4 hr at 37°C. The
reaction was stopped in samples 1 and 2 by addition of
2-ME 5% final <concentration. Sample 3 was boiled for 5
min prior to addition of 2-ME (B). An aliquot of sample 3
was analyzed in two-dimensional SDS-PAGE containing 2-ME
in the second dimension. The polypeptides were visualized
by autoradiography.

fanilic acid do not enter the cell membrane (22). In
order to specifically 1label the external polypeptide,
iodination has been carried out on native CIV particles
and compared with virions disrupted with 2% SDS. As shown
in Fig. 4, all the polypeptide spots visible by Coomassie
blue staining were found to be labeled. The high labeling
level of P100 and P33 (compare Fig. 4A and Fig. 1) was
consistent with their reactivity with NEM. P100 and P33
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Fig. 4. Identification of surface viral pol¥geptides.
Surface viral polypeptides were labeled with 9I-iodo-
sulfanilic acid and analyzed by two-dimensional SDS-PAGE.
(A) Autoradiogram of two-dimensional analysis of CIV
disrupted by 2% SDS prior to the labeling reaction. (B)
Autoradiogram of two-dimensional analysis of native CIV
particles. Control electrophoretic patterns of one dimen-
sion are indicated along the left sides of two-dimen-
sional profiles. Lanes 1 and 4 represent native CIV;
lanes 2 and 3, CIV disrupted by 2% SDS.

are likely to be sulfhydryl-rich polypeptides (Fig. 3).
In contrast, iodination of native particles showed one
single, intensively labeled spot corresponding to PS0
(Fig. 4B). Polypeptide P°50 was barely visible on the
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avtoradiogram. Polypeptide P50 would thus be the more ex-
ternal component of the virus particle. The P50 polypep-
tide was selectively solubilized by incubating the CIV
suspension with 10% DMSO. As shown in Fig. 5A, P50 was
readily solubilized by DMSO treatment, whereas the
trimeric form of P°50 (P150) was still found associated
with the pellet. Electron microscopic observation of the
DMSO extract (Fig. 5B) showed the presence of viral
subunits displaying the typical morphology of Irido-
viridae capsomers i.e. <cylindrical shape with a central

hole, and a diameter of about 7 nm (23).

a
B3

— P50

-— P50

Fig. 5. Selective solubilization of P50 polypeptide by
DMSO-containing buffer. After treatment with DMSO, the
viral suspension was layered on 10% sucrose and centri-
fuged at 36,000 rpm for 90 min. (A) Supernatant and
pellet was analyzed by one-dimensional electrophoresis
under reducing (a) and non-reducing (b) conditions. Lane
1, pellet; lane 2, supernatant; lane 3, native CIV (B)
electron microscopy of CIV surface subunits released by
DMSO treatment. Negative staining with 1% uranyl acetate.
Bar indicates 20 nm.
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When viral suspensions were submitted to several
cycles of freezing and thawing in the presence of EDTA
(Fig. B6A), a new type of viral subunit could be observed
(Fig. 6B). These subunits showed an asymetrical dumb-
bell-like shape. These subunits were fibrous structures,
10 nm in length, terminated at one end by a sphere of 4
nm in diameter and at the other extremity, by a knob of 2
nm in diameter. The whole dumbbell-like structure is 16
nm in total length, and is reminiscent of the adenovirus
penton fiber structure. In the case of adenovirus sero-
type 3, the fiber <capsomer is 11 nm in 1length, 2 nm in
diameter, terminated by a knob of 4 nm and is composed of
three subunits of 34.8 kDa (24, 25).

Fig. 6. Electron microscopy of viral subunits released
after several cycles of freezing and thawing 1in the
presence of 1 mM EDTA. Negative staining with 1% uranyl
acetate. A) Bar indicates 40 nm; B) bar indicates 6 nm.

One can speculate that these fibers correspond to
the P150 protein species. A rough estimation of the
protein mass of this structure <calculated from 1its
physical parameters (length, diameter, volume of sphe-
rical extremities and a density of 1.3 for protein) gives
a value of 2.5 x 10719

is in good agreement with a trimeric structure, compound

g for one molecule of fiber. This
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of 50 kDa subunits. In this hypothesis these fiber
structures could represent the covalent P150 trimer,
since these subunits resist drastic disruption of the
viral capsid.

Comparative analysis of P50 and P"50

Purified CIV particles were solubilized at high
ionic strength with octylglucoside and 2-ME. This
treatment resulted in solubilization of P50 and P°50
polypeptides. Unsolubilized material was removed by cen-
trifugation through a 10% sucrose cushion containing
octylglucoside. After extensive dialysis to eliminate
2-ME and detergent, soluble viral extract was analysed by
two-dimensional electrophoresis (Fig. 7A). As a control,
virus particles were solubilized by SDS-2-ME and elec-
trophoresed in two-dimensional gels without fractiona-
tion. In the control experiment (Fig. 7B), all the virus
polypeptides migrated in a diagonal 1line with a major
spot corresponding to overlapping P50-P”50. In contrast
with this pattern, two distinct spots (a, b) could be
resolved in the supernatant of virus treated with 2-ME
and octylglucoside. The spot (a) had the same elec-
trophoretic mobility in both dimensions and appeared in
the diagonal 1line. It could therefore be identified as
P50. The second polypeptide (b) migrated above the
diagonal 1line symmetry indicating the presence of
intramolecular disulfide bonds (Fig. 7A). A minor 50 kDa
species (spot c) was also visible, wunderneath a 100 kDa
spot. One explanation for the occurrence of spots b and c
would be that sulfhydryl residues generated with 2-ME
from trimeric protein could react with each other to form
dimeric structures (spot c) and/or reform more easily
with intramolecular disulfide bonds to generate species
migrating in spot b. This experiment suggested that P50
and P°50 constituted two distinct structural entities.

Comparative tryptic peptide analysis was carried out
on P50 and P°50 polypeptides using 129I-labeled CIV
particles. The first-dimension SDS-PAGE gel was treated
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Fig. 7. Two-dimensional SDS-PAGE pattern of octylgluco-
side, 2-ME solubilized fraction of CIV particles. (A) Pu-
rified CIV particles were solubilized in 1 M NaCl con-
taining 30 mM 0G and 5% 2-ME. Unsolubilized material was
discarded by centrifugation through a 10% sucrose
cushion. After extensive dialysis, the soluble viral ex-
tract was analyzed by two-dimensional -electrophoresis.
(BY The reference two-dimensional profile was obtained
with purified CIV particles solubilized at each of the
two steps by SDS-2-ME 1lysis buffer. Coomassie blue
staining.

with TPCC-trypsin for 20 min at 20O C, and subjected to a
second SDS-2-ME-PAGE. The results in Fig. 8 show that P50

and P50 had a similar peptide composition, suggesting
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Fig. 8. Tryptic peptide _analysis of P50 and P“50 by
two-dimensional SDS-PAGE 129I-labeled virus was first
electrophoresed 1in a cylindrical gel by the standard
SDS-PAGE method. The first dimensional gel was treated
with trypsin solution (DPCC-treated trypsin, Sigma; 1
mg/ml, 10 mM Tris-HC1l pH 7.6, 5 mM CaClZ, 140 mM NaCl)
for 20 min at ZOOC, and subjected to second dimension
SDS-PAGE. Proteolytic cleavage products migrated under
the diagonal line as shown by autoradiography.

structural identity of the two polypeptides.

It was previously reported that the major CIV pro-
tein might be composed of a single species of poly-
peptide subunits (10, 26). Our observations confirmed
that the major protein of CIV is in fact <constituted of
identical polypeptides, of which the subunits are diffe-
rently arranged. One component would be a trimeric 150
kDa protein composed of three identical subunits linked
by disulfid bonds. Considering the stoichiometry ratio of
1:1 for P50 and P°50 (Fig. 1 and Fig. 7A), it is rea-
sonable to postulate that the second component of the
major capsid protein of CIV is also a trimer composed of
three P50 subunits interacting with non-covalent bonds.
Radiolabeling of external polypeptides indicated that
polypeptide P50, but not polypeptide P“50 was directly
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exposed at the surface of the viral particle.

Identification of viral DNA-binding protein{(s)

Viral nucleoproteins were identified wusing the
method for detecting proteins with a DNA-binding capacity
(20). Purified virus was electrophoresed in two-dimen-
sional polyacrylamide gradient slab gels and the poly-
peptides transferred onto nitrocellulose sheets and
hybridized with 32P-labeled CIV DNA. At least six poly-
peptides (P81, P60, P29.5, P18, P15, and P12.5) showed an
affinity for CIV DNA (Fig. 9). All these DNA-protein in-
teractions were found to be very stable, and adsorbed DNA
could not be released even after repeating washings of
the blots with 2 x SSC. Polypeptide P°50 did not seem to
have any affinity for viral DNA at least under our condi-
tions. It is 1interesting to note that among the six DNA-
binding proteins, the polypeptide P12.5 represented a
major component of the CIV particle, suggesting an im-
portant role for this polypeptide 1in the compaction of
the genomic DNA molecule within the virus particle. This
property may explain the unusual behaviour of this po-
lypeptide in the two-dimensional PAGE (Fig. 1).

Phosphorylation of viral polypeptides by endogenous pro-

tein kinase

Monnier and Devauchelle (13) have shown that viral
protein kinase 1is able to phosphorylate endogenous
polypeptides and particularly low molecular weight poly-
peptides. Autophosphorylation experiments have been car-
ried out in optimized <conditions for the viral protein
kinase, namely in 25 mM Tris-HCl1 pH 8.0, 20 mM MgClZ,
0.02% NP40, 2 mM ATP in the presence of 32P—ATP. After
1 hr incubation at 3000, viral extracts were analyzed in
two-dimensional gels. As shown in Fig. 10, polypeptide
P12.5 constituted the preferential substrate for the
viral kinase. The possible consequence 0f the phospho-

rylation process of P12.5 on its DNA binding capacity was



Fig. 9. DNA-binding proteins of CIV. Proteins were ana-
lyzed by two-dimensional SDS-PAGE and blotted onto nitro-
cellulose. Blots were incubated with 32P-labeled CIV DNA
solution (106 cpm/ml). Protein-bound DNA was detected by
autoradiography. Lane A, 125I-1abeled CIV; lane B, unla-
beled CIV.
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Fig. 10. Phosphorylation of viral polypeptides by endo-
genpous protein kinase. CIV was incubated for 1 hr at
30°C in 25 mM Tris-HC1 pH 8, 20 mM MgClz, 0.02% NP4O,
2 mM ATP in presence of 32P-ATP (15 wCi). Viral extract
was analyzed by two-dimensional SDS-PAGE and autora-
diography.
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investigated in the following experiment. CIV suspension
was incubated as described above, but in the presence of
unlabeled ATP. After 1 hr incubation at 30°C, polypep-
tides were analyzed by two-dimensional polyacrylamide gel
electrophoresis, transferred onto a nitrocellulose sheet
and hybridized with 32p_CIV DNA. No apparent change in
DNA-binding property of the phosphorylated polypeptides

was evidenced on the autoradiography (not shown).

Solubilization and reconstitution of the viral membrane

Purified virus suspension was treated with 30 mM oc-
tylglucoside in 1 M NaCl (buffer 06). After standing
overnight at 49, insoluble material was discarded by
centrifugation (35,000 rpm for 2 hr at 49C in a SW 41-Ti
rotor) through a 10% sucrose cushion in buffer 0G. The
clear supernatant was extensively dialyzed to remove salt
and detergent allowing the reconstitution of the viral
membrane. The slightly opalescent suspension which was
recovered was examined by electron microscopy. Negative
staining showed viral vesicles of different size varying
in diameter from 50 to 200 nm. Viral subunits were hardly
indistinguishable on the vesicle surface. Thin sections
of reconstituted materials (Fig. 11) showed single-
shelled vesicles with a single unit membrane. From
biochemical analyses it was found that about 86% of viral
phospholipids and only 4% of totsl proteins were re-
covered in this fraction. As shown in Fig. 12, octyl-
glucoside and high ionic strength treatment led to the
selective solubilization of at least five polypeptides,
P53, P46.5, P15, P11. Under these <conditions, poly-
peptides P50 and P°50 remained strongly bound to the core
fraction, resulting in the formation of delipidated CIV
particles. These observations suggested the existence of
preferential interactions between capsid polypeptides and
core polypeptides. It should be noted that the major

component of the membrane fraction - polypeptide P11 -
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Fig. 11. Electron microscopy of thin sections of pel-
leted vesicles. Inset: magnification of characteristic
vesicle. The three-layered membrane 1is visible. Bar

indicates 100 nm.
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Fig. 12. SDS-gradient polyacrylamide gel electrophoresis
of vesicles obtained after treatment of CIV with
octylglucoside. Lane 1: native CIV, lane 2: wvesicles,
lane 3: residual pellet.
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represents a very minor component of the native virus
particle. In order to further characterize the asso-
ciation between lipids and viral polypeptides, lipophilic
polypeptides were selectively extracted from CIV par-
ticles (27) with acidic chloroform-methanol (28). Five
polypeptides of 11, 12.5, 16, 18, and 50 kDa, were thus
identified. While polypeptides of 50 kDa, 16 kDa and 18
kDa were strongly associated with phospholipids such as
phosphatidylinositol and phosphatidylcholine, preliminary
experiments suggested that +the polypeptide of 11 kDa
would be <covalently 1linked with a fatty acid, probably
palmitic acid (data not shown).

Contrasting with a rather simple polypeptide pat-
tern, various biological activities were found asso-
ciated with the membrane fraction. These include cell fu-
sion induction, inhibitory activiy of host cell macro-
molecular syntheses, and transcription activating fac-
tor(s). Analysis of reconstituted vesicles by isopycnic
centrifugation in sucrose gradients showed that although
differing in size, the vesicles sedimented as a sharp
peak at a density of 1.10-1.13. The observed density
could be modified by addition of exogeneous 1lipids e.g.
cellular lipids, during the reconstitution (data not
shown) .

Incubation of permissive cells (Cf124 cells) with
vesicles showed that this fraction was infectious (29).
This infectivity was very low, and could only be detec-
table after two serial passages in permissive cells. When
vesicles were prepared from 3H—methyl-thymidine—labeled
virus, DNA was found to cosediment with the vesicles
(Fig. 13). Extraction and purification of this vesicular
DNA confirmed the presence of 1large subgenomic DNA
fragments (about 75 kbp). Digestion with Trestriction
endonuclease demonstrated that +this DNA did not cor-
respond to a particular fragment but to a population of

DNA fragments of homogenous size, arising from various
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Fig. 13. 1Isopycnic centrifugation of vesicles reconsti-

tuted from 3H—methyl—thymidine-—labeled CIV. Samples were
layered on a 10-60% sucrose gradient in 50 mM Tris-HC1l pH
7.4, 150 mM NaCl. The gradient was centrifuged at 4° C in
a SW41-Ti Beckman rotor at 38,000 rpm for 24 hr.
Fractions were collected from the top of the gradient and
aliquots were used for radioactivity measurements.

regions of the viral genome. However, purified viral DNA
was not infectious. The presence of DNA in the vesicles
could not therefore account for the observed infectivity.

Experiments of nongenetic reactivation of purified
CIV DNA by UV-irradiated virus suggest that one (or more)
structural component(s) of CIV particles must be involved
in the first step of the viral infection (29). It can be
supposed that the vesicle suspensions composed of a po-
pulation of vesicles that differ in their DNA content,
also contain some "activating-protein factor”. Infectivi-
ty of such suspensions would thus be the result of both a
recombination event between large overlapping DNA frag-
ments and the presence of viral protein factor(s).

The presence of the large subgenomic DNA fragments
in the vesicular fraction prompted us to look for the
presence of DNA-binding proteins in this fraction. One
can postulate that some specific regions of the DNA mole-
cule present a high affinity for membrane component(s),
so that DNA molecules remain tightly bound to the mem-

brane via one (or more) anchorage point(s) during the
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octylglucoside solubilization process. During dialysis,
DNA molecules would be mechanically cleaved and randomly
packed 1into the vesicles. Fig. 14 showed that at least
two membrane associated polypeptides (P20a and P20b)
displayed a very high affinity for viral DNA. However,
these DNA-binding proteins did not <constitute major
DNA-binding proteins in the native particle. At least two
hypotheses can be formulated: (i) these proteins might be
involved directly or indirectly in the activation pro-
cess, possibly enhancing transcription of immediate early
viral genes, or (ii) these proteins might play a role in

the morphogenesis process.

Fig. 14. Identification of DNA-binding proteins in the
vesicle fraction by Western blotting as described in
Materials and Methods. Protein-bound DNA was detected by
autoradiography.

Very little is known about assembly of Iridoviridae
particles in host cell <cytoplasm (30). The earliest re-
cognizable intermediate structure is an imcomplete ico-
sahedral structure located on the edges of a virogenic
stroma. As the shell enlarges, it appears to sequester a
portion of the virogenic stroma (28). One hypothesis is
that the inner membrane might function to segregate viral

genomes from the virogenic stroma (31). Such a hypothesis



105

has also been postulated in the case of poxvirus (20),

where the membrane acts as a mesosome-like structure.

Enzymatic activities associated with purified CIV

particles

CIV particles contain at least three enzymatic acti-
vities firmly associated with purified virions. A nucleo-
tide phosphohydrolase which requires Mg++

hydrolyses preferentially ATP and dATP to yield ADP and

for activity,

inorganic phosphate (12). A protein kinase (13) was found
to phosphorylate some low molecular weight polypeptides
"in vitro", and displayed a high preference for basic
proteins as exogenous substrate: protamine was phospho-
rylated at serine and threonine residues. The enzyme was
c-AMP independent and phosphorylation rates were higher
with ATP than with GTP. A deoxyribonuclease cleaved
DNA(s) from different origins, including CIV DNA (14). So
far, none of these activities have been localized in the

virus particle.

CONCLUSION

Different polypeptide patterns have been published
for members of the Iridovirus group (10, 32). These
studies demonstrated the high <complexity of the poly-
peptide content of these viruses but no observations were
reported on the possible presence of disulfide-linked
protein complexes. All isolates of Iridovirus appeared to
be serologically related to some extent, with the excep-
tion of CIV and possibly iridescent virus type 24 (33).
However, electrophoretic patterns of structural polypep-
tides obtained from these different 1isolates are closely
related, with a common major structural polypeptide of
about 50-55 kDa. Unfortunately, no experiments were re-
ported on the behavior of these major polypeptides under

nonreducing conditions. It is 1interesting to note that
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Iridovirus type 2 (Sericesthis iridescent virus, SIV)
possesses two major structural polypeptides of 53 kDa and
55 kDa respectively (34). Coomassie blue staining sug-
gests that these two polypeptides are present in equi-
molar ratio within the virus particle.

The results presented here strongly suggest that the
major capsid component of CIV is in fact, a multimeric
protein edifice <constituted of several polypeptide sub-
units of 50 kDa, structurally identical, but diffe-
rently arranged and exposed. The resulting structure
would be formed of two trimeric proteins, one maintained
by covalent disulfide bridges (P°50 x 3), the other one
by noncovalent bonds (P50 x 3). This latter trimer would
be externally exposed at the surface of the virion. Our
structural model was based on the following data: (i)
both P50 and P°50 polypeptides show identical mobility in
SDS-2-ME-PAGE, identical peptide finger-prints and are
present in equimolar ratio within the virus particles,
(ii) however, the accessibility of their sulfhydryl
residues 1is totally different, as well as (iii) their
solubilization with DMSO. This is reminiscent of the data
reported for phage @ in which intermolecular disulfide
links between identical protein subunits 1leads to the
formation of two distinct protein entities (35).

The phageQ capsid is estimated to consist of 12 pen-
tamers and 20 hexamers which are detected as distinct
morphological and biochemical entities. However, both are
composed of identical proteins subunits stabilized by
intermolecular disulfide bonds. In that case, as in the
case of CIV <capsid polypeptides, it remains to be de-
termined whether the disulfide bonds are formed before or
after virus assembly. Two hypotheses can be formulated to
explain the structural model we propose for CIV capso-
meric protein. (i) Some discrete and wundetectable post-
translational modifications of P50/P"50 might result in

structural changes rendering some thiol residues acces-
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sible or bound in the protein. The one species with ac-
cessible thiol groups might form the covalently bound
trimeric protein P150. The species with bound thiol
group(s) would trimerize via noncovalent hydrophobic Van
der Waal”s bonds. (ii) Trimerization of P°50 subunits via
disulfide bonds might generate new binding sites on the
trimeric protein available to three additional P50
subunits linked to the trimer by noncovalent bounds. Such
a mechanism of stepwise binding of additional protein
subunits has already been described in morphogenesis of
t-even bacteriophages (36). These two hypotheses are not
mutually exclusive.

More and Kelly (26) have isolated by preparative
SDS-2-ME-PAGE the major structural polypeptide of Iri-
dovirus types 2, 6 and 9. While proteins of each virus
have a slightly different M, amino acid analysis indi-
cated a very similar composition, with no particular
enrichment in either hydrophobic, hydrophylic or basic
amino acids. In addition, N-terminal analysis of the
three polypeptides gave a single N-terminal (proline),
suggesting that the proteins are homogeneous.

These apparently conflicting observations suggest
that: (i) P50 and P°50 constitute two closely related but
distinct polypeptide entities deriving from a common pre-
cursor protein. (ii) Polypeptides P50 and P°50 possess an
identical primary amino acid sequence. Discrepancies
between these two different polypeptide entities could be
explained either by polypeptide modification st the post-
translational 1level (although no glycosylated, acylated
or phosphorylated proteins were detected in native CIV
particles) or by differences in the folding of the poly-
peptide which would be directly related to the location
of this polypeptide during morphogenesis.

In the case of FV3, wultrastructural and biochemical
studies suggest that capsomers are composed of trimers of
VP48. FV3 capsid subunits have the same mobility in SDS-
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gels under nonreducing or reducing conditions, implying
that the trimer assembly does not occur via disulfide
bonds. The interpeptide bonds responsible for the cohe-
sion of the trimers is therefore noncovalent 1in nature
and involve Van der Waal's links (37).

Several authors have reported the presence of disul-
fide-linked proteins in a number of wunrelated viruses.
The importance of these proteins in biological activities
(38, 39), structure and morphogenesis (40, 41) of the vi-
ruses is well known. In the case of CIV particles, there
is no evidence for the implication of such complexes in
biological activities. However, it seems that these
structures are of great importance for CIV capsid stabi-
lity. Analysis of delipidated particles obtained after 0G
treatment, shows that polypeptides P50 and P°50 remain
strongly bound to the core fraction, suggesting the
existence of preferential interactions between capsid and
core polypeptides. Addition of 2-ME to these delipidated
particles 1leads to the solubilization of P50 and P°50.
This experiment shows the importance of the underlayer of
trimeric complex P150 in capsid stability.

The viral inner membrane has been solubilized with
octylglucoside. Biochemical analysis of the reconstituted
viral membrane obtained after dialysis of the detergent
shows that only a few polypeptides have been selectively
solubilized wunder these conditions. However, the biolo-
gical importance of this fraction in the first stage of
infection is demonstrated by the observation that this
fraction contains all the main "promoting events" requi-
red to initiate the replication <cycle: (i) a cell fusion
activity, independent of the capsid proteins, leading to
a rapid fusion between viral and cellular membranes, (ii)
an inhibitory protein which facilitates viral infection
by switching off the macromolecular syntheses and (iii)
an "activating factor" stimulating the transcription of
immediate early genes by a cellular RNA polymerase.

Thermodynamic investigation of CIV by means of UV-
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spectroscopy and microcalorimetry shows that the CIV DNA
denaturation pattern resembles that of nucleosomal struc-
tures (42). At least six polypeptides have been found to
possess an affinity for CIV DNA. It is interesting to
note that P12.5, which probably represents the essential
component of the viral core, constitutes the preferential
substrate for +the viral protein kinase. Preliminary
results suggest that DNA-binding property of this poly-
peptid would not be modified wupon phosphorylation.
However, it seems that its solubility in 2% SDS is signi-
ficantly increased. It can be hypothesized that endoge-
naus protein kinase activity results in decondensation of
the DNA molecule, thus contributing to the release of DNA
from the nucleocapsid at the first step of infection. In
this respect, it would be interesting to know whether
this highly preferential phosphorylation occurs "in vivo"
during the virion wuncoating. Further investigation 1is
necessary to confirm the functional role of the endoge-
nous kinase, Many 1investigators have proposed possible
functions such as phosphorylation of viral or host-cell
protein via endogeneous viral kinase activity. These
proposed functions include regulation of viral genome
replication and transcription, virion uncoating, modifi-
cation of host-cell protein(s) which may contribute to
the shutdown of the cell macromolecular synthesis and
virion assembly.

Our findings <clearly show that different types of
interactions and organizations are involved in the
structure of the CIV particle. A tentative model for CIV
structure could be a central DNA genome packed into a
nucleosomal-like structure, with at least six DNA-asso-
ciated proteins constituting the viral core. The core
structure would be surrounded by a membrane containing a
P150-3xP50 complex, with the P150 trimer oriented inward
and the P50 polypeptides being more exposed at the
surface of the particle. Preferential interaction between

the capsid protein trimer P150 and the core polypeptides
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might be responsible for the stability of the whole

particle, resulting in the typical 1icosahedral shape of
the shell.
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INSECT IRIDESCENT VIRUS TYPE 9 AND TYPE 16
J. KALMAKOFF, N. McMILLAN AND S. DAVISON

Department of Microbiology, University of Otago, P.O. Box 56, Dunedin, New
Zealand

ABSTRACT

Insect iridescent viruses type 9 from Wiseana spp. (WIV) and type 16 from
Costelytra zealandica (CzIV) were compared with respect to their viral proteins,
antigens and physical DNA maps. Analysis by SDS-PAGE showed that WIV and

CzIV had major polypeptide bands at 52K and 53K respectively. Using HRPO-
labelled antibodies and surface iodination by 1251, several coat-surface proteins
were determined. These were the 129K, 99K, 52K and 33K proteins for WIV and
117K, 97K, 53K and 37K proteins for CzIV. The genome size for WIV and CzIV
was 192.5Kbp and 168.5Kbp respectively. Comparison of the DNA by REN mapping
and DNA hybridizations showed that although the viruses are related there are
distinct differences. When 32P-labelled CzIV DNA was hybridized to Southern
blotted WIV DNA, a 24Kbp region of non-homology was found (12.5% of the
genome). When 32P-labelled WIV DNA was hybridized to CzIV DNA, a 67Kbp
(or 39.7%) region of non-homology with CzIV was found. A partial amino acid
sequence of the major protein from WIV was obtained and an oligonucleotide probe
was synthesized. The probe was used to locate the position of the VP52 gene
on the DNA map.

INTRODUCTION

Wiseana iridescent virus (WIV) was first discovered by Jimmie Robertson
(on secondment from Oxford, UK) at Tennyson Inlet, Nelson, New Zealand in 1969.
It was first reported by Kalmakoff and Robertson (1), and being the ninth insect
iridescent virus to be found, it was classified by the interim nomenclature of
Tinsley and Kelly (2) as type 9. The larvae of Wiseana spp. are lepidopteran pests
of pastures in New Zealand and cause substantial annual loss ($10-30 million) of
pasture production. Based on the iridescence of the larvae, virus infection rates
as high as 309 were found in the field. This is a low estimate since it has been
subsequently shown (3) that many infected larvae do not show any iridescence.

Despite this high infection rate, the virus was not detected in any other site.
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A total of 34 localities in the South Island, NZ, were extensively sampled for virus
diseases during the 1969-1971 period, but no other infections were found. In 1985
another 10 localities were sampled for virus diseases using a 32p-labelled DNA
probe and the dot-blot assay as the detection system (4), but no further isolates
of WIV were obtained. The ecology of WIV needs further study before any
comments on the natural spread and pathogenicity of WIV in its host can be made.

Costelytra zealandica iridescent virus (CzIV) was discovered in 1972 in grass

grub larvae from a scenic reserve in South Canterbury, New Zealand (5). It was
designated type 16 according to the interim nomenclature scheme. This
coleopteran host is the other major insect pest of New Zealand pastures. Both

Costelytra zealandica and Wiseana spp. often occupy similar pasture environments

and the initial studies were made to determine if these two viruses were the same
virus growing in different hosts. Serological studies showed that CzIV was clearly
distinguishable from WIV and from other iridescent viruses. WIV showed some
serological relationship to Tipula iridescent virus (TIV), Sericesthis iridescent
virus (SIV) and CzIV. Subsequent work (6) demonstrated that WIV and CzlIV are
distinctly different viruses since they have a different host range, different DNA
restriction endonuclease patterns and different DNADNA homologies (see below).
As with WIV, no other isolation of CzIV has been made from grass grubs, despite
extensive sampling of larval populations from different localities during the
intervening years. It could be that the virus occurs only in isolated areas of native
bush and grassland. The use of sensitive and specific labelled DNA probes for
detection of subclinical infections should help to elucidate the natural ecology
of these two iridescent viruses.

Previous work

There have been relatively few published reports on type 9 and type 16
iridescent viruses. Work in the 1970's by Kelly and Avery (7) and Kalmakoff et
al (5) was concerned with the DNA homology and serological relationships using
a limited range of viruses. The results of that work are summarized in Table
1.

Tests with antiserum to type 9 (WIV) virus showed that there was some
serological relationship between type 9 type 1 (TIV), type 2 (SIV) and type 16
(CzIV). With antiserum to type 16 (CzIV) there was little serological relationship
to the other iridescent viruses tested. Type 6 (CIV) showed no serological
relationship with any of the other iridescent viruses. Type 9 was 1009% homologous
to type 18 in both DNA and serological comparisons and these two viruses are

probably the same virus. Type 18 was isolated from a scarabaeid larvae Opagonia
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Table 1. 9% Serological or DNA Homology

Antiserum or labelled DNA fragments

Antigens or Type 1 Type 9 Type 16 Type 6 Type 2
unlabelled DNA aTIV* awIv WIV aCzlv aClv  CIV SIv

type 1 (TIV) 100 50 NT 6 0 NT NT
type 2 (SIV) 25 50 45 0 0 0 100
type 6 (CIV) 0 0 0 0 100 100 0
type 9 (WIV) 12 100 100 3 0 0 26
type 16 (CzlIV) 25 50 NT 100 0 NT NT
type 18 (OLV) NT 100 100 NT NT NT 28

* aTIV refers to antiserum prepared against type 1 (TIV) virus. The % serological
homology was determined as a % of the reciprocal end points of the precipitin
end points in agar gels (5). The % DNA homology data is from Kelly and Avery
(7). NT = Not Tested.

sp. from the same locality as type 9 in New Zealand in 1969 (8). Type 19, which
was isolated from the coleopteran host Odontria striata, is very likely the same
virus as type 16, which was isolated from a similar coleopteran host Costelytra
zealandica. These two insect hosts are difficult to distinguish from each other
and often occur as mixed populations in the same locality. Type 9 virus shows
some DNA homology (45%) and serological homology (50%) with type 2 virus
isolated from a scarabaeid, Sericesthis pruinosa from New South Wales in Australia

(7).

A comparison of the structural polypeptides of type 9 and two other viruses,
type 2 and type 6 was carried out by Moore and Kelly (9) using PAGE. They found
similarities in the three viruses with one major polypeptide representing 40%
of the total virus protein and 20 other minor polypeptides. 1251 labelling by the
lactoperoxidase or the chloramine T method indicated that the major protein
was located on the outside of the virus. By dansylation of the isolated major band
and hydrolysis, the N-terminal was found to be proline for the 3 viruses. This
does not agree with our results (see below), since the N-terminal of the major
protein was found to be blocked. Their major protein band may have contained
a number of polypeptides with one having an unblocked N-terminal.

Host range

In order to investigate further the relatedness of WIV and CzIV, a host range
study was carried out using a number of common insect hosts. Viruses were
introduced by intrahemocoelic injection into the proleg region of 2nd-4th instar

larvae of 10 lepidopteran and 2 coleopteran hosts. The larvae were incubated
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for 10 days and the virus was isolated from infected larvae and the larvae were
examined either for iridescence or the presence of viral DNA (WIV) or by electron
microscopy (CzIV).

It was found that 8 of the 12 hosis were infected with WIV and 3 of 8 hosts
were infected with CzIV (Table 2). It is interesting to note that both viruses may
have replicated in Lasperyrasia pomonella and Odontria spp - a lepidopteran and

coleopteran host respectively. However, while virus was seen under EM or viral
DNA was detected, no iridescent pellet was observed. This result may indicate

an incomplete replicative cycle in these alternative hosts.

Table 2. Host Range of WIV and CzIV

Host wiva CzIVP

Galleria mellonella + -
Heliothis armigera + -
Planotortrix excessana + -
Lasperyrsia pomonella +

Ctenopseutis obliquana - ND
Mithimna separata - -
Agrotis ipsilon - ND
Epiphyas postvittana + ND
Bombyx mori + -
Costelytra zealandica - +
Odontria spp. + +
Wiseana spp. + ND

a = Iridescent pellet and Viral DNA detected (10); b = Virus detected by
EM; ND = Not done

THE PROTEINS OF WIV and CzIV

In order to characterize the similarities and differences in the proteins of
WIV and CzIV, the viruses were compared by polyacrylamide gel electrophoresis
(PAGE). The virus particles were disrupted by boiling in a buffer containing SDS
and B -mercaptoethanol prior to loading onto a 10% gel. Between 27 and 30
polypeptides were detected by silver staining (Fig 1). This is more than the 15-
20 polypeptides previously reported for WIV (9). On a 15% gel an additional 7-
9 polypeptides could be identified. The molecular weights ranged from 7K to
147K (Table 3). Other iridescent viruses (types 1, 2, 6, 9, 22 and 25) have been
shown to have between 15 and 28 polypeptides (10,11,12). It was also found that
by combining the results from polyacrylamide gels at 109% and 15% a more accurate
assessment of the size and number of higher and lower molecular weight bands

was obtained.
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Fig. 1. Polyacrylamide gel electrophoresis (PAGE) of the polypeptides of WIV
and CzIV. The polypeptides were detected by silver staining, the diagrams indicate
the positions of some minor bands. The molecular weight markers are: A)
Phosphorylase B (97K). B) Bovine Serum Albumin (66K). C) Ovalbumin (43K).
D) Carbonic Anhydrase (31K). E) Soybean trypsin inhibitor (22K).

The polypeptide profiles of WIV and CzIV were different, although the
estimated total molecular weights of all polypeptides was similar. If one assumes
that no aggregation of protein occurs in the electrophoresis system, the total
molecular weight for WIV and CzIV proteins was 1.82 X 108 and 1.86 x 106
respectively. The minimum DNA required to code for the proteins of WIV would
be 49Kbp. If one takes the average molecular weight of an amino acid as being
120 and the total DNA as being 190Kbp (13), a minimum of 24% of the viral genome
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Table 3. Molecular Weights of the Proteins of WIV and CzIV

Band number WIV MW x 1073 CzIV MW x 1073
1 129 147
2 122 126
3 114 117
4 109 111
5 99 102
6 93 99
7 86 97
8 76 93
9 73 89

10 70 79
11 67 76
12 64 63
13 60 59
14 57 57
15 56 53
16 52 49
17 48 48
18 43 44
19 41 37
20 37 34
21 33 30
22 32 28
23 30 25
24 29 24
25 26 22
26 25 21
27 23 20
28 21 18
29 20 17
30 18 14
31 16 12
32 14 11
33 12 10
34 9 9
35 8 8
36 7 7

is involved in coding for the viral structural proteins. Similarly the minimum
DNA required to code for the protein of CzIV would be 50Kbp or 27% of the viral
genome (the DNA of CzIV is 170kb, see below). This agrees with the observations
of Kelly and Tinsley (14) that both CIV and SIV use 30% of their genome to direct
virion polypeptide synthesis and with the estimate of Krell and Lee (12) of 25%
for TIV.



119

The molecular weight of the major band was 52K and 53K for WIV and CzIV
respectively. This was in agreement with previously reported results which have
found the major protein bands of iridescent viruses to be in the 50K-55K range
(11,15). This band has been estimated to comprise 40% of the viral proteins (9).

Virus Surface Proteins

In an attempt to identify the WIV surface proteins, antibodies to the viral
surface proteins were isolated. Polyvalent WIV antisera was incubated with intact
WIV. Antibodies not attached to the virus surface were removed by pelleting
the virus-antibody complex by centrifugation. The antibodies attached to the
surface of the virus were dissociated by incubation with a low pH glycine buffer.
These coat-surface specific antibodies were conjugated to horse-radish peroxidase
(HRPO) and used in a Western blot of SDS-PAGE separated proteins. These
antibodies reacted only with the 129K and 99K polypeptides (see summary figure
below). However, if the virus sample was not reduced by B-mercaptoethanol prior
to separation by SDS-PAGE, the coat-surface specific antibodies also reacted
with the major polypeptide which under non-reducing conditions banded at the
50K position. Antigenic sites on the major band appear to be denatured by the
reducing conditions.

The WIV coat-specific antisera did not cross react with any CzIV
polypeptides. As CzIV has a different host range from WIV (see above) and the
host range is possibly determined by antigenic determinants on the surface of
the virus, then one would expect there to be only limited antibody cross-reactivity
between the coat-surface proteins.

Further evidence of the surface location of the 129K and the 99K proteins
came from analysis of the insect homogenate supernatant after virus had been
extracted by high speed centrifugation. This supernatant should contain both
insect and virus soluble proteins. After SDS-PAGE separation of these proteins
and Western blot analysis using the polyvalent WIV antiserum as a probe, only
proteins corresponding to the 129K and 99K polypeptides were detected (once
again the antigenic sites of the major protein band may have been antigenically
denatured by the reducing conditions). Since the 129K and 99K polypeptides are
coat proteins and react with the environment, it was not surprising to find them
in the high speed supernatant.

Major Band Analysis

After electrophoresis of total WIV proteins on a preparative SDS-gel, the
major 52K polypeptide was excised and allowed to diffuse into a buffer. The purity
of this isolated protein was checked by running it by PAGE (Fig 2).
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WiV

Fig. 2. PAGE of total WIV polypeptides and the purified major 52K WIV
polypeptide. The major 52K polypeptide was excised from a preparative SDS-
gel and eluted into buffer. The purified 52K polypeptide was rerun along with
whole virus.

Antibody to the 52K polypeptide was raised by immunizing a rabbit by
intramuscular injections at 3 weekly intervals. This antibody was conjugated
to HRPO and by Western blotting was found to be strongly immunoreactive to
the major 52K WIV polypeptide and also to the 129K, 99K, 60K and 56K
polypeptides (Fig 3).



121

WIv a b czIv

! —
=
o

I~ OO OO~ NI

j
)

N mw(ﬂlﬂ‘l ~ O
’ —
(=
N

1)
f

(NN NI~
SIS IO

—59
2% —57
52— —53
48— b :lz%
Bh I
—
37— e 37
33— ooz — 34
B
29— —3%
= T
— [ITTITIT - v25
23— Z
21— .
H- =
18—

Fig. 3. Western blot of WIV (a) and CzIV (b) using CzIV antibodies to purified 52K
polypeptide. The polypeptides of WIV and CzIV virions were separated by PAGE
in a 10% polyacrylamide slab gel and the fractionated proteins were
electrophoretically transferred to a nylon membrane. The blot was then reacted
with HRPO-labelled rabbit antiserum raised against the WIV 52K polypeptide.

The reaction with the 129K and 99K coat proteins is in agreement with the
findings of Cerrutti and Devauchelle (16). They found that under reducing
conditions CIV had a 150K polypeptide that fractionated to a 50K monomeric
form (the same molecular weight as the CIV major polypeptide). It would appear
that in WIV the 129K polypeptide can be fractionated to a monomeric form which
is contained in the 52K band. The antibodies against the 52K polypeptide of WIV
also reacted with the 53K, 59K and 117K polypeptides of CzIV. It was interesting
to note that the major 52K band of WIV is antigenically related to the 53K band

of CzIV. This antibody cross-reaction was not shown when antiserum to whole

virus was used.
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125-1 Labelling of Surface Proteins
Virus 1251 labelling was carried out by using the lactoperoxidase method

(9). Lactoperoxidase has a molecular weight of 78K and catalyzes the iodination

of the tyrosine residues. The enzyme is presumably too large to penetrate the

virus and label any internal proteins.
The polypeptides that were iodinated when intact WIV and CzIV were labelled

with 125-1 are shown in Figure 4.

t IIFIEE] BTN %
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129K 57k

relative extinction
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2 3 L 56 78 910112
electrophoretic migration (cm)

Fig. 4. The densitometer scans of a 10% polyacrylamide gel containing the
iodinated proteins of intact WIV (A) and CzIV (B). Before PAGE the viruses were
banded on 5-40% (w/v) sucrose gradients to remove any disrupted virus. Included
above are SDS-PAGE gels of whole virus (silver stained).
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Several WIV and CzIV polypeptides appeared to be at the surface of the
virus. For WIV the major 52K band and a smaller 33K polypeptide were labelled
as has been previously reported (9). We also found the 129K and 99K polypeptides
of WIV to be labelled along with the 93K, 86K and 57K polypeptides. The labelling
of the 129K and 99K polypeptides agrees with the Western blotting result using
coat-surface specific antibodies. For CzIV six polypeptides were labelled. In
comparison to WIV it is likely that the surface proteins of CzIV are the 117K,
97K, 53K and 37K polypeptides. The other two polypeptides, the 63K and 59K,
are probably internal proteins labelled by the lactoperoxidase method. It has
been previously reported that the 50K monomeric form of a 150K polypeptide
in CIV can be 125 surface labelled (16). This result corresponds with the labelling
of the 129K polypeptide of WIV and 117K polypeptide of CzIV. Because of the
similarity in iridescent viruses found so far, it is possible they all have high
molecular weight proteins exposed on the surface of the virus.

Serological Relationship

Antibody to disrupted WIV virions was raised in rabbits and the purified
IgG was conjugated to HRPO. These conjugated antibodies were used to detect
11 of the WIV polypeptides and 16 CzIV polypeptides previously separated by PAGE
and Western blotted (Fig 5).

This cross-reactivity to CzIV proteins would indicate that CzIV was
antigenically related to WIV. However CzIV antiserum raised against whole CzIV
did not cross-react with any WIV polypeptides (Fig 6). This experiment was
repeated using CzIV antisera raised in three different rabbits to confirm that
the result was not due to the response of one particular rabbit. This lack of cross-
reactivity of CzIV antisera has also been demonstrated by precipitin end points
and intragel cross absorption tests (see above). No explanation for this anomalous
result can yet be made.

The strongest immunoreactive polypeptides of WIV were the 129K, 99K
and 56K. WIV antisera was not immunoreactive to the major WIV 52K and CzIV
53K polypeptides. This result could be due to the B-mercaptoethanol denaturing
the antigenic sites within these proteins (17,18), since the WIV 52K polypeptide
was immunoreactive in unreduced conditions.

Partial Amino Acid Sequence of the Major Band

Amino acid sequence analysis was performed on the major protein bands
of WIV and CzIV with a view to constructing a synthetic oligonucleotide probe
to use for mapping the gene that codes for a coat protein. The total virus proteins
were separated on a 109% SDS-PAGE. Following electrophoresis the separated
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Fig. 5. Western blot and detection of WIV and CzIV antigens by HRPO-labelled
antibodies. The virus polypeptides were detected as described for Figure 3. Rabbit
antiserum was raised against WIV virions.

proteins were electroblotted onto polyvinylidene difluoride membrane. Protein
bands were visualized on the membrane with amido black stain and the major
bands were excised for analysis. The major 52K polypeptide of WIV was found
to be blocked at the N-terminus. An in_situ cyanogen bromide digest was
performed and from this a 10K and 16K portion of the major band of WIV and
CzlV respectively were used for sequence analysis. The amino acid sequence
from WIV was found to have little sequence homology with CzIV (50% homology
over a 4 amino acid region, Table 4). Since different fragments of the major
protein of WIV and CzIV were analysed, this lack of homology was not surprising.
The Protein Identification Resource (PIR) database was searched for amino acid

sequence homology and showed that the WIV sequence had homologies with
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poliovirus capsid protein and with Black Beetle virus coat protein. This information
suggested that there may be some amino acid sequence homology among virus

coat proteins.
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Fig. 6. Western blot and detection of WIV and CzIV antigens by HRPO-labelled
antibodies. The virus polypeptides were detected as described for Figure 3. Rabbit
antiserum was raised against CzIV virions.
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Table 4. PIR Database Protein Sequence Homology

WIV: AITEDILEQVQTAPCQNYNPL
POLIOVIRUS: WIVDITSQVQTERNINRAMT
IDENTITY: 70% Homology over 10 amino acids

WIV: AITEDILEQVQTAPCQNYNPL
BLACK BEETLE EFSDILEGIQTLPPANVTYVA
VIRUS

IDENTITY: 589% Homology over 12 amino acids

WIV: ATEDILEQVQTAP CQNYNPL
CzlV: ISNITSGFIDIATTFDE
IDENTITY: 509 Homology over 4 amino acids

The single amino acid letter codes of PIR (19) were used.

Summary of the Protein Study

Most of the research on the composition and structure of iridescent viruses
was carried out on CIV and TIV. In CIV a lipid membrane surrounds the inner
core and makes up about 9% of the virion (20). Protein units spread through the
single unit membrane, attaching the core polypeptides to the capsid polypeptides;
this may be an explanation for the high stability of the viruses (16). TIV has been
shown to be a lattice of hexagonally packed units (21), composed of 1472 triangular
and pentangular subunit aggregates (22,23). The composition and structure of
WIV and CzIV will probably be similar to that of these other iridescent viruses.

The results of the present study are summarized in Figure 7. There are
many proteins involved in the surface structure of these viruses. The major 52K
polypeptide of WIV is partially exposed at the surface of the virus as shown by
1251 1abelling (Fig 7D) and the reaction with HRPO-labelled coat-surface specific
antibodies when polypeptides were run on a non-reducing SDS-PAGE gel. The
129K and 99K polypeptides are coat-surface proteins as shown by 125-] labelling
(Fig 7D) and coat-surface specific antibody experiments (Fig 7B).

WIV and CzIV are antigenically related since the WIV antisera cross-reacted
with the CzIV polypeptides (Fig 7F). Antibodies prepared against whole WIV were
reactive neither to the WIV major 52K polypeptide (Fig 7A) nor to the CzIV major
polypeptide (Fig 7F). This may have been due to the antigenic sites being
denatured by the detergents in the SDS gels or by the reducing conditions.

When the purified 52K band was used to immunise a rabbit it was found
to be immunoreactive (Fig 7C). These antibodies reacted not only with the 52K
polypeptide but also cross-reacted with the 129K and 99K coat proteins, thus

demonstrating the antigenic relatedness between these three virus surface
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Fig. 7. Summary diagram of the WIV and CzIV polypeptide study.

Lane A:
Lane B:
Lane C:

Lane D:
Lane E:

Lane F:
Lane G:

Lane H:

proteins.

WIV polypeptides detected by HRPO-labelled antibodies prepared against
whole disrupted WIV.

WIV polypeptides detected by HRPO-labelled antibodies to surface
proteins.

WIV polypeptides detected by HRPO-labelled antibodies prepared against
the WIV 52K polypeptide.

1251 1abelled WIV polypeptides using lactoperoxidase.

CzIV polypeptides detected by HRPO-labelled antibodies prepared against
whole disrupted CzIV.

CzIV polypeptides detected by HRPO-labelled antibodies prepared against
whole disrupted WIV.

CzIV polypeptides detected by HRPO-labelled antibodies prepared against
the WIV 52K polypeptide.

1251 1abelled CzIV polypeptides using lactoperoxidase.

Antibodies to the WIV major band also cross-reacted with the 53K CzIV

major polypeptide, the 59K polypeptide and with the high molecular weight 117K
CzIV polypeptide (Fig 7G). Since the 117K and the 59K polypeptides were 125
I l1abelled (Fig 7H), they are probably surface proteins of CzIV.
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THE DNA OF WIV AND CzIV

The genome of iridescent viruses is a single-copy, double-stranded, linear
DNA molecule and ranges in size from 98 to 216Kbp (10). Frog Virus 3 (FV3),
Fish Lymphocystis Disease Virus (FLDV) and insect iridescent virus Type 6 (CIV)
are the best characterized of these viruses. An important step to understanding
the relationship of the insect iridescent viruses at the molecular level is the
construction of restriction endonuclease (REN)} maps of the DNA. At present
there are only two DNA restriction maps available; these are Type 6 (24) and
Type 9 (13). The physical map for iridescent virus Type 16 (CzIV) using the REN's

BamH1 and Pstl is presented below.

IoOM mMoOm

Fig. 8. Restriction endonuclease digestions of CzIV (Lanes 1-3) and WIV DNA
(Lanes 4-6). The DNA was separated by electrophoresis on 0.6% agarose. Lanes
(1) BamH1; (2) Kpnl; (3) Pstl; (4) BamH1; (5) EcoR1 and (6) Pstl.
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Restriction Endonuclease Analysis
The DNA from WIV and CzIV was characterized using the REN's BamHI,
Kpnl EcoR1 and Pstl (Fig 8). The fragments produced were sized using lambda

DNA as standards and the results are given in Table 5.

Table 5. Restriction Fragment Sizes of WIV and CzIV

WIV Czlv
BamH1 EcoR1 Pstl BamH1 EcoR1 Pstl
A 27.11 18.78 49,87 32.39 30.68 36.28
B 21.45 17.48 35.96 29.37 22.85 32.99
C 20.04 16.17 27.02 18.23 17.42 26.81
D 15.15 14.84 25.73 16.79 16.32 22.53
E 13.99 13.78 20.35 16.73 14.04 18.14
F 13.93 11.67 17.67 12.30 10.28 8.32
G 11.67 10.21 8.97 9.59 8.48 7.77
H 11.23 8.56 4.43 9.59 7.68 6.74
I 10.40 8.06 1.83 5.46 6.53 4.45
J 10.39 7.87 0.62 4.36 6.13 4.21
K 9.72 6.59 3.84 5.63
L 8.74 6.59 3.62 4.52
M 3.94 5.75 3.37 4.02
N 3.93 5.76 2.84 3.92
(0] 3.83 4.90 1.50 2.82
P 2.23 4.11 2.34
Q 1.98 3.64 1.87
R 1.97 3.64 1.81
S 0.77 3.24 1.65
T 3.23 1.59
U 3.20 0.63
\'s 2.86 0.57
w 1.88 0.50
X 1.88
Y 1.55
Z 1.23
a 1.14
b 0.89
c 0.83
d 0.75
e 0.55
f 0.55
g 0.24
h 0.22
192.45 192.45 192.45 169.99 172.28 168.46

Note: Values are derived from a combination of computer modelling values
and physical measurements.
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For geographically close and ecologically similar viruses, the REN patterns
are quite different. Although the numbers of fragments are similar for BamH1
(19 and 15 for WIV and CzIV respectively), EcoR1 (32 and 28), and Pstl (10 for
both), similarities in fragment sizes were not common, indicating a more distant
relationship than might be expected.

The genome sizes, calculated using the REN fragment sizes, indicate WIV
and CzIV are different viruses. WIV has a genome size of 192.5 Kbp while CzIV
has a size of 168.5Kbp. The genome sizes for other iridescent viruses are 209Kbp
for Type 6 (24), 146-174Kbp for Type 1 (25), 197-216Kbp for Type 22 DNA (26)
and 143.7Kbp for Southern Mole cricket iridescent virus (27). There is a wide
variation in genome size within the insect iridescent virus genus and it is larger
than its vertebrate counterpart e.g. FV3 is 107Kbp (28) and FLDV 98Kbp (29).
This larger genome size may account for the wide host range exhibited by the
insect iridescent viruses (30).

Ward and Kalmakoff (10) compared the EcoR1 patterns from 5 iridescent
viruses (Types 1, 6, 9, 16 and 22) and found them to be distinctly different. This
indicated that the insect iridescent viruses were probably not closely related to
each other.

Physical Mapping of the DNA

Physical maps were constructed by cloning REN fragments of DNA into
the plasmid vectors pUC8, pUC19 and pBR328, using the E. coli hosts JM83, JM83,
and HB101 respectively. The cloned fragments were used for multiple REN digests
and hybridization to Southern blots of genomic DNA. The WIV map was
constructed using the REN's BamH1, EcoRl and Pstl (Fig 9), while CzIV was
mapped using BamH1 and Pstl (Fig 10). Kpnl data is 909 complete for CzIV (data
not shown) and was used in the construction of the map.

All other iridescent virus genomes which have been physically mapped (FV3,
FLDV and CIV) have been shown to be terminally redundant and circularly
permuted and although the molecules are physically linear the maps are circular
(31,32,33). Results indicate WIV to be circularly permuted as no end points could
be found during cloning and mapping procedures (13). The mapping data from

CzIV also indicated it was circularly permuted.

FEATURES OF THE DNA MAPS
Repeat Sequences

During mapping it was found that CzIV DNA contained elements of repeated
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Fig. 9. Physical map of the genome of WIV. The restriction enzymes BamH]1,
EcoR1 and Pstl were used in cloning procedures. Shaded areas represent cloned
fragments.

DNA sequences within a particular region of the genome. This confirms what
had previously been found in WIV (13). For example, the Kpn H fragment (7.7Kbp)
hybridized to Bam D and J and Pst G and 4. However, it also hybridized to Pst
H and B. The Kpn H fragment probably also hybridized to repeat sequences in
Bam D and E but this would not be seen as Bam D/E co-migrate (a double) and
therefore masked each other.

Repeat sequences or repetitive DNA are not new in molecular virology.
They have been found in nuclear polyhedrosis virus, adenovirus, herpes virus, and
poxvirus (34,35,36,37). Various functions have been assigned to these repeat
sequences, such as host range and replicative functions. All other iridescent virus
genomes studied have been found to contain repeat sequences e.g. insect iridescent
viruses Types 1, 6 and 9, FV3 and FLDV (13,24,25,29,31). Both WIV and CzlV

appear to have more extensive repeat regions than other iridescent viruses. WIV
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Fig. 10, Physical map of the genome of CzIV. The restriction cnzymes BamH]1
and Pstl were used in cloning procedures. Shaded areas represent cloned
fragments.

repeats account for 25% of the genome and 39% for CzIV (finer mapping will
probably reduce this). Ward and Kalmakoff (13) indicated that more than one
type of repeat was present in WIV and this also seems to be the case with CzIV
(unpublished data).
Homology

In an effort to detect the DNA homology between WIV and CzlV,
hybridization of whole genomic digests was carried out. DNA was cut with the
REN's BamH1l, EcoR1l and Pstl, separated by agarose gel electrophoresis and
Southern blotted onto nylon membranes. 32P-labelled DNA was then hybridized
to these blots. To quantitate the result of the hybridization, changes in the
stringency conditions were employed according to the formula (38):

TM = 8.15 + 16.6(logM) + 0.41(%G+C) - 0.71(% formamide)
Stringency changes were achieved by altering the concentration of the

solvent formamide from 50% to 20% in the hybridization mix. This results in
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stringency changing from 85% (509 formamide, 42°C) to 68% (20% formamide,
420C) i.e. a greater base pair mismatch is allowed as formamide concentration
decreases.
32P-CzIV/WIV Hybridization

It was found that when 32P-CzIV DNA was hybridized to WIV DNA, certain
REN fragments of WIV DNA did not hybridize at either stringency condition.

These fragments were identified as Pst G and H; Bam N, M and P; and Eco L.
Individual hybridization experiments (509% formamide) with the WIV cloned
fragments Eco L, Bam N, and Eco a show that no homology occurs. When compared
to the physical map, 5 of these 6 bands were found to be in the same area of the
genome (Fig 11). These areas of non-homology flanked the WIV DNA repeat

regions.

repeat Sequenc
s

CzIV/WIV
non-
homology

CzIV/WIV
non-

WIV DNA homology

.....

Fig. 11. Features of the WIV map. Location of the WIV repeat sequences, CzIV
area of non-homology and the major virus protein VP52 on the physical map of
WIV. Dotted lines indicate possible range of regions of non-homology and repeats.
VP52 is located in the area common to the fragments Eco A and Bam D.
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The difference in genome size between WIV and CzIV is 24Kbp, and the
areas of non-homology to CzIV on the WIV genome equal 23.4Kbp. We expect
that finer mapping will result in the remaining difference (0.6Kbp) being found.
32P-WIV/CIZIV Hybridization

When the reciprocal experiment was carried out it was found that at 68%

stringency (20% formamide, 429C) all of the CzIV genome was homologous to
the labelled WIV DNA, but at 85% stringency (50% formamide, 42°C) only one
large area of the CzIV genome showed homology (Fig 12). This area, spanning
Pst A to D, comprises 67Kbp, or 39.7% of the genome and is also not in the repeat

regions.

repeat sequ@m:es

CzIV- DNA

Fig. 12. Features of the CzIV map. Location of the CzIV repeat regions and WIV
non-homology regions on the physical map of CzIV.
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WIV Coat Protein Gene

Investigations into the structural proteins of WIV were described in the

previous section and indicated that the 52K protein band on SDSPAGE was the
major structural protein. For mapping purposes this protein was designated VP52,
A 10K polypeptide, cleaved by cyanogen bromide from this protein, was isolated
and sequenced. From this sequence an oligonucleotide was synthesized with
redundancies in the third code position as indicated below.

TGC CAA AAC TAC AAC CC

..T..G..T ..T..T..

After end-labelling with 32P, this oligonucleotide probe hybridized to WIV
DNA fragments Bam D, Eco A, Pst C and Pst F (Fig 9). It was concluded that
the most probable location for this gene, VP52, was between 0.05 and 0.08 map
units. The hybridization of Pst F was considered non-specific, as neither Bam
B nor Bam R hybridized. Previous work has indicated that all insect iridescent
viruses have a major protein band between 50K and 55K. This protein may provide
a useful zero point on physical DNA maps of the insect iridescent viruses, similar
to that used for the polyhedrin gene of baculoviruses. In this way DNA maps can
be oriented in a similar manner and comparisons of genetic organization made

more meaningful.
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VIRUS-CYTOSKELETON INTERACTION DURING REPLICATION OF FROG VIRUS 3

K. G. MURTI AND R. GOORHA
Department of Virology and Molecular Biology, St. Jude Children’s
Research Hospital, Memphis, Tennessee 38101, USA

ABSTRACT

Frog virus 3 (FV3) induces selective and sequential changes in
the eukaryotic cytoskeleton. Morphologically, the virus disrupts
the microtubules, reorganizes the intermediate filaments, and
disrupts and reorganizes the microfilaments. Biochemically, the
virus selectively inhibits tubulin synthesis, increases the
phosphorylation of vimentin, and modifies actin in an unknown
manner. Functionally, the virus uses intermediate filaments in
compartmentalizing viral genomes and viral proteins, and
microfilaments in virus release. By studying how FV3 modulates the
cytoskeleton for its own replication we may learn the roles of
cytoskeleton (i) in the compartmentalization and movement of
intracellular proteins and (ii) in the contractile mechanisms

operative in virus release.

INTRODUCTION

It is now well established that eukaryotic cells contain
fibrous elements which interact to form a highly integrated network
termed the cytoskeleton (1-9). The principal constituents of the
cytoskeleton are three types of filaments: the microtubules, the
intermediate filaments (IF), and the microfilaments (1-9). The
three types of filaments have been well characterized both
morphologically and biochemically. Microtubules are hollow tubes
measuring 22 to 26 nm in diameter (1). Each microtubule contains
protofilaments which in turn are composed of heterodimers of
tubulin (1). IF are wavy filaments measuring 7 to 11 nm in
diameter (2). At present, five classes of IF have been identified
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(2, 3). They are keratin filaments of epithelial cells,
neurofilaments of neurons, glial filaments of cells of glial origin
(e.g., astrocytes), desmin filaments of muscle cells and vimentin
filaments of cells of mesenchymal origin. Though morphologically
similar, each class of IF contains distinct proteins (2, 3).
Microfilaments measure 4 to 8 nm in diameter and contain subunits
of actin (4). Considerable information is now available on the
biochemistry of all three types of filaments and their associated
proteins, their patterns of organization in different cell types,
and the dynamics of their assembly and disassembly (1-13).

The components of cytoskeleton have been implicated in a
variety of cellular functions. The actin-containing microfilaments
have been assigned a role in cellular contractile and motile
phenomena, including chromosome movement, cytokinesis, cell
motility, budding of viruses, exocytosis, and phagocytosis (13-18).
Some recent studies have demonstrated actin to be a major component
of the nucleus (19, 20) and that it promotes the transcriptional
activity of lampbrush chromosomes in amphibian oocytes (21). It is
also believed that actin is an initiation factor for RNA polymerase
II (22). Microtubules are the constituents of motile structures
such as cilia and flagella. Therefore, they are thought to have a
role in cell motility, chromosome movement, axonal transport,
movement of pigments and granules, and movement of the cell
membrane (1, 9, 23, 24). Recently, tubulin and its associated
proteins have been found to stimulate the transcription and
replication of RNA viruses, Sendai virus and vesicular stomatitis
virus (25, 26). It appears from the above that microtubules,
microfilaments and their associated proteins perform several
cellular functions and that some of these functions are unrelated
to their conventional "cytoskeletal"” roles. The 1list of their
functions may continue to grow as research expands into newer model
systems.

By contrast, IF perhaps are the most studied cytoskeletal
filaments in recent years but their function is least understood.
Typically, they form an intricate and extensive network that

stretches from the nucleus to the plasma membrane. IF subunit
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proteins form a family of proteins that appears to include the
nuclear lamins, the major structural proteins of the nuclear
envelope complex (27-29). The expression of IF subunit proteins is
closely linked to development and cellular differentiation (3).
Initially, it was proposed that IF are involved in the
determination of cell morphology, organelle placement and movement,
and cell motility (29-38). The fact that IF connect nuclear lamina
at one end and membrane skeleton on the other led some to speculate
that IF play a general role in the spatial organization of
cytoplasmic matrix or in the active or passive transport of
macromolecules between nucleoplasmic and cytoplasmic compartments
(39). However, a number of studies using the intracellular
injection of anti-intermediate filament antibodies to disrupt
normal IF organization have so far failed to reveal any obvious
effects on the above or other cellular functions (40-42). One
suggestion is that the true function of IF is unrelated to their
"cytoskeletal" role, but arises from their ability to bind with
high affinity to nucleic acids (30, 43). In this view, soluble IF
subunit proteins, which exist at a very low concentration within
the cell, would act as regulators of gene expression. Thus, there
is no definitive evidence supporting a functional role of IF in the
cell life cycle.

Traditionally, animal viruses have provided simple model
systems to understand a variety of cellular functions (e.g.,
methylation, capping, polyadenylation of mRNA, split genes). The
virus model systems are attractive for three reasons. First, the
viruses, upon infection, divert cellular machinery to perform a few
defined functions, thereby illuminating the machinery involved in
those functions. Second, the process of virus infection provides a
synchronous phenomenon in which the sequential structural and
functional changes can be analyzed for an understanding of the
"cause and effect". Third, the ease with which the small viral
genomes can be manipulated makes it possible to use a genetic
approach by using temperature-sensitive (ts) mutants to deduce the
functional interaction between viral and cellular molecules. There

have been many reports suggesting a role for cytoskeleton in virus
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macromolecular synthesis, virus assembly, and transport (for the
only review on the subject, see 44). But the potential of animal
virus model systems in analyzing the function of the cytoskeleton

has not been fully exploited.

Fig. 1. Overview of FV3-infected normal rat kidney cell at 8 hr
post-infection as seen by High Voltage (1000 kv) Electron
Microscope. Note the assembly sites (AS) close to the nucleus (N).
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For the past six years, we have used frog virus 3 (FV3) as a
model system to explore the roles of cytoskeleton and the molecular
basis for such roles (45-50). In the next section we describe this
model system, what we have learned from it thus far, and how we can
utilize it to reveal function(s) of the cytoskeleton.

FV3 is a well characterized icosahedral animal DNA virus which
belongs to the family Iridoviridae. The virus replicates in a
variety of tissue culture cells of piscine, amphibian, avian and
mammalian (including human) origin (reviewed in 51). The genome is
a double-stranded linear DNA of MW 100 x 106 (52) which is
circularly permuted and terminally redundant (53). A number of
temperature-sensitive mutants have been obtained and placed in 12
complementation groups (54). Purified FV3 particles contain more
than 35 structural proteins, including 5 enzyme activities, viz.,
nucleotide phosphohydrolase, ribonuclease, deoxyribonuclease,
cyclic AMP-independent protein kinase, and protein phosphatase
(55). The virus utilizes both the nucleus and the cytoplasm for
its nucleic acid synthesis but assembles in discrete sites in the
cytoplasm termed assembly sites (Fig. 1). The assembly sites are
devoid of cellular components such as ribosomes, polysomes,
mitochondria, vesicles, etc., but are encircled by IF (45, 57).
The viral genomes made in the nucleus and the viral proteins made
in the cytoplasm are transported to the assembly site and assembled
into virions (58). The virions move from the assembly site to the

plasma membrane and are released by budding (45, 47).

FV3-INDUCED CYTOSKELETAL CHANGES

Soon after infection, FV3 induces dramatic organizational
changes in all three classes of cytoskeletal filaments: the
microtubules, the intermediate filaments, and the microfilaments.
The organizational changes in the filaments are preceded by or
coincident with extensive biochemical changes in the filament
proteins. The changes are relevant to FV3 replication, since
treatment of cells with heat-inactivated FV3 or mutants of FV3
defective in virus replication do not induce these alterations. In

the following sections, we describe in detail the morphological and
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biochemical changes in every class of cytoskeletal filaments and

comment on their relevance to FV3 replication.

Microtubules

When examined by immunofluorescence microscopy with
antitubulin antibodies, uninfected baby hamster kidney (BHK) cells
show a pattern of organization of microtubules typical of normal
mammalian tissue culture cells (23). The microtubules radiate from
a focal point near the nucleus and extend to the cell periphery
(Fig. 2A). In FV3-infected BHK cells, the pattern of microtubule
organization remains normal until 6 hr. At about this time the
virus assembly sites appear and the number of microtubules begins
to decrease (Fig. 2B). By 10 hr a drastic reduction in the number
of microtubules occurs and a few microtubules are seen in the

vicinity of the assembly sites (Fig. 2C). Thus the microtubules

appear to decrease progressively in the course of FV3 infection.

Fig. 2 Indirect immunofluorescence with tubulin antibodies on FV3-
infected BHK cells. A) uninfected cell, B) 6 hr post-infection,
and C) 10 hr post-infection. (AS) virus assembly sites. (N)
nucleus. (C) focal point.

To determine whether the observed reduction of microtubules is
due to inhibition of tubulin synthesis or due to degradation of
microtubules, the following experiment was done. Uninfected and 3

hr-infected BHK cells were labeled with [3SS]-methionine for 1 hr
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and the cell lysates were analyzed by two-dimensional gel
electrophoresis (48). A comparison of the amount of tubulin in
infected and uninfected cells showed an 80% reduction in tubulin
synthesis in infected cells. Thus these results showed that the
reduction of microtubules seen by immuncfluorescence in infected
cells is at least partially due to a severe inhibition of tubulin
synthesis. The significance of microtubule reduction is not known
but a similar phenomenon is noted in cells infected with
herpesviruses (78, 79).

The progressive reduction of microtubules in FV3-infected
cells suggests that microtubules may not have a role in FV3
replication. To further examine this, we studied FV3 assembly and
growth in BHK cells treated with the microtubule-depolymerizing
drug, colchicine. In these experiments the cells were pretreated
with 10 ug/ml or 40 pg/ml of the drug to depolymerize the
microtubules and then infected with FV3 in the presence of the
drug. When examined by immunofluorescence and electron microscopy,
these cells showed normal assembly sites (50). The virus
production was also unaffected in these cells as revealed by plaque
assay (50). These results suggest that microtubules have no

function in any aspect of FV3 replication.

¥

Fig. 3. Indirect immunofluorescence with antivimentin antibodies
on BHK cells. A) uninfected cells, B) cells infected with FV3 for
6 hr, and C) for 8 hr. Abbreviations as in Fig. 2.
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Intermediate Filaments
The organization of IF in uninfected and infected BHK cells

was compared by means of immunofluorescence, using antibodies

Why a
5

*‘;'%i:‘”:i” o

Fig. 4. Electron micrograph of FV3-infected fathead minnow cell at
4 hr (A) and at 6 hr (B). Note the bundles of intermediate
filaments (IF) surrounding the virus assembly sites (AS).
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against vimentin (IF protein). 1In uninfected cells, the pattern
resembles that previously reported (59). The filaments emanate
from the perinuclear region and extend into the cytoplasm (Fig.
3A). In FV3-infected cells, changes in the organization of IF
begin at 6 hr. The filaments retract from the cell periphery and
outline certain discrete bodies in the cytoplasm (Fig. 3B). At 8
hr, all of the fluorescence is concentrated around the discrete
bodies, which are now located near the nucleus (Fig. 3C). That the
discrete bodies are viral assembly sites is demonstrated by
electron microscopic observations of infected cells. In electron
micrographs bundles of IF are seen surrounding each virus assembly
site at earlier (Fig. 4A) and later (Fig. 4B) times after
infection. Thus, IF appear to reorganize to surround the virus

assembly sites during FV3 infection.

st dim,———

vimentin

acidic basic

Fig. 5. Two-dimensional gel analysis of vimentin and actin in FV3-
infected cells. FV3-infected BHK cells were labeled with 37§
methionine at 6 hr post-infection and the proteins were analyzed.
Areas outlined in black represent the position of markers.
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To determine the molecular basis for the organizational
changes in IF, we examined the qualitative and quantitative changes
in vimentin of FV3-infected cells by two-dimensional gel
electrophoresis. There was no decrease in the synthesis of
vimentin in FV3-infected cells but the vimentin of infected cells
was more acidic than its counterpart in uninfected cells (Fig. 5).
The shift in the mobility of vimentin might have been due to a
post-translational modification of the protein such as
phosphorylation (60). To determine if this was so, we labeled FV3-
infected BHK cells at 3 hr post-infection with 32p and subjected

Ist dim. —=

vimentin

~—— 'wip pug

R
=%,

™~ attin

acidic basic

Fig. 6. Increased phosphorylation of vimentin in FV3-infected BHK
cells. The infected cells were labeled at 3 hr with 32P04 for 1 hr
and the labeled proteins were analyzed by 2-D gel electrophoresis.
Upper panel, uninfected cells. Lower panel, infected cells.
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the cell extracts to two-dimensional electrophoresis. The results
showed a dramatic increase in the phosphorylation (more than four-
fold) of vimentin by 4 hr post-infection (Fig. 5). Pulse-chase
experiments showed no detectable differences in the turnover of
32p.1abeled vimentin, suggesting that the observed increase in the

phosphorylation of vimentin in infected cells is not due to a

Fig. 7. Immunofluorescence analysis of ts 9467-infected BHK cells
labeled with antivimentin (A, C) or anti-FV3 (B, D) antibodies at 7
hr post-infection. At 30°C (A, B), the IF network was unchanged
(A) and the assembly sites were not formed (B). At 25°C (C, D) the
IF reorganized (C) and the assembly sites are formed (D). AS,
assembly site, N, nucleus, IF, intermediate filaments.
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decreased rate of dephosphorylation. Thus, the observed changes in
vimentin precede the reorganization of IF which occurs before the
assembly site formation.

The increased phosphorylation of vimentin in FV3-infected
cells 1is interesting, especially in view of the proposal that
phosphorylation modulates the organizational changes in IF (1, 10).
To determine if phosphorylation of vimentin, IF reorganization, and
assembly site formation are all interconnected, we studied cells
infected with a ts mutant of FV3, ts 9467 (6l1). This mutant, at
the nonpermissive temperature of 30°, makes early viral proteins
but neither reorganizes IF nor forms the assembly sites. Upon
shift to the permissive temperature (25°), the normal course of
events occur. In biochemical studies with BHK cells infected with
ts 9467, we found that at the nonpermissive temperature vimentin is
not phosphorylated. An examination of these cells by means of
immunofluorescence with antibodies against vimentin and FV3
revealed an organization of IF typical of uninfected cells and the
absence of assembly sites (Fig. 7A, B). Upon shift to the
permissive temperature, the vimentin was phosphorylated, the IF
reorganized, and normal assembly sites formed (Fig. 7C, D). It
appears then from the above studies that phosphorylation of
vimentin is necessary for IF reorganization, which in turn is
essential for assembly site formation.

To study the functional significance of the association
between IF and FV3 assembly sites, we disrupted the organization of
IF in BHK cells either by drugs or by antivimentin antibody
microinjection and studied the effect of such disruption on FV3
assembly.

Of all the drugs that have been reported to affect IF
organization, those that act on microtubule organization appear to
be the most effective. The primary effect of the drug colchicine
is to depolymerize microtubules (l). In response to microtubule
depolymerization, the IF collapse (37, 62). The collapse 1is
presumably due to the dependence of organization of IF on an jntact
microtubule system (63). Colchicine, as previously noted, had no

effect on IF reorganization around FV3 assembly sites, nor affected
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virus growth (50). A second drug, taxol promotes microtubule
assembly (64, 65) and while doing so induces dramatic changes in
the organization of microtubule and IF (66). In FV3-infected
BHKcells taxol prevented the reorganization of IF around assembly
sites. The assembly sites formed in the presence of taxol were not
clearly demarcated from the rest of cytoplasm, contained cell
components such as mitochondria, polysomes and microtubules, and
reduced accumulation of proteins. The drug at a concentration of
50 pym also reduced the virus yield by about 80% (50). Thus a block
in IF reorganization around FV3 assembly site seems to interfere
with FV3 assembly and growth.

As an independent test of the role of IF reorganization in the
formation and maintenance of FV3 assembly sites, we examined the
effect of antibody-induced disruption of IF on FV3 replication. It
has been shown that intracellular injection of antivimentin
antibodies causes vimentin-type IF to collapse in a variety of cell
types (67). To test the effect of antivimentin-induced collapse of
IF on FV3 assembly, BHK cells were infected with FV3 2 hr after
antibody injection. When examined by immunofluorescence 8 hr
later, the cells showed collapsed masses of IF near the nucleus and
several diffuse assembly sites scattered in the cytoplasm (50).
When ‘these cells were examined by electron microscopy, the assembly
sites were seen as irregular fibrous structures often attached to
the collapsed mass of IF (Fig. 8). As in taxol-treated cells, the
assembly sites were indistinct, contained microtubules and
polysomes, and showed fewer assembled virions than in serum-
injected controls. To quantitate virus production in antivimentin-
injected cells and serum injected (control) cells, five assembly
sites from each group of cells were serially sectioned and the
total number of virus particles in the assembly sites was counted
in the electron microscope. The assembly sites of antivimentin-
injected cells contained 281 mature virions while those of serum-
injected cells had 953 mature virions. Thus, there appears to be a
70% inhibition of virus production in antivimentin-injected cells.

In general, the effect of antivimentin injection on viral assembly
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site morphology and virus growth was very much like that observed

in taxol-treated cells.

Fig. 8. Electron micrographs of FV3 assembly sites of BHK cells
microinjected with antivimentin antibodies and infected with FV3.
The assembly sites (AS) were not clearly demarcated from the
cytoplasm (panel A) and were often found attached to the collapsed
mass of intermediate filaments (panel B). The sites also contained
microtubules (MT, panel C) and polysomes (P, panel D).
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The taxol and microinjection studies described above have
shown that IF play a crucial role in FV3 assembly. Both taxol and
antivimentin microinjection prevented the reorganization of IF
around FV3 assembly sites. The failure of IF to surround the
assembly site led to (i) intrusion of cell components into the
assembly site, (ii) reduced accumulation of viral proteins, and
(iii) about 80% inhibition of virus growth. Thus, IF appear to be
necessary to produce and/or maintain the structural integrity of
the viral assembly sites, but they are not strictly required for
the assembly of mature virions. The disorganized assembly sites
that are formed in the absence of the circumferential IF system do
produce mature virions, but they do so with dramatically lower
efficiency than normal IF-associated assembly sites. This implies
that in FV3-infected BHK cells, IF appear to help organize a region
of the cytoplasm, the viral assembly site, into a more efficient
three-dimensional ensemble of interacting viral components. A
subsequent study has suggested that in murine 3T3 cells the IF
similarly compartmentalize lipid globules for adipogenesis (68).

A variety of animal viruses are shown to interact with the
cytoskeleton for their assembly and transport (for a review, see
44y . Two viruses of the family Reoviridae, which assemble in
cytoplasmic factories, have also been shown teo interact
specifically with the IF (69, 70). The functional interaction
between FV3 and IF demonstrated here, however, constitutes the
first direct experimental evidence that the IF play an active role

in virus assembly.

Microfilaments

To compare the organization of microfilaments in infected and
uninfected cells, the cells were examined in the fluorescence
microscope after labeling with rhodamine-conjugated phalloidin
(50). Phalloidin is a small stable compound that forms a complex
with actin (71). The uninfected BHK cells show a few thick bundles
of microfilaments (stress fibers) and many finer filaments running
parallel to the long axis of the cell (Fig. 9A). In infected

cells, at the time of assembly site formation (i.e., 6 hr), the



Fig. 9. Immunofluorescence with rhodamine-conjugated phalloidin on
BHK cells. (A0 uninfected cells, (B) FV3-infected cells at 6 hr,
and (C) at 10 hr. P, microvillus-like projections, AS, assembly
site, N, nucleus.

stress fibers disappear, the thin filaments persist, and the entire
cell exhibits particulate fluorescence (Fig. 9B). At 10 hr (Fig.
9C), the cell surface contains many actin-positive microvillus-like
projections. That the microvillus-like projections appear at the
time of virus release is dramatically illustrated by a scanning
electron microscopic study of the surfaces of FV3-infected BHK
cells at various times after infection (Fig. 10). At 3 hr after
the adsorption of the virus, the cell surface exhibits few
projections (Fig. 10A). At 7 hr after infection or at a time when
the virus begins to appear at the cell surface, the number of
projections increases (Fig. 10B). At a time when the virus is
released in abundance, the number of projections greatly increases
(Fig. 10C) and each projection possesses a series of bulges, each
of which presumably contains a single virus particle (Fig. 10C,
inset). Thus, it appears that FV3 is released through microvillus-
like projections formed de novo. The microvillus-like projections
contain microfilaments and virus particles in the process of
budding. Thin sections of. virus-infected cells viewed by

transmission electron microscopy (Fig. 11) support this contention.
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Fig. 10. Scanning electron micrograph of the surface of BHK cells
infected with FV3 for 3 hr (A), 7 hr (B), and 15 hr (C). Note the
progressive increase in the number of microvillus-like projections
with time. The inset shows a highly magnified view of microvillus-
like projections containing virions.
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Electron micrographs of FV3-infected cells late in infection show
microvillus-like projections enclosing one to several virions. 1In
addition, bundles of microfilaments are also seen lining the plasma

membrane and extending into these projections.

Fig. 11. Electron micrograph of a portion of fathead minnow cell
infected with FV3 for 8 hr. MFB, microfilament bundles. MF,
microfilaments. BF, budding virions.

Biochemical studies have shown that actin, the constitutent
protein of microfilaments, exhibits qualitative changes in FV3-
infected cells. Unlike tubulin, actin continued to be synthesized
in infected cells at normal levels but showed a change in its
isoelectric point. At about 4 hr after infection, the actin moved
towards the acidic pH range in two-dimensional gels, and by 6 hr
post-infection most of the newly synthesized actin was more acidic
than its counterpart in uninfected cells (Fig. 5). The change in
the mobility of actin was not due to phosphorylation since actin in
infected cells was not labeled by 32p (Fig. 6). It is not known

whether the observed shift in actin is due to a post-translational
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modification or whether the phenomenon represents the synthesis of
a new isoform (e.g., a-actin) of actin. In either case, the
process must occur during virus replication, since actin
synthesized before infection did not show any change in mobility.
It is interesting to note that changes in actin precede the
formation of the microvillus-like structures utilized in virus
release.

To determine the role of microfilaments in FV3 release, we
have studied the effect of disruption of microfilaments by
cytochalasins on virus release. Cytochalasin B (CB) is known to
disrupt microfilaments by inhibiting the polymerization of actin
monomers (72, 73). Cytochalasin D (CD), on the other hand,
disrupts microfilament function by binding to myosin (72, 74).
Among the two drugs, CB is known to perturb sugar metabolism by
inhibiting hexose transport (75), while CD causes only minor, if
any, inhibition of hexose transport (72). The secondary effect of
these drugs on sugar metaboism is important to consider since the
production of several viruses depends on glycosylation of wviral
proteins (76, 77). However, since none of the FV3 proteins are
glycosylated (51), the effect of cytochalasins on glycosylation may
not be relevant to the current study. ‘

To determine the effect of CB and CD on virus yield, BHK cells
were adsorbed with FV3, the drugs were added to the cell cultures
at various concentrations, and the quantity of infectious virus
produced and released at 48 hr post-infection was determined by
plaque assay. With FV3, like measles virus (77), only a fraction
of the infectious virions are released from the cell (released
virus), while a major fraction of infectious virions remains
associated with the cell (cell-associated virus). This is highly
advantageous in drug studies since a quantitation of the two
fractions of the virus in drug-treated and control cultures will
permit us to determine if the block is at the level of production
or release of the virions. At a concentration of 30 ug/ml, CB
inhibited the release of FV3 by 80%, while CD, at a concentration
of 2 ug/ml inhibited virus release by 99%. The inhibition of virus

release by both CB and CD were not due to decreased production of
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the virus, since there was no reduction in the titers of cell-
associated virus. In fact, the decrease in the amount of released
virus was coincident with an increase in the cell-associated virus,
suggesting that virus that failed to release accumlated within the

cell.

Fig. 12. (A) Electron micrograph of a portion of FV3-infected BHK
cell at 24 hr post-infection. Note the budding virions. (B) A
cell infected with FV3 in the presence of cytochalasin D (2 ug/ml)
for 24 hr. The infection was carried out in the presence of CD (2
pg/ml) for 24 hr and the cells were fixed and processed. Note the
accumulation of a large number of virus particles beneath the
plasma membrane and the absence of microvillus-like structures on
the plasma membrane.
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The results of CB and CD studies suggested that the drugs
affected either the traverse of virions from the assembly site to
the plasma membrane, or the release of virions at the cell surface,
or both. In an effort to determine which of these possibilities is
true, we have examined the CB and CD treated, FV3-infected cells by
electron microscopy. The untreated control cells showed numerous
microvilli bearing virus particles at the cell surface (Fig. 12A).
The cells treated with CB or CD had no microvilli and the virions
accumulated in large numbers beneath the plasma membrane (Fig.
12B) . The results suggest that both CB and CD inhibit the release
but not the traverse of the virions.

The reason for the suppression of virus release by CB and CD
appears to be the failure of the cell to form the microvillus-like
structures through which the virus exits. Since CB binds to actin
(72, 73) and CD binds to myosin (72, 74), it appears that the
formation of the microvilli-like structures involves the actomyosin
complex. In general, the results of cytochalasin studies with FV3
agree with those with measles virus (77). In summary, all of our
above studies with FV3-infected cells strongly favor an active role

for microfilaments in virus release.

CONCLUSION

A variety of animal viruses are now known to interact with the
eukaryotic cytoskeleton for protein synthesis, assembly and
transport (44). A study of this interaction will shed light not
only on the role of cytoskeleton in virus replication but also on
the function of cytoskeleton in normal cells. The studies with FV3
have shown that IF are important in maintaining the structural and
functional integrity of virus assembly site and that microfilaments
are essential for virus release. The functional interaction
between IF and FV3 demonstrated here constitutes the first direct
demonstration that IF play a role in a biological event. Future
studies will elucidate the molecular basis of the functiom of IF in
FV3 replication; the knowledge in turn may provide the intellectual
framework for understanding the function of IF in normal

(uninfected) cells.
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ABSTRACT

The DNA of frog virus 3 (FV3) replicates in two stages.
During the first stage, genome sized DNA is synthesized in the
nucleus of infected cells. This is followed by a second stage of
DNA replication in the cytoplasm where concatemeric viral DNA is
synthesized. FV3 DNA is methylated in the cytoplasm by a virus-
coded DNA-methylase. It has been shown that more than 20% cytosine
residues are methylated at the 5-carbon position. FV3 DNA is
completely resistant to cleavage by a restriction endonuclease
HpalIl, a methylation-sensitive enzyme that recognizes the sequence
CCGG, while readily restricted by another restriction enzyme Mspl
(an isoschizomer of Hpall), suggesting that every cytosine residue
in the sequence of CpG is methylated. A number of DNA-methylase
negative mutants have been derived from FV3 to elucidate the
structure and function of this enzyme. Detailed genetic and
biochemical studies involving one such mutant have revealed that
the FV3 DNA-methylase, unlike other animal DNA-methylases, requires

at least two polypeptides for its catalytic activity.

INTRODUCTION

It has long been known that bacterial DNA methylation provides
a molecular basis for the modification of resident DNA to protect
it from degradation with restriction endonucleases present in the
bacterial cells. It, therefore, serves as a primitive and yet
sophisticated immune mechanism to protect bacterial cells from

invading foreign DNA. It is also known that bacterial DNA methyl-
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ation plays a vital role in DNA post-replicative mismatch repair.
In order to carry out these and perhaps other biological functions,
bacterial DNA-methylases are endowed with a great degree of
specificity. On the contrary, one finds DNA-methylases in animal
cells that have not shown to demonstrate such specificities.
Although there is an increasing body of evidence to inter-relate
DNA methylation and gene activity (1), it is not clear how animal
DNA-methylases recognize sequences to be methylated. Since the
pattern of DNA methylation in animal cells is tissue or organ
specific, it is reasonable to postulate that animal DNA-methylases
function cooperatively with yet unknown proteins that equip them
with the required specificities (2). Since FV3 DNA is heavily
methylated in a fashion identical to animal cell DNA in terms of
sequences, we expect that FV3 DNA-methylase will serve as a useful
model to explore the enzymology of DNA-methylation in eukcaryotic
cells., Dawn Willis and her associates have described in a separate
chapter in this monograph what role DNA methylation plays in
transcription of FV3 DNA. I will, therefore, limit this chapter to
the little known enzymology of this important enzyme that has just
recently started to emerge.

In the process of generating restriction maps of FV3 DNA,
Willis and Granoff (3) noticed that the FV3 DNA was completely
resistant to cleavage by a methylation-sensitive Hpall, a
restriction endonuclease that recognizes the sequence CCGG (4). It
was particularly interesting because FV3 DNA contains 55% CG. The
restriction endonuclease Mspl is an isoschizomer of Hpall and it
also recognizes the sequence CCGG, but is not methylation-
sensitive. If the internal C in the sequence CpG is methylated,
the DNA will remain resistant to Hpall while readily cleavable by
MspI (5). This kind of analyses using a number of restriction
endonucleases established that every single C residue in the
sequence CpG was methylated in FV3 DNA. During these studies,
Willis and Granoff (3) also used isoschizomers Mbol, Dpnl and Sau3A
and demonstrated that adenine residues in FV3 DNA were not
methylated. This finding was consistent with the DNA from animal

cells where 0.5-10% of cytosine residues are methylated in the form



165

of 5-methylcytosine (6). The amount of 5-methylcytosine present in
FV3 DNA was also quantitative and compared with that in the host
cell DNA. The purified [32P]-1abe1ed DNA from FV3 virions and from
the nuclei of uninfected FHM (host) cells was subjected to thin
layer chromatography (TLC) analysis for nucleotide monophosphates.
It was shown that the relative proportion of 5-methylcytosines in
FV3 DNA was much greater than in FHM cell DNA. More precise
studies established that over 21.9% cytosine residues in FV3 DNA
and only 6.2% cytosine residues in FHM cell DNA were methylated in

the form of 5-methyl cytosines (3).

FV3 DNA is methylated in the cytoplasm of infected cells.

Since FV3 DNA synthesis in infected cells occurs in two
stages, involving the nucleus and cytoplasm of infected cells (7),
and since eukaryotic DNA-methylases are located in the nucleus of
cells, it was interesting to see where FV3 DNA is methylated. It
was determined by computing the percentage of 5-methylcytosine in
the DNA from both cellular compartments in a pulse-chase
experiment. The infected cells were pulsed at 3.5 hours post-
infection (hpi) for 30 minutes with 6-[3H]-uridine to label the
precursor of both forms of cytosines (8) and chased in the presence
of unlabeled deoxycytosine and thymine. Soon after pulse, 83% of
the cytosines were present in the nucleus of the infected cells and
only 2% of these cytosines were in the form of 5-methylcytosine.
Cytoplasms from these cells contained 17% of the total labeled
cytosines and 18% of these were in the form of 5-methylcytosines.
As the chase prolonged for 2 hours, a gradual movement of newly
synthesized viral DNA was observed from the nucleus to the
cytoplasm where cytosines were methylated (9). This was further
confirmed by Hpall and Mspl digestion of viral DNA isolated from
the cytoplasm and nucleus of infected cells. Taken together these
experiments convincingly proved that FV3 DNA methylation is a post-

replicative event and occurs in the cytoplasm of infected cells.

FV3 DNA-methylase is virus-coded.

There are basically two lines of evidence that establish that
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the enzyme methylating FV3 DNA is encoded by the virus DNA. First,
we do not see any DNA-methylase activity in the cytoplasm of
uninfected cells; and secondly, there are now several mutants
derived from FV3 that failed to induce DNA-methylase. Willis and
her coworkers (9) have monitored the kinetics of induction of FV3
DNA-methylase activity in an elaborate time-course experiment where
a DNA-methylase negative mutant and a DNA synthesis inhibitor
(cytosine arabinoside, AraC) was used. These experiments showed
that DNA-methylase activity in the cytoplasm of infected cells
increased as a comsequence of time and the maximum being attained
at 3 hpi and had decreased substantially at 6 hpi. A significant
increase in the enzyme activity was observed in the absence of
viral DNA synthesis, and DNA-methylase negative mutant failed to
induce any DNA-methylase activity. These data provide evidence
that the DNA-methylase activity is an early virus-coded function.
Why does the host DNA-methylase during the first phase of virus DNA
replication in the nucleus not methylate the viral DNA? Although
no direct experimental data is available, it is a reasonable
assumption that, like eother macromolecular synthesis, host DNA-
methylase is also inhibited. Secondly, some available data (9)
suggest that the substrate specificity of host DNA-methylase is
different from viral DNA-methylase. Unlike host DNA-methylase,
FV3-induced DNA-methylase prefers double stranded DNA substrate.
Comparative substrate specificities of FV3-induced DNA-methylase,
using both naturally occurring and synthetic DNAs, have been
carried out (9). These experiments have shown that almost every
unmethylated DNA molecule tested was actively methylated in vitro,
by FV3-induced DNA-methylase. Among these a synthetic DNA,
poly(dC-dG) .poly(dC-dG), was a far superior substrate than any of

the naturally occurring DNA.

Purification of FV3-induced DNA-methylase.

Initially, a genetic approach was employed to identify the
polypeptide(s) associated with DNA-methylase activity in the
infected cells. Comparison of both structural and unstructural

polypeptides of an FV3 DNA-methylase negative mutant (AzaCl),
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containing unmethylated genomic DNA, and wild-type FV3 revealed a
nonstructural 26 kDa polypeptide in AzaC' infected cells that
demonstrated altered mobility in SDS-polyacrylamide gels.
Spontaneous revertants isolated from the AzaCY mutant regained the
normal migration pattern of this polypeptide and DNA-methylase
activity. The genomic DNA of revertants, unlike AzaCY, was also
methylated (10). These observations strongly suggested that the 26
kDa polypeptide is associated with DNA-methylase activity. To
further evaluate the nature of this relationship, DNA-methylase
from FV3-infected cell cytoplasms was purified to apparent
homogeneity, as judged by SDS-polyacrylamide gel. The purification
scheme involved ssDNA chromatography followed by dye-ligand
chromatography and is shown in Fig. 1.

SDS-PAGE analysis of purified enzyme activity resolved three
major polypeptides (30 kDa, 26 kDa and 18 kDa) which constitute 90%
of the total protein loaded onto such gels. Hibscher and coworkers
(11) described a relatively simple technique to identify
polypeptides associated with DNA-methylase activity. Substrate DNA
is mixed with the polyacrylamide gel mixture prior to
polymerization, gels are loaded and run in a manner identical to
that of Laemmli (12). The gel is then treated with [3H]-S-
adenosylmethionine that serves as a donor of methyl groups.
Following proper washing and autoradiography, the polypeptide band
with DNA-methylase activity will be visible. In our case, none of
the three polypeptides demonstrated any enzyme activity, indicating
that perhaps unlike any other known eukaryotic DNA-methylase, FV3
DNA-methylase requires more than one polypeptide for its catalytic
activity. This notion was tested by eluting the three polypeptides
and testing them singulary or in combination for DNA-methylase
activity. None of the individual polypeptides showed any enzyme
activity. However, DNA-methylase activity was reconstituted when
26 kDa and 18 kDa polypeptides were mixed. These results support
the conclusion that FV3 DNA-methylase requires 2 polypeptides for
catalytic activity (13). Although these results were unexpected,
as almost all known eukaryotic DNA-methylases consist of a single

polypeptide, they did not surprise us. FV3 in many respects proves
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FHM cell monolayers
infected with 20 pfu/cell
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at 3 hpi, cytoplasmic extracts were
prepared, centrifuged and filtered

+
ssDNA chromatography
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DNA-methylase activity was eluted with a linear
gradient of 0-2 M NaCl

{

enzyme activity peak was pooled,
dialyzed against appropriate buffer

!
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enzyme peak was eluted with a linear
gradient of 0-2 M NaCl
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+

enzyme activity peak concentrated
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Fig. 1. Purification scheme for FV3-induced DNA-methylase.
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to be an intermediate between prokaryotes and eukaryotes (14).
Many bacterial restriction-modification systems consist of three
polypeptides, two of which are required for DNA-methylase activity
and the third serves as an endonuclease (15). It was, therefore,
of great interest to see if our DNA-methylase preparation contained
any endonuclease activity. Using PM2 DNA, we found that indeed
such endonuclease activity was present in the FV3-induced DNA-
methylase preparation. However, unlike DNA-methylase activity, we

were unable to reconstitute endonuclease activity.

Functions of DNA-methylation in FV3 replication.
The function of DNA-methylase in the replication cycle of FV3

is far from being clear, although we know that it does play a role
in the replication cycle. An inhibitor DNA-methylase, 5-
azacytidine, can significantly reduce (100-fold or more) the
production of mature virions (16). However, inhibition of DNA-
methylation by 5-azacytidine does not effect RNA or protein
synthesis in any detectable way. This observation led to the
suggestion that in FV3 DNA methylation does not play a direct role
in FV3 gene expression. This notion is supported by another piece
of data from Goorha'’s laboratory (17) that DNA-methylase negative
mutants do not show any abnormal behavior as far as sequential
expression of FV3 genes is concerned. Electron microscopic
examination of FV3-infected cells treated with 5-azacytidine,
revealed viral particles at the periphery of assembly sites that
lack DNA, suggesting that DNA methylation may help package the
genomic DNA into virions (16). It has been suggested that
unmethylated DNA becomes susceptible to viral endonuclease nicking
and nicked DNA in case of T4 bacteriophage is not packaged (18).
The obvious question arises of how DNA-methylase negative mutants
survive. If their genomic DNA is not methylated, Goorha and Antol
(17) have provided an answer to this question. Genetic analyses of
these mutants have shown all FV3 DNA-methylase mutants lack

endonuclease activity.
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CONCLUSTIONS

FV3 is unique among animal viruses and cells to boast such a
highly degree of DNA methylation, and provides an exceptional
opportunity to elucidate functional aspects of DNA methylation in
animal cells. One of the most intriguing aspects of a high degree
of methylation in FV3 DNA is related to transcription, particularly
when FV3 uses host polymerase (19) which is refractory to
transcription (1) under normal conditions. Dawn Willis has dealt
with this question in one of the companion chapters in this
monograph. The purpose of this chapter is to bring practical
elements of newly emerging FV3 DNA-methylase enzymology together.
We now have a purified enzyme to look into its characteristics
without interference from other cellular or viral proteins. N
termini of cyanogen bromide-generate peptides from 26 kDa and 18
kDa polypeptides have now been sequenced, and using degenerate
probes we are in the process of locating the gene(s) coding for
this important enzyme. The enzymology of animal DNA-methylases, in
general, is in its infancy. Although there are some scattered
reports concerning purification of DNA-methylases from animal cells
and tissues, only in one instance the cloning and sequencing of a
DNA-methylase from mouse cells (20) has been achieved. I hope in
coming years FV3 will continue to provide new and exciting

information.
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TRANSCRIPTION OF FROG VIRUS 3
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ABSTRACT

Frog virus 3 (FV3) genes are expressed in infected cells in an
orderly stepwise fashion that resembles the pattern of temporal
gene activation that occurs during cellular development. To carry
out this sequential and quantitative regulation of transcription,

FV3 produces a cascade of trans-acting regulatory proteins that (i)

cause a switch-off of host cell transcription; (ii) cooperate with
host cell RNA polymerase II to initiate transcription from specific
viral sequences; and (iii) enable the host polymerase to transcribe
highly methylated promoters that are normally refractory to

transcription.

INTRODUCTION

Gene expression in cells infected with frog virus 3 is
sequentially ordered and coordinately regulated to produce at least
three different classes of mRNA in a multi-tiered temporal cascade
(1). Immediately after infection, host cell DNA, RNA, and protein
synthesis are switched-off by a heat-stable virion protein, but
there is no inhibition of viral macromolecular synthesis in cells
subsequently infected with active virus (2). The ability to
incorporate radioactive isotopes into virus-specific macromolecules

without any background incorporation into cellular compounds has

1 Present address: American Cancer Society, Atlanta, GA, USA
2 Present address: University of Tennessee, Memphis, TN, USA

3 Present address: University of Delaware, Newark, DE, USA
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proved very useful by allowing us to distinguish up to 47 bands of
FV3 specific mRNAs on denaturing acrylamide and agarose gels (1).
In contrast to all other animal DNA viruses, the majority of FV3
mRNAs do not contain variable length poly(A) tails (3), the absence
of which also contributed to the high degree of resolution of viral
mRNAs seen on such gels.

Although FV3, and indeed all iridoviruses, were originally
thought to be cytoplasmic DNA viruses closely related to the
poxvirus family (4), no one was ever able to show convincingly that
the virions possessed any DNA-dependent RNA polymerase activity
(reviewed in 5). On the other hand, naked FV3 DNA was not
infectious (6) as was the DNA from the strictly nuclear viruses
that uses the host polymerase. In addition, purified FV3 DNA could
be non-genetically reactivated by UV-, but not heat-inactivated
virus, a phenomenon that implied the direct participation of a
virion-associated protein in the transcription process (6).

Then Goorha (7) described a two-stage process 1in the
replication of FV3 DNA, with the synthesis of unit-length genomes
in the nucleus followed by the transport of the newly-synthesized
DNA into the cytoplasm, where concatemer formation and packaging
into virions took place. At about the same time, Goorha (8) also
showed that a functional host RNA polymerase II was required for
immediate-early FV3 transcription. It thus became clear that both
the host RNA polymerase II and a virion-associated protein were
required to initiate FV3 immediate-early (IE) transcription. In
addition, other viral proteins, induced after infection, were
necessary for the progression from IE transcription to the delayed-
early (DE) stage, and from there to the late stage of transcription
9).

Another interesting problem in the control mechanisms of FV3
transcription came to light with the demonstration that the viral
genomic DNA was methylated at every cytosine residue in the
dinucleotide sequence dCpdG (10). The conventional dogma stated
that transcription by eukaryotic RNA polymerase II was inversely
proportional to the degree of methylation of critical regions of

the promoter (l1). If FV3 used the host RNA polymerase II for
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transcription, either the immediate-early promoters were
unmethylated, or the virus had evolved some mechanism for
overriding the normal inhibitory effect of DNA methylation on
transcription by RNA polymerase II.

Thus, not only does FV3 display a temporal regulation of
transcription that depends on specific promoter sequences and
trans-acting viral proteins, it has also evolved a mechanism
involving another trans-acting protein that allows the host RNA
polymerase II to transcribe RNA from highly methylated DNA
templates (1986).

TEMPORAL REGULATION OF FV3 TRANSCRIPTION

Based on the time of synthesis after infection, FV3 mRNAs can
be subdivided into 3 classes: immediate-early (IE), delayed-early
(DE), and late (1). The IE class of FV3 mRNA consists of those RNA
species synthesized in the presence of protein synthesis inhibitors
such as cycloheximide, and represents at least one-third of the
transcribable genome (13). The same IE mRNAs are seen in cells
infected at the non-permissive temperature of 37° C (14), implying
that a temperature-sensitive virus-induced protein is required for
the progression from IE to DE mRNA synthesis.

Transcriptional mapping has confirmed that the various classes
of FV3 mRNAs, as well as mRNAs within classes, are transcribed from
separate promoters. For example, the message for the major capsid
protein (a late gene) lies snugly nestled between two IE genes
(15). More recently, data from the laboratories of Aubertin (16)
and Goorha (personal communication), who have probed Northern blots
of RNA from FV3-infected cells with cloned radioactive wviral
restriction fragments, support the idea that a more extensive
region of the viral genome is transcribed in the presence of
cycloheximide than previously determined by hybridization
techniques (13). Also, there is a complex pattern of transcription
that may involve overlapping genes (16). To date, however, there
is no evidence of splicing from larger primary transcripts.

Sequencing of three FV3 IE genes has revealed a consensus

between two of the promoters, but not a third (17; A. M. Aubertin
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personal communication). However, part of the IE homology may
reside in secondary structure that is not readily apparent from the
primary nucleotide sequence.

Immediate-early gene ICR 169. The first FV3 gene to be cloned
and sequenced was the gene encoding a prominent immediate-
early protein of molecular weight 18 kD (18). This gene was given
the name ICR 169 because it was transcribed into an Infected Cell
RNA of 169 kD. It was selected for study because, although it was
synthesized at maximum rate throughout infection, it was subject to
a very precise post-transcriptional control (2). The function of
this gene remains unknown, but one can assume that it is a very
important protein since its mRNA is made in such huge quantities,
and the synthesis of its protein product is so tightly regulated.

By S1 mapping techniques, we demonstrated that the start site
of transcription of ICR 169 was positioned 29 nucleotides 3’ of an
AT-rich region, TATTTTA (18). An open reading frame of 471
nucleotides, coding for a protein of approximately 18 kD, mapped 18
nucleotides downstream of the transcriptional start site. When the
clone containing the entire coding region (but no transcriptional
control signals) of the 18 kD protein was ligated into the
bacterial transcription vector SP6, the transcript made under the
direction of the bacterial SP6 RNA polymerase could be translated
in _vitro in a reticulocyte lysate to produce a protein that
corresponded in molecular weight to the authentic FV3 18 kD protein
(unpublished results.)

If 78 bp of the promoter for ICR 169 (containing no coding
sequences) was placed immediately 5' to the gene coding for the
bacterial enzyme chloramphenicol acetyltransferase (CAT), and the
chimeric plasmid (pl69P-CAT) was transfected into fathead minnow
(FHM) cells, CAT synthesis did not take place unless the
transfected cells were subsequently infected with FV3 (19). As
shown in Fig. 1, the kinetics of CAT synthesis after FV3 infection
were identical to those of the authentic IE gene product, appearing
at 2 h and peaking at 4 h post-infection (hpi). Other experiments

verified that both a virion-associated trans-acting protein and
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host RNA polymerase II were required for CAT mRNA synthesis from
the ICR 169 promoter (19).

pI69P-CAT p534P-CAT

2, « ®
boeee

RS POST INFECTION

I
2 4 uv
H

Fig. 1. Kinetics of induction of CAT activity under the direction
of immediate-early (pl69P-CAT) or late (p534P-CAT) FV3 promoters.
FHM cells were transfected with 10 ug/90 mm dish plasmid DNA by
CaP0; co-precipitation (Willis and Granoff, 1985). After 24 h at
30° C, the cells were infected with active or UV-inactivated FV3 at
the same temperature, and samples were taken for the assay of CAT
enzyme (Gorman et al., 1982) at the indicated times after
infection. The sample treated with UV-inactivated FV3 was assayed
at 4 hpi (plé9P-CAT) or 8 hpi (p534P-CAT). CM = unacetylated
chloramphenicol. 1-Ac and 3-Ac = acetylated chloramphenicol.

The specific sequences within the promoter that respond to the

FV3 trans-acting protein have now been identified (20, 21).

Deletion of the TATTTTA box did not abolish the induction of
transcription by FV3, although CAT synthesis was reduced to 15% of
what was seen with the wild-type promoter. The major effect
(determined by S1 nuclease mapping) was a repositioning of the
start site of transcription to a cryptic promoter within the CAT
coding region (20). The amount of RNA actually synthesized was not
reduced; therefore, the decreased activity of the CAT enzyme
probably reflected a lessened activity of the shortened CAT

protein.
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Further mutations have shown that the critical region for FV3
induction of CAT activity lies within the 1l4-base sequence
(CAGGGGAATTGAAA) immediately preceding the TATA box (21). When
this area was deleted or altered by point mutation, both CAT enzyme
and CAT mRNA syntheses declined drastically. Sequencing of two
additional IE genes has shown that this same sequence is present in
two of them (22), but not another (ICR 489, see below).

Another interesting comparison can be made between the
nucleotide sequence of the 169 promoter and the sequence of some
well-known viral and cellular enhancers. The GGGGAAT motif is
present in SV40, HIV, IgG kappa chain and MHC class 1 enhancers
(23); all of these promoters are known to bind to a specific
nuclear protein. When a binding of nuclear proteins from
uninfected Hela cells to radioactively labeled oligonucleotides
corresponding to the 169P or MHC-1 promoters was carried out, we
observed that the 169P sequence competed with the MHC-1 sequence
for binding to a 82 kD protein. A point mutant of the 169 promoter
(GGTGAAT), however, did not compete for binding. Since there was
no discernible difference between the binding observed in extracts
from either control or FV3-infected cells, and no binding to the
cis-responsive sequence by LiCL-Nonidet P40 extracted virion

proteins, the role of the virion trans-acting protein still remains

obscure. There are precedents with herpesvirus (24) and adenovirus
(25) that viral gene products can increase the activity of the
cellular transcription factors, so perhaps the FV3 factor acts in
an analogous manner.

Immediate-early gene ICR 489. The gene coding for ICR 489
first attracted our interest because it was produced in such
abundance in infected cells treated with cycloheximide (13). This
increased synthesis in the absence of viral protein synthesis
implied that, during a normal infection, the gene encoding ICR 489
was negatively regulated by an early viral protein.
Transcriptional mapping of this gene (16) placed it immediately
downstream from the gene for the major capsid protein, which is not
synthesized early in infection. Although ICR 489 is an immediate-

early mRNA, the sequence of its promoter bears no resemblance to
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that of ICR 169 (17), but instead contains a region that is
remarkably 1like the eukaryotic CG box that binds the cellular
transcription factor Spl (26), and a CCAAT box, also shown to bind
a cellular transcription factor (27).

When 486 bp of the ICR 489 promoter was placed 5' of the CAT
gene and the resulting plasmid was transfected into FHM cells, we
observed CAT synthesis only when the cells were subsequently
infected with FV3 (17). As expected from an immediate-early
promoter, CAT enzyme appeared within two hr after infection and was
also produced when the cells were treated with UV-inactivated
virus. In contrast to what was observed with the synthesis of
authentic ICR 489, the amount of 489PCAT mRNA produced was not
substantially increased in infected cells in which protein
synthesis had been inhibited, or in cells treated with UV-
inactivated virus. Removal of the GC and CCAAT boxes by controlled
exonuclease digestion eliminated the response of the ICR 489
promoter to the virion trans-acting factor (unpublished results),
suggesting that, as with ICR 169, the virion factor increases the
activity of an established--but different--cellular transcription

factor. It remains to be shown whether or not the virion trans-

acting factor(s) consists of one or several proteins.

Aubertin (22) has made the interesting observation that, late
in FV3 infection, a number of small RNA molecules are synthesized
that are complementary to the 5'sequence of the ICR 489 mRNA; she
suggests that this "anti-sense" RNA may act as a barrier to
synthesis in the sense direction. Another possibility is that the
synthesis of mRNA coding for the major capsid protein (ICR 534, see
below), which takes place from the same strand as ICR 489 and
terminates within the ICR 489 promoter, prevents the initiation of
ICR 489 synthesis. Much work remains to be done on this highly
interesting gene; what is clear is that the hypothesis that all
immediate-early genes contain identical cis-responsive sequences
for a single virion trans-acting protein, while intellectually
appealing, is not correct.

Delayed-early FV3 mRNA. As discussed earlier, when wviral

protein synthesis is blocked, a specific subset of viral mRNAs (the
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immediate-early) is produced in response to a virion trans-acting

protein. If, in place of a protein synthesis inhibitor, the amino
acid analog fluorophenylalanine (FPA) is added, another subset of
early viral messages (the delayed-early, or DE) is synthesized, but
neither wviral DNA synthesis nor late viral mRNA synthesis takes
place. We believe this reflects the fact that one of the
immediate-early proteins is a tramns-acting factor for turning on DE
mRNA, and that this protein does not contain phenylalanine in a
critical position.

Although many of the interesting viral functions (particularly
those dealing with DNA synthesis and methylation) are probably
delayed-early proteins, none of this group has been mapped and
sequenced to date. However, two putative genes--those coding for
DNA polymerase and thymidine kinase--have been localized via DNA
sequence homology with similar enzymes to specific FV3 restriction
fragments (Goorha and Willis, unpublished observations), and
information concerning the regulatory sequences in the promoters of
these genes should soon be forthcoming.

Late FV3 pene ICR 534. As with other DNA viruses, late viral

mRNA synthesis in FV3-infected cells does not usually occur until
after DNA replication (1). However, late FV3 proteins can be
synthesized in the absence of DNA replication (9), and temperature-
sensitive mutants have been isolated that synthesize DNA, but no
late viral mRNA (28). Therefore, a specific delayed-early FV3
protein appears to be required for initiating late mRNA synthesis
independently of DNA replication. The gene coding for the 55 kD
major late capsid protein, ICR 534, has been mapped and a
preliminary sequence determined (15). This gene lies between two
immediate-early genes, the downstream one being ICR 489; in fact,
the terminus of ICR 534 transcripts lies within the promoter for
ICR 489. This location in itself guarantees that ICR 534 is not
part of a late gene "cluster," and therefore its cis-responsive
sequences must contain the areas of regulation by the FV3-induced

trans-acting protein.

We have narrowed the cis-responsive region to a 95 bp sequence

immediately 5’ to the transcriptional start site; when this 95 bp
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sequence was placed in proper orientation 5’ to the CAT coding
sequence (p534P-CAT) and transfected into FHM cells, we observed
CAT activity in response to FV3 infection (Fig. 1). The kinetics
of CAT synthesis directed by the 534 late promoter was clearly
different from that of CAT under the control of the IE 169 promoter
(Fig. 1). No CAT activity was detected until 4 hpi, and the peak
did not occur until 8 hpi. In addition, no CAT was made when the
transfected cells were treated with UV-inactivated FV3 (Fig. 1),
and no CAT mRNA was synthesized in the presence of cycloheximide
(results not shown). The ICR 534 late promoter contains an
identical TATTTITA sequence to that found in the immediate-early ICR
169 promoter, but the 5’ region is completely different (A.
Aubertin, personal communication). Therefore, the sequences that
give ICR 534 its "late" phenotype reside in the 64 bases of the 5’
region immediately preceding the TATTTTA site. Further studies,
e.g., ‘site-directed mutagenesis,‘ will be required to pinpoint the
precise late cis-responsive sequences and identify the wvirus-

induced DE trans-acting protein that interacts with them. Also,

the regulatory regions of other late FV3 genes need to be sequenced

in order to determine what, if any, features they have in common.

ROLE OF DNA METHYLATION IN FV3 TRANSCRIPTION

Several years ago, our laboratories reported that the genome
of FV3 was highly methylated--every cytosine in the dinucleotide
sequence dCpdG appears to exist as 5-methyl cytosine (10). This
methylation is carried out post-replicatively in the cytoplasm by a
virus-induced DNA methyltransferase--the first reported DNA methyl-
transferase to be coded for by a eucaryotic virus (29). Since
Goorha (8) had shown that FV3 IE mRNA was synthesized in the
nucleus by the host RNA polymerase II, and several investigators
had reported on the inability of RNA polymerase II to function on a
methylated DNA template (11), the question immediately presented
itself of how the host enzyme was able to transcribe the highly
methylated FV3 genome.

Induction of a trans-acting factor for the transcription of
methylated DNA. To determine if FV3 induced a trans-acting factor
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that facilitated the transcription of methylated DNA, we made use
of the plasmid pAdl2-ElACAT, constructed by Kruzcek and Doerfler
(30). These authors had placed the adenovirus 12 ElA promoter 5'
to the CAT coding sequence, and shown that methylation in vitro of
the plasmid with the bacterial methylases Hpall and Hhal rendered
it resistant to transcription after transfection into Hela cells.
We repeated this experiment, and in addition, we infected cells
transfected with the methylated pAD12-E1ACAT with FV3 24 hr after
transfection. We observed CAT activity within four hpi (Fig. 2).
30°C 37°C
{ BRL B

3-Ac @ P ® "

* &

Titetd

CON CH3 CH3 CHs CH3

+ +
FV3 FV3

Fig. 2. Infection with FV3 induces a factor that overcomes the
inhibition of DNA methylation on transcription. Hela cells were
transfected as described in the legend to Fig. 1 with unmethylated
PAd12-E1ACAT (CON) or methylated pAdl12E1ACAT (CH3) and duplicate
samples were incubated for 24 h at 37° C. One dish from each set
was infected with FV3 and incubated at either 30° C or 37° C for 4
h before the assay of CAT activity (Gorman et al., 1982).

This override of the customary inhibition of transcription by
methylation was observed only at 30° C, the optimum temperature for
the virus, and not at 37° C, the optimum temperature for the Hela

cells. No CAT mRNA was synthesized in the absence of protein
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synthesis, or in cells treated with UV-inactivated FV3 (12),
suggesting that, unlike the trans-acting factor that is required to
initiate ICR 169 and ICR 489 transcription, the factor for trans-
cribing methylated DNA is virus-induced.

Having a virus-induced, rather than a virion-associated,
factor for transcribing methylated DNA led to another puzzle--how
were the FV3 immediate-early genes transcribed? Were they
unmethylated, or was the methylation in an area that was not
critical for transcription? For ICR 169 at least, the explanation
appears to be the latter one.

The problem was approached in two ways. First, the promoter
of ICR 169 was sequenced for methyl cytosine via genomic sequencing
(31). The results were positive for the two dCpdG dinucleotides
that lay between the TATTTTA region and the start site of
transcription; the most distal dCpdG could not be identified by
this technique as it was too close to the restriction site at which
sequencing began (32).

However, by site-directed mutagenesis, we were able to convert
each of the CG doublets into either a CCGG site, which could be
methylated with Hpall, or a CGCG site, which could be methylated
with Hhal (32). As with the wild-type promoter, the mutated
plasmid was transcribed only when the transfected cells were
subsequently infected with live or UV-inactivated virus, showing
that the mutations did not alter the ability of the virion-
associated transcriptional activator to promote transcription from
the ICR 169 promoter. Methylation of the mutated promoters with
the bacterial methylases before transfection did not affect the
ability of these genes to be transcribed by UV-inactivated FV3 or
by active FV3 in the absence of protein synthesis (32). Therefore,
the dCpdG sequences are not in critical positions in the ICR 169
promoter, and thus there is no need for the virus-induced trans-
acting protein that assists in the transcription of methylated
DNA. The response of the promoter to the virion-associated trans-
acting factor for immediate-early transcription, although sequence-

specific (20) is independent of its methylation status.
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One further point should be emphasized. A DNA
methyltransferase-deficient mutant of FV3, which does not possess
methylated DNA, undergoes a normal temporal transcriptional program
(33), although the growth cycle of the mutant is prolonged several-
fold, and the final yield is less than that obtained with the
parent virus. It thus seems unlikely that the role of the FV3
factor that facilitates transcription from methylated promoters is
to enable the virus to switch from one class of mRNA synthesis to
another. Instead, this factor seems to facilitate transcription
from methylated templates either by direct interaction with the DNA
or by altering the host RNA polymerase II so that it is no longer
inhibited by methylation of the template.

CONCLUSIONS
Transcriptional regulation of eukaryotic promoters is now

thought to be mediated by the interaction of specific trans-acting

factors with cis-responsive DNA sequences and RNA polymerase 1II
(34). Several large DNA viruses--adenovirus (35, 25); herpesvirus
(24), and SV40 (26)--have been shown to possess promoters or
enhancers that bind cellular transcription factors as well as viral
gene products. FV3, which has both a sequence-specific regulatory
cascade and an ability to override the inhibitory effect of DNA
methylation on transcription, offers an exceptional opportunity to
examine eukaryotic transcriptional regulatory mechanisms from a

novel point of view.
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REGULATION OF PROTEIN SYNTHESIS IN FROG VIRUS 3-INFECTED
CELLS
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ABSTRACT

One of the first consequences of frog virus 3 (FV3)
interaction with the host cell is a marked inhibiton of
cellular protein synthesis. One or several proteins pre-
sent in the virus particles are vresponsible for the ob-
served inhibition, which results in the initiation step
of cellular message translation being impaired.
Viral proteins are sequentially synthesized and
coordinately regulated. They are classified into three
major groups on the basis of their temporal synthesis.
The first group comprising mRNAs is translated in the
presence of residual host protein synthesis. Production
of the second group of viral proteins is accompanied by a
complete shut off of cellular translation. The last group
of proteins is synthesized as a result of selective
translation of 1late gene transcripts since several
transcription products of immediate early or early genes,
although present, are not translated late in infection.
Two observations may be related to the translational
discrimination between the transcripts of early and late
genes. Virus-induced or modified factors are produced and
are required for efficient +translation of late viral
mRNA. The 5° leader of some late transcripts of immediate
early genes shows additional sequences when compared to
the corresponding immediate early transcripts, suggesting

that these sequences could impair translation. Thus both
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transcriptional and translational regulation are combined

to control FV3 gene expression.

INTRODUCTION

Many viral infections alter the host cell and shut
off synthesis of cellular macromolecules. Although it is
an attractive idea that modification of host cell meta-
bolism is important for a productive infection in order
to facilitate the expression of the viral genome, it
certainly cannot be proposed as a general rule. Inhibiton
of +translation of cellular mRNAs after viral infection
is, in many cases, a highly discriminatory event. However
despite extensive knowledge of the molecular biology of
viral replication, 1little is known of the mechanisms un-
derlying the translational selectivity, except in the
case of picornaviruses (1).

Frog virus 3 (FV3) that belongs to the family
Iridoviridae and was isolated by Granoff et al (2), has
been shown to be very toxic for cells in culture (3) and
for animals (4). The virus rapidly inhibits host DNA, RNA
and protein syntheses (5-8). The aim of this chapter is
to summarize our current understanding of FV3 interaction
with host cells, focusing on the aspects of translational

regulation.

EFFECTS OF FV3 ON HOST CELL PROTEIN SYNTHESIS

Conditions for expression of the inhibitory activity

Infection of eukaryotic cells with FV3 1is
accompanied by a dramatic inhibition of cellular protein
synthesis which is dependent on the multiplicity of in-
fection. It has been observed even in the case of a non-
productive infection, for example in infected cells incu-
bated at supraoptimal temperatures for virus multiplica-
tion or in cells infected with virus particles inac-
tivated either by heat or by gamma or ultraviolet irri-
dation (8, 10-13). Thus host protein synthesis is greatly

diminished in the absence of virus gene expression, sug-
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gesting that a structural component of the virion is

responsible for this shut off.

Role of structural proteins

Virus particles can be dissociated by combined
treatment with nonionic detergent and high salt concen-
tration. Several viral proteins remain in solution after
elimination of the detergent and salt, this is shown by
comparison of the polypeptide composition of the solution
to that of the virus suspension (Fig. 1A). Mammalian
cells treated with the soluble viral proteins (SVP)
display reduced syntheses of both nucleic acids and
proteins (13-15).

B
i3
% synthesis

1 ke I
5 10 20
amount SVP

Fig. 1. A) Polypeptide composition of FV3 virus particles
éV) and solubilized viral proteins (P). Fluorogram of

SS-methionine-labeled polypeptides analyzed by SDS-12%
polyacrylamide gel ' electrophoresis. Polypgptides are
indentified by their molecular weights (x 107Y). B) Inhi-
bition of protein synthesis in CHO cells as a function of
the amount of soluble viral proteins added (SVP, expres-
sed in ug incubated with 5 x 104 cells), native SVPIN,
heat inactivated SVP (1 hr, 80°C)QO.
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The extent of inhibition is a function of the amount
of SVP added to the cell <culture as 1illustrated for
protein synthesis in Fig. 1B. The inhibitory activity can
be neutralized by antibodies directed against the virion
structural proteins (13) but not by monospecific anti-
bodies against the major capsid protein of 48 kD or the
polypeptide of 44 kD (unpublished data). This demonstra-
tes unambiguously that structural proteins of the virions

play a major role in the establishment of inhibition.

Mechanisms of the shut off.

Attemps have been made to determine the mechanism by
which this inhibition takes place. As concomitant inhi-
bition of RNA synthesis occurs, the first point was to
rule out that inhibition of protein synthesis was a
consequence of a diminution of the RNA pool. Experiments
have shown that incubation of cells in the presence of
actinomycin D which completely blocks transcription, re-
duced protein synthesis but infection of actionomycin
D-treated cells with FV3 enhanced the inhibition (8).
Furthermore, degradation of preexisting <cellular mRNA,
checked by velocity sedimentation in sucrose gradients,
was not detected (11, 12) and host mRNA could still be
translated in vitro (12). This shows that there 1is no
extensive deterioration of host mRNA and it 1indicates
that the virus may exert an independent effect on trans-
lation.

Several works reported the rapid disaggregation of
polysomes following FV3 infection (8, 11, 12). One of
them also demonstrated that protein chain elongation was
unaffected (12). These data 1led to the <conclusion that
inhibition of host cell protein synthesis by FV3 is the
result of a selective effect on a step essential for the
initiation of translation. That FV3 is —capable of
specific inhibition is further sustained as it selec-
tively inhibits equine herpes virus type 1 translation in

a temporal class-dependent manner (16).
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It is known that initiation of translation is influ-
enced by the intracellular concentrations of monovalent
ions, particularly sodium ions. An optimal translation of
host messages in FV3-infected cells could not be restored
by varying the sodium concentration in the culture
medium, although a modification of the sodium influx
after infection could be demonstrated (unpublished data).

To gain further information, a cell-free protein-
synthesizing system was established from mammalian cells
in which the endogenous mRNAs are translated. Protein
synthesis was very low in translation systems prepared
from CHO cells infected at 370C with heat-inactivated FV3
or treated with the soluble viral proteins. The inhibi-
tion could not be reversed by modifying the ionic concen-
tration in the lysate. Analysis of subfractions of the
lysate showed that the ribosomal fraction activity was
impaired by infection (13). An analogous observation has
been made for the ribosomal fraction prepared from livers
of mice inoculated with FV3 (17).

Furthermore, addition of soluble viral proteins to
an active in vitro translation system inhibited protein
synthesis. This suggests that direct interaction of a
viral protein with an element of the translation

machinery may be responsible for the effect (13).

SEQUENTIAL SYNTHESIS OF VIRAL PROTEINS
Kinetics

The viral genome is expressed in a cascade manner.
The precise kinetics of viral protein synthesis varies,
depending on the multiplicity of infection, the
incubation temperature and the <cell 1line. In fathead
minnow (FHM) cells infected with an input multiplicity of
50 plaqueforming wunits per <cell, most of the viral
polypeptide species were already detected after an hour
of infection (10, 18, 19). In these experiments, to faci-
litate the detection of viral polypeptides at an early

time, cells were pretreated with heat-inactivated FV3 to
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inhibit host mRNA translation. The 35 polypeptides
identified by SDS-polyacrylamide gel electrophoresis were
classified in three groups according to the time during
the growth cycle at which their maximal rate of synthesis
occurred (18).

In mammalian cells, baby hamster kidney cells (BHK)
or Chinese hamster ovary cells (CHO), classification of
polypeptides was based on the time of appearance as a
sequential induction was clearly observed after infection
with the virus alone (20, 21). In CHO cells incubated at
2900, immediate early polypeptides were detectable as
soon as 30 min after infection, followed after 1 hr by
delayed early proteins and the late species after 3-4 hr
(Fig. 2). Once early proteins are produced, there is a
complete shut off of host translation which 1is not

observed at higher temperatures (350—3700).
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Fig. 2: Fluorogram of FV3-infected CHO cell polypeptides
synthesized at different temperatures as indicated in

brackets. Infected <cells were collected at 1 or 5 hr
gostinfection at the end of a 30 min labeling period with
55 -methionine as noted on the last 1line. Identical

amounts of radioactive polypeptides were loaded on a
SDS-12% polyacrylamide gel and subjected to electro-
phoresis.
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In BHK <cells as many as 90 infected <cell-specific
polypeptides were visualized by two-dimensional gel
electrophoresis (22). However it is not known whether
they are all the products of distinct genes or for some
of them are proteins at different stages of post-
translational modification. Several polypéptides were
shown to be phosphorylated (22, 23) and depending on the
degree of phosphorylation, their electrophoretic mobili-

ties may vary.

Limited expression of the viral genome

Role of viral proteins. In infected cells incubated

at supraoptimal temperatures for virus multiplication
(above 32 C) the expression of the viral genome 1is
restricted (Fig. 2). Depending on the temperature, early
or only immediate early polypeptides are synthesized (20,
21).

The replacement of some amino acids, arginine or
phenylalanine, by their analogs, canavanine or fluoroc-
phenylalanine, in the culture medium also 1limits the
number of viral polypeptides synthesized (18, 20, 21,
24). This indicates that some of these early proteins
must be functional to allow the expression of late genes.
The transition from delayed -early phase to late phase
most likely involves more than one protein as the pre-
sence of different analogs generates different poly-
peptide profiles (Fig. 3).

The restricted expression of the FV3 genome early in
infection is mainly caused by transcriptional regulation.
It has been shown that the transcription of immediate
early genes takes place in the absence of protein syn-
thesis (25) but functional immediate -early proteins are
necessary for the transcription of the second group of
genes (20, 26, 27). In addition, wearly polypeptides
(immediate early and/or delayed early proteins) are
involved in the transcription of late genes (19, 20).

Influence of DNA replication. The role of viral DNA
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Fig. 3: Fluorogram of FV3-infected CHO cell polypeptides
synthesized under different restrictive conditions, ana-
lyzed by SDS-polyacrylamide gel electrophoresis. Proteins
were labeled with 35S-methionine 30 min before collection
at 3.5 hr or 9.5 hr postinfection. Infected <cells were
incubated at 29°C in normal medium (I), or in medium con-
taining 10-3 M AraC (A)y, fluorophenylalanine (F) or
canavanine (C).OThe unlabeled tracks correspond to cells
infected at 37 C and incubated in normal medium. FV3
refers to virus structural polypeptides used as molecular
mass markers.

replication in the expression of the different classes of
genes is not well defined as the observations reported do
not lead to the same conclusions. In several experiments,
the inhibition of DNA replication was followed by a great
diminution of the amount of late proteins produced, but
most if not all late spcies were detectable as in Fig. 3
(10, 23, 28).

In other experiments, DNA replication was strictly
required to allow late gene expression (20, 29). It has
been proposed that in this case, a template modified by
ongoing DNA replication may be needed for full expression
of late genes (29). Thus both the structure of the
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template and/or the number of template molecules
available may contribute to limiting late gene expression
below the detectable 1level, a restriction which most

likely takes place at the transcriptional level.

TRANSLATIONAL CONTROL OF VIRAL MESSAGES

Different observations have led to the idea that a
controlmechanism may also be present at the translational
level.

Role of proteins

The first report indicated that while immediate
early and delayed early genes were still +transcribed
concomitently with late genes, these transcripts were no
longer translated (18). Modification of the biological
activities of early proteins by incorporation of amino
acid analogs in the polypeptides has produced indirect
evidence for participation of some viral proteins in this
regulation (19).

In addition, in vitro translation of different
messages showed that transcripts of late genes are poorly
translated; the efficiency varies with the RNA species
and can be greatly increased by addition of factors
extracted from infected cells (30): Nevertheless, no in
vitro +translation products could be detected for RNA
originating from several regions of +the genome and
transcribed only at late time (31). Further analyses are
needed to establish whether they are strictly dependent
upon specific factors to be translated or whether they
have no message activity at all. For the moment, there is
no genetic evidence for the existence of a virus-coded
factor involved in the translation of late RNA species.
Among the ts mutants analyzed, none of them presented at
nonpermissive temperature, a wild type pattern of late
mRNAs without late proteins, but these mutants belong to
only 19 complementation groups (32).

Structure of mRNAs

In cases where selective translation of some



196

messages is observed, discrimination takes place at the
level of initiation. Several observations made during
studies on the organization of the FV3 genome and trans-
criptional mapping showed them to be related to trans-
lational regulation.

The gene p42 is one of the genes transcribed at the
very beginning of infection and 6 hours later its message
is still present but synthesis of the protein is not
detectable. At late times, two RNA species <complementary
to the 5° region of the immediate early mRNA are produced
and they are much more abundant than the mRNA (33). It
has not been established whether the complementary RNAs
code for proteins or not, nor wether they can form, in
vivo, a hybrid with the message. This last possibility
cannot be excluded for the present time and an engagement
of the message in a hybrid could be a way of limiting the
expression of that gene.

The 5° leader. The characterization of the trans-

cription products of two other immediate early genes has
revealed that the RNA sizes, estimated by Northern blot
analysis, were different at the beginning and at late
times of infection.

The gene p46, situated on the genome within the
fragment Sall-F, is transcribed at the very beginning of
infection 1into a message 1.3 kb in size. Later a family
of transcripts, ranging from 1.7 kb to 0.59 kb, is pro-
duced. S1 mapping experiments have shown that these
molecules have the same 3° end but their start sites are
different (33).

For a second 1immediate early gene (p42b) located in
fragment HindIII F, the size of the early mRNA is 1.3 kb
and the late RNA, 1.35 kb; the 5° end of the 1late
transcript is at abeout 50 nucleotides wupstream to the 5~
end of the immediate &early site (unpublished data). In
vitro translation of hybrid-selected RNA, transcribed
from genes p46 and p42b, has revealed that the immediate
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early RNAs are efficiently translated but no message
activity was detected for the late RNAs (31). Although
these experiments were not designed to compare strictly
the message activity of the RNAs but to draw a map of FV3
genes, these observations suggest that the additional
leader regions in the late transcripts may impair the
message activity of the RNAs.

Raghow and Granoff (34) have shown that internal
methylation of late RNA species remained wundetected, but
all classes of messages presented the methylated cap
structure. A control mechanism occuring via a modifica-
tion of this structure of the RNAs is therefore unlikely.

The dinitiator codon. The mechanism of initiation

implies the recognition of the 5° end of the message and
the cap structure by several factors. It is followed by
the binding of the 40s ribosomal subunit which then scans
the mRNA sequence until an AUG codon is reached. While
for most mRNAs translation starts at the first AUG
encountered, some mRNAs (less than 10% of the molecules
analyzed) have one or more AUG upstream to the start site
for protein synthesis (1). In such mRNAs these AUG tri-
plets are placed in a context which differs from the op-
timal context for initiation defined by the consensus
sequence A/GCCAUGG (35).

The open reading frames of the four immediate early
mRNAs for which the sequences are known, start with the
first AUG and two if not three of the flanking
nulceotides, particularly the A 1in position 3, a
nucleotide which has been shown to be important. These
open reading frames are identical to those of the
consensus sequence. Their sequences are given below and

the position of the sequence relative to the major start

site of the message, determined by nuclease mapping, is
indicated:
ICR 169 (from ref. 36) + 16 ACAAUGC + 22

ICR 489 or p42 (from ref. 37) + 29 AACAUGG + 35
p46 (unpublished data) + 143 AUCAUGG + 149
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p42b (unpublished data) + 39 ACAAUGA + 45
The 1length of the 5° nontranslated domains are not
different from those of the two late gene messages
sequenced.
p70 (unpublished data) + 13 GACAUGU + 19
p48 (unpublished data) + 170 AAGAUGU + 176
For these late messages (p70, p48) the homology with the
consensus sequence is lower than for the immediate early
messages. Furthermore for the p48 message, the RNA en-
coding the major capsid protein, the open reading frame
starts with the fourth AUG codon, none of the four codons
having more than one nucleotide besides AUG, common to
the consensus sequence.

Secondary structure. Secondary structure in the

messages, specially in the leader region, may theore-
tically have various effects. Although it is conceivable
that a structure may serve to determine which AUG will
initiate translation, the most documented effect of an
intramolecular structure in the leader is a decrease in
the translational efficiency. One or several inverted
repeats were found in the 5° region of late transcripts
from immediate early or late genes, but the hairpins
never exceeded 25 Kcal/mol, a structure susceptible to
melting by the 40S ribosomal subunit once bound to the
RNA. Nevertheless elements such as ions or factors
present in the intracellular environment of the RNAs may
stabilize the structure.

The 3" termini of FV3 messages lack poly A (38). The
untranslated region is never long (40-100 nucleotides). A
hyphenated dyad symmetry preceding the 3° end is con-
sistently found for the messages sequenced.

The function of this domain is hypothetical: this
structure may be a signal recognized for generating the
message’s 37end, and/or the inverted repeat may favor an
intramolecular pairing thereby protecting the RNAs from
exonucleases.

The free energy of the hairpin is different for each
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RNA (-10.6 to -28.6 Kcal/mol). Whether the variations in
the stability of the hairpins may be correlated to the
half 1life of the messages or not remains a matter of
speculation, as is an eventual regulation of the expres-

sion via an alteration of mRNA stability.

CONCLUSIONS AND PERSPECTIVES

The specific inhibition of host protein synthesis
after FV3 infection is characteristic of the ability of
viruses to direct the cellular macromolecular synthesis
machinery to their advantage. In a first step, several or
one structural protein(s) of the virion generate(s) a
defect in the translational machinery. Immediate early
viral messages are translated and a complete shut off of
host translation occurs only when the second group of
genes 1is expressed. Additional investigations are
required whether it is due to the synthesis of a new
factor or to the fact that the intracellular concentra-
tion of some structural proteins 1is now higher as they
accumulate in the ~cytoplasm, or even to competition
between host and viral messages.

As regards the mechanism of translational regulation
of early and late viral mRNAs, a first temporal switch is
effected at the level of transcription as the mRNAs that
encode the different <classes of proteins are synthesized
sequentially. Nevertheless early RNAs persist at late
times but are not translated.

The necessity of specific factors for an efficient
translation of late mRNAs species has been established
but some questions are still open. Are there late mes-
sages that are completely dependent on factors for their
translation? Are these factors sufficient to favor the
translation of late species 1in the presence of early
ones?

A fine analysis of the influence of the §° non-
translated sequences in late transcripts of immediate

early genes on their translation is needed. The study of
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transcripts of other early genes should indicate if

a difference at the 5° end is generally observed and if

the

modifications 1in the transcripts play a role in the

regulation of gene expression.
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