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WELCOMING ADDRESS 
Ladies and Gentlemen 

The OHOLO conferences were initiated 28 years ago by the Israel Institute 
for Biological Research, and take their name from the site of the-fIrst 
meeting on the shores of Lake Kinnereth. The purpose of these meetings 
is, as it was at their initiation, "to foster interdisciplinary communication 
between scientists in Israel, and to provide added stimulus by the participa
tion of invited scientists from abroad". 

I thought at first that as the OHOLO conferences are so well estab
lished, there is no need for formal introduction to the present one. 
However, going through the topics of the next one (which is mathematics 
and energy), it occurred to me that the present conference is of a singular 
nature. It is the last conference of a continuum of27 meetings dealing with 
various aspects of biochemistry, biology and molecular genetics. 

It is not by chance that the topics of our conferences followed 
outstanding achievements in Biology. We started with bacterial genetics 
(1956), followed by biological synthesis and function of nucleic acids (1962), 
cellular control mechanisms of macromolecular synthesis (1963), molecu
lar aspects ofimmunology (1964), strategies for the control of gene expres
sion (1973), extrachromosomal inheritance in bacteria (1978) and finally to 
this year's topic-viral pathogenesis-or more appropriately named 
"from gene to pathogen." 

Our present topic represents the peak of scientific endeavour which 
started with the initiation of the study of bacterial genetics at Cold Spring 
Harbor, and which achieved a profound understanding of basic molecular 
processes underlying the inheritance of genes and gene expression. Great 
names in molecular biology were connected with our conferences: Lwoff, 
Luria, Monod, Benzer, Spiegelman, S. Cohen, Gorini, Levinthal, Magasanik, 
Kabat and others. This year's conference is certainly in line with the 
tradition of the past. There is no doubt that the progress in molecular 
genetics represents the most dramatic scientific breakthrough in our 
century and every one who witnessed the flowering of this discipline, and 
had even a modest part in it, may be proud of this victory of the human 
mind. 

It is with this sense of deep appreciation that I welcome the partici
pants of the 28th OHOLO conference and wish our guests a very pleasant 
time in Zichron Ya'acov. Thank you. 
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I. Hertman, Director 
Israel Institute for Biological Research 
Ness-Ziona, Israel 



PREFACE AND ACKNOWLEDGMENTS 
This conference is devoted to the elucidation of the various molecular 
mechanisms determining the virulence or persistence and latency of 
animal viruses. 

The concept of virulence entails not only the infecting microorga
nism but also the host which is affected by it. The host may be a cell or it 
may be an organism. The term "virulence" is associated with those proper
ties of the virus which lead to the death of the cells or to disease symptoms 
in an organism. 

Since virulence is defined as a product of interaction of virus and the 
host, a statement about the level of virulence of any particular strain 
of virus can be made only if the species and age of the host, the route of 
inoculation and the dose are kept constant, so that this property of 
"virulence" can in fact be attributed to the genomic structure and the 
molecular expression of it in a virus. 

When viruses cause disease by multiplication in a target tissue or 
organ (e.g. CNS, lungs, liver) the virulence is a function of virus multiplica
tion and the extent of cell damage. Thus poliovirus is not considered 
virulent as long as it infects only the cells lining the intestinal tract, but 
when it has the ability to invade the central nervous system it is virulent. 
Many viruses (e.g. arboviruses) may be virulent to newborn animals, but 
not to adults in the same species. 

On the cellular level the first requirement for the ability of a virus to 
infect a cell is the necessity in a cell to have proper receptors for binding 
the virus. Poliovirus is not virulent in chicken cells because it cannot attach 
to it and infect it. The opportunity for expression of virulence is thus first 
determined by the chemistry of virus:cell encounter. This entails cell 
receptors as well as the virus attachment proteins (VAP). The structure of 
these viral antigens is genomically determined and therefore can be 
affected by mutations. In addition, there are posttranslational events, such 
as e.g. the cleavage of hemagglutinins in myxoviruses and of F proteins in 
paramyxoviruses which are essential in establishing a productive infection 
(Choppin, Rott, Trent). 

In viruses with divided genomes such as myxo, bunya and orbiviruses 
the reshuffling of the genomic pieces in cells infected by more than one 
strain of virus may result in a change in virulence to a particular host. This 
reassortment, which can be experimentally manipulated, permits the 
analysis of progeny virus and the assignment of virulence to certain genes. 
So, for instance, the work of Bishop already indicated that the medium
sized RNA species of the bunyavirus genome that codes for glycoproteins 
determines neurovirulence in the California group of virus and viscerot
ropism in group C bunyavirus. He has also shown that the L-RNA gene 
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products (transcriptase and replicase) can mitigate the virulence that is 
prescribed by M-RNA gene products. Reassortant viruses with a defective L
RNA are not transmitted by arthropod vectors. Genetic analysis of reassort
ment of influenza and bunyavirus points to a polygenic nature of 
pathogenicity of these viruses. In the paramyxoviruses the normal expres
sion of M protein is involved in persistent infection, as e.g. in SSPE induced 
by measles virus (Norrby, Carter). 

The host contribution to virulence of myxo and paramyxoviruses 
involves the proteolytic cleavage of HA or F proteins. Thus cells (or animal 
species) that do not possess the proper protease, would not be infected by 
these viruses (Akov). 

In rabies virus Coulon and Flamand identified the antigenic site on the 
glycoprotein G which is associated with virulence of this virus. Mutants 
which are not neutralized by certain monoclonal antibodies directed to 
different epitopes on G, have a significantly reduced pathogenicity in mice. 
Thus in this virus the virulence seems to be associated with a particular 
antigenic structure on the G-protein. 

The examples depicted till now are connected with the effects of 
structural changes in some viral proteins which determine virulence either 
per se or as a result of the structure being differently affected by host cell 
enzymes. 

Another type of virulence depends on the regulatory functions of the 
viral or host genomes. Wagner shows that the inhibition of cellular RNA 
synthesis by vesicular stomatitis virus depends on the presence and role of 
a 47 nucleotide leader sequence present at the 3' end of the viral genome, 
and the presence in that leader squence of TAATA-like and consensus-like 
nucleotide sequences. 

This type of regulation of virulence is also encountered in herpes 
virus which needs a thymidine kinase for the phosphorylation of its 
nucleosides (Becker). The presence and activity of this enzyme may 
determine whether the virus will be actively multiplying in the infected 
cells or establish a latent infection, or be reactivated from its latent state. 
Mutants of HSV which lack the TKgene can infect epidermal cells and even 
proceed to nerve cells in ganglia, but they are unable to multiply there and 
to proceed to brain so as to cause encephalitis. The virus can multiply, 
however, in host cells which provide their kinase for the synthesis of viral 
components. 

Finally one should perhaps discuss in this context the concept of 
oncogenes and the fact that normal animal genes become expressed as a 
result of finding themselves in the vicinity or association with promoter 
regions supplied by oncogenic viruses, or by rearrangement of the gene 
(Canaani, Aaronson). 
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Other host specific regulatory factors which may affect the expres
sion of a gene are the attenuators and the enhancers, which have been by 
now quite well molecularly defined and are discussed in this conference in 
the context of SV40 gene expression (Aloni, Gruss) and retrovirus 
pathogenesis. 

Research on virulence is still in its beginning stages. Many individual 
elements concerning either the virus or the host contributing to virulence 
have been studied, often in detail, but the overall picture-the orchestra
tion effect of all contributing factors-still eludes us and remains a 
challenge for future research. 
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1 

ATTENUATION IN THE CONTROL OF GENE EXPRESSION Iii ANIilAL VIRUSES 

YOSEF ALONI, NISSIM HAY, HAGIT SKOLNIK-DAVID, PIERRE PFEIFFER, RIVKA 
ABULAFIA, RON PRUZAN, EDNA BEN-ASHER, EDWARD B. JAKOBOVITS, ORGAD LAUB 
and AVRI BEN-ZE'EV 
Department of Genetics, Weizmann Institute of Science, Rehovot 7610G, 
I srae 1 

SUMMARY 
Viral structural proteins self-assemble to produce the capsid of the 

virion. For an efficient self-assembly process the structural proteins 
should be synthesized in optimal amounts. This could be accomplished by 
a mechanism which somehow couples transcription in the nucleus to 
translation in the cytoplasm. A mechanism of gene regulation which 
couples transcription and translation, termed "attenuation" exists in 
procaryotes. This control is manifested through the synthesis of a small 
"leader" peptide. Successful synthesis of this peptide leads to trans
cription-termination, whereas in the absence of its synthesis, the RNA 
polymerase is allowed to continue transcription through the structural 
genes that follow the JNA sequence coding for the leader peptide. In 
the present communication we summarize the available information 
concerning transcription termination and attenuation in eucaryotes and 
we show that a mechanism resembling attenuation in procaryotes regulates 
the production of VP 1, VP 2 and VP 3 in SV40 and gene expression in other 
animal viruses. In analogy to procaryotes the leader protein of SV40 
late RNA ("agnoprotein") stabilizes the RNA conformation, stem-and-loop 
structure followed by us, which leads to transcription-termination, while 
deficiency of the agnoprotein leads to stabilization of an alternative 
RNA conformation which allows the RNA polymerase to continue trans
cription through the structural genes. These observations show that 
RNA polymerase II responds to a transcription-termination signal similar 
to that to which the procaryotic polymerase responds and they are in
cluded in a model in which a feedback control mechanism regulates the 
transcription of the viral mRNAs in the nucleus and the translation of 
their encoded proteins in the cytoplasm. The model has striking simi
larities to the attenuation model in amino acid biosynthetic operons 
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of bacteria suggesting that SV40 has exploited a procaryotic control 
mechanism and adjusted it to the eucaryotic environment. 
PRELUDE 

In comparison to procaryotes the formation of mRNA in eucaryotes is a 
more complex process (1). In addition to regulation at the initiation 
step, there is regulation of RNA capping, processing, polyadenylation 
and splicing in the nucleus, mRNA transport from the nucleus and mRNA 
stability and frequency of translation in the cytoplasm. In eucaryotes 
transcription initiation is widely believed to be the major controlling 
step in mRNA formation and little is known about the specificity of 
transcription termination. In procaryotes transcription termination is 
believed to be a second major level regulating the formation of mRNA 
(2-10). In the Introduction we summarize the available information 
concerning transcription termination and attenuation in eucaryotes, in 
the Results we present our studies indicating that transcription 
termination and primarily attenuation could be a major controlling process 
in the formation of mRNA in viruses and cells and in the Discussion we 
present a detailed model in which attenuation and mRNA modulation in 
a feedback control mechanism quantitatively regulate SV40 gene expression. 
INTRODUCTION 
Transcription-termination in procaryotes 

Many regions specifying termination of transcription in procaryotes 
have now been analyzed. Two especially striking features for 
rho-independent termination of transcription in vitro are: a GC-rich 
region of dyad symmetry that invariably precedes the termination site 
and a stretch of uridine residues located near the 3' terminus of 
the transcript. Other features also appear to influence termination, 
such as the distribution of AT versus GC base pairs, distal sequences 
and termination and antitermination proteins (2-10). The mechanism 
of transcription termination is thought to involve formation of a 
stable stem-and-loop structure in the RNA and deceleration of the 
elongation rate within the stem. Release of the RNA from the template 
occurs during the synthesis of the uridylic acid residues (2-10). 
!1artin and Tinoco (11) have shown that the rU-dA duplex formed at 
the termination site is exceptionally unstable and could provide 
the major driving force for termination and transcription release. 
In termination sites where one or more of these elements 
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are absent, transcription-termination is dependent on the termination 
factor rho. 
Transcription-termination in eucaryotes 

In eucaryotes, transcription is carried out by three RNA polymerases; 
RNA polymerase I carries out the transcription of the ribosomal RNA 
genes, RNA polymerase II carries out the transcription of genes coding 
for proteins and for capped snRNAs Ul to U6. RNA polymerase III carries 
out transcription of the genes of the small molecular weight RNAs such 
as t-RNA 5S r-RNA, and VA RNA in adenovirus. Most of the studies 
concerning transcription termination in eucaryotes were performed on 
RNA polymerase III and RNA polymerase I and very little is known about 
termination of RNA polymerase II transcription. 

Termination of transcription by RNA polymerase III. RNA polymerase 
III appears to recognize a short sequence at the end of the gene rather 
than the structure of the RNA which is formed as it is transcribed 
(12-14). This sequence requires four or more T-residues and perhaps no 
more than additional residues at each side of the T-cluster. This latter 
requirement may either be two GC residues or the absence of an A cluster 
directly adjacent to or within one nucleotide of the T cluster (14). A 
typical termination signal would be GCTTTTGC (15). More distal residues 
have not been found to influence termination. The dyad symmetries 
found at the 3' end of RNA polymerase III transcript differ from a 
typical termination site in that they are not immediately adjacent to 
the string of T residues where transcription terminates. The dyad 
symmetry appears not to be directly involved in the mechanism of 
transcription termination (15). One exception is the Drosophila 5S 
RNA where the dyad symmetry is immediately adjacent to four U-residues 
(16). 

Termination of transcription by RNA polymerase I. There is a 
relatively high degree of homology within the mature rRNA sequences of 
various eucaryotes. However, right at the putative transcription 
termination sites the homology is limited with the exception of yeast 
and Tetrahymena (17-19). In both organisms transcription termination 
occurs at a (A+T)-rich region within a stretch of T-residues. However, 
the termination signal is lacking both a GC-rich region preceding 
the T-cluster and a dyad symmetry that can form a stable 
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stem-and-loop structure. The termination region of the yeast rRNA operon 
contains an extended dyad symmetry that can form a stable hairpin 
structure but it is located downstream from the termination site (18). 
A somewhat less extended dyad symmetry but at the same position towards 
the gene can be observed near the rRNA termination site of Xenopus laevis 
(17). This structural similarity between two terminators of RNA polymerase 
I suggests that sequences beyond the site of termination are involved in 
the termination process and that this region may be recognized by a 
termination factor. A eucaryotic rho-like factor has indeed been 
implicated in transcription termination of rRNA of Tetrahymena (20,21). 
It is interesting to note that the sequence GCTTTTGTC found at the 
termination site of rRNA operon in Xenopus (17) is similar to that of 
the 5S rRNA (see above). 

The 3' terminal nucleotides of the mouse rRNA operon can form a stable 
stem-and-loop structure but it is not followed by a cluster of T-residues 
(22). The 3' end of 28S rRNA is located about 30 nucleotides upstream 
and at this region there is homology with 28S rRNAs of yeast Drosophila 
and Xenopus (17-22). The possibility that the primary transcript 
terminates further downstream could not be ruled out completely, since 
demonstration of the 45S rRNA being the primary transcript is impossible 
in any way at the present time. Further accumulation of data concerning 
the transcription termination site of rRNA genes of eucaryotes is 
required for determining the specific signals of termination. 

Termination of transcription by RNA polymerase II. Transcription by 
RNA polymerase II usually pro cedes beyond the 3' end of the mature mRNA. 
This is then followed by a processing step and polyadenylation. The 
polyadenylation signal AAUAAA, resides about 25 nucleotides upstream from 
the polyadenylation site. The signal is usually not present in histone 
mRNAs (23). 

Transcription termination of the a-globin mRNA was found to occur 
within a region 1400~100 nucleotides downstream from the poly(A) site 
(24). The resolution of these experiments does not allow a conclusion 
whether or not the termination is at a precise site, but does show that 
termination occurs within a specific region. 

Late in Adeno 2 infection, the primary transcript covers 30,000 
nucleotides, but it apparently stops within the terminal 650 bases 
without reaching the end of the genome (25,26). 
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Birnstiel and his colleagues have shown that histone mRNAs which 
usually lack the polyA tail at their 3' end, terminate in an RNA hairpin 
structure. However, this structure is not followed by a strin~ of uridylic 
acid residues (23,27). This group has recently isolated a rho-like 
factor and they have postulated that this regulatory factor can interact 
with the palindrome structure leading to transcription termination (28). 
This model resembles the rho-dependent termination in procaryotes 
(2-10). Clarification of the exact mode of action of the rho-like factor 
awaits its complete purification and utilization of an in vitro 
reconstituted transcriptional system. It should be mentioned, however, 
that it is difficult to prove conclusively that the 3' ends of histone 
mRNA arise directly from transcription termination and not from 
processing of a longer precursor molecule. 

Some of the snRNA are also transcribed by RNA polymerase II. It was 
noticed that a stretch of U-residues is not found at the 3' end of these 
RNA molecules with the exception of U6. The lack of a putative termina
tion signal is consistent with the suggestion that the snRNAs are 
transcribed as part of a larger primary transcript (29). 
Attenuation 

In procaryotes transcription termination sites are also located within 
the operon. The internal termination sites cause premature termination 
of the transcripts and quantitatively regulate the level of gene 
expression, by selectively reducing the transcription of distal portions 
of the operon. This mechanism of regulation has been termed attenuation 
(10). In contrast to termination at the end of the operon, attenuation 
is not a complete termination process. It can be overcome by regulatory 
proteins as in bacteriophage A or in response to changes in physiological 
conditions, as in the case of amino acid operons in bacteria (2-10). 
The sequences at the attenuation sites share common features with those 
of the termination sites. The DNA immediately preceding the site of 
attenuation is GC-rich with dyad symmetry and the 3' terminus of the 
transcript contains a series of uridine residues. 

In eucaryotes, an abundant population of promoter-proximal RNA chains 
has been observed in whole nuclear RNA (30,31), in the B-globin gene 
(65,66), in adenovirus type 2 (25,32,33) and in simian virus 40 (34-41). 
On the ba3is of these results and DNA sequence data (67,77,78,100) it 
has been suggested that a premature termination process resembling 
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attenuation in procaryotes also occurs in eucaryotes (33,37-39,67,77,78, 
101). Moreover, these studies have shown that the adenosine analog 5,6-
dichloro-l-s-ribofuranosylbenzimidazole (ORB) enhances premature termi
nation (25,30,35,37,38,42,66) but its mode of action is not completely 
understood. 

In Adeno virus infected cells there are two observations that may 
indicate regulation of gene expression by an attenuation mechanism: 
(i) Controlled premature termination occurs during Ad-2 infection 
(131-134). It has been shown that the promoter at 16.4 m.u. produces RNA 
beginning at the same cap site both early and late in infection. From 
the late transcripts five 3' co-terminal groups of mRNA are formed (1), 
but early in infection only the Ll poly(A) site is found in mRNA. Early 
transcripts seem to terminate around m.u. 50 whereas the late transcrip
tion continues around m.u. 98 (1). This would be equivalent to a read
through process in an attenuation mechanism. (ii) The El-A specific gene 
product facilitates expression of El-B, E2, E3, E4 and Ll mRNAs (1,135). 
It was demonstrated that the El-A specific product functioned at the level 
of transcription initiation, but beyond that the mechanism is not yet 
understood. The most attractive hypothesis at present suggests that the 
El-A gene product inhibits the function of a cellular repressor. It 
remains to be distinguished whether the mechanism of El-A gene product is 
a result of direct activation of transcription or inhibition of repressor 
(1,135). The El-A gene product has the characteristic of an antiattenuator 
factor, resemblina the N gene product of A (137). In the A system, N gene 
product-mediated anti termination of transcription enables RNA polymerase 
to transcribe A genes distal to the various terminators, and is 
essential for the growth of the phage. 

In retroviruses it has been shown that the LTR contains sequences that 
code for both the initiation and termination of RNA transcription. In 
these sequences the promoter region is immediately adjacent to the 
terminator signals. The termination signal must be ignored by RNA 
polymerase II during transcription of the LTR at the 5' end of the RNA. 
However, the enzyme would have to recognize such signals at the end of 
the transcript, 5400 nucleotides downstream. A model resembling an 
attenuation mechanism in procaryotes (78) has been suggested in which 
readthrough at the 5' end or termination at the 3' end are dependent 
on alternative RNA secondary structures. 
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In all the above studies the use of the term "attenuation" closely 
follows the original usage in procaryotic systems however there is no 
experimental basis to suggest that the mechanis~ of attenuation in 
eucaryotes is similar to that in procaryotes. Furthermore, there is no 
experimental evidence that DRB enhances premature termination at the 
attenuation site. 

In the present communication, we shall show that SV40 has exploited 
a mechanism resembling attenuation in procaryotes for quantitatively 
regulating its gene expression. We suggest that a similar mechanism 
regulates the expression of other viral and cellular genes. 
SV40 as a model system 

The use of animal viruses as model systems for probing the complexities 
of molecular control mechanisms has been particularly fruitful. It is 
generally felt that an understanding of genetic regulation in viruses 
will provide insight into similar regulatory processes in eucaryotic 
cells. The molecular biology of SV40 has been under intensive investigation 
for a number of years, and these studies have provided considerable 
information regarding the regulation of gene expression, in particular, 
transcriptional and posttranscriptional processing of mRNA (43-47). 

SV40 provides several unique advantages as a model system for such 
studies. These include the following: 1) The viral genome is a small 
circular molecule (M.W. 3.4xl06) that contains genetic information for 
only six proteins and may be additional small polypeptides (104). 2) The 
DNA can be. obtained in large quantities, which is imperative for many 
experiments in molecular biology. 3) The same RNA polymerase (polymerase II) 
transcribes both viral and cellular RNA. 4) The viral and cellular RNAs 
undergo similar posttranscriptional modification (e.g. capping at the 
5' terminus, polvadenvlation at the 3' terminus, internal methylation 
and splicing). 5) A number of mutants and hybrid viruses are available 
for study. 6) Transcriptional complexes are easy to obtain. 7) The 
entire nucleotide sequence of the genome of this virus and the localization 
of the major and minor initiation sites for transcription have been 
determined (46,47). 

The SV40 genome is comprised of early and late genes that are 
localized in symmetrical halves of the viral DNA. The se9ment between 
0.67 and 0.17 on the map is transcribed in counterclockwise direction 
prior to the onset of viral DNA replication, and codes for the early 
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viral proteins. The second segment (from 0.67 to 0.17) is transcribed in 
abundance after initiation of viral DNA replication in a clockwise 
direction. It encodes the information for the late proteins: VP1, VP 2 
and VP 3. The capsid proteins have been mapped approximately between 
0.95 and 0.16, 0.76 and 0.97, and 0.83 and 0.97 respectively (see Fig. 1) 
(46,47) . 

At late times after infection of monkey cells with SV40, RNA 
transcripts are initiated at major and minor sites (48-50). The RNA 
polymerase initiating transcription at the major initiation site 
(residue 243) synthesizes a primary transcript (51). As a consequence 
of different RNA splicing, two major viral mRNAs (16S and 19S mRNA) 
(52,53) as well as minor mRNA species are produced. The minor species 
differ from the major ones in their leader sequences (46,47,49). The 
major 16S and 19S RNAs share common 5' (residue 243) and 3' (residue 
2592) ends. However the major 16S mRNA is characterized by an intron 
which extends inclusively from residue 445 to residue 1380 (Fig. 2) 
while the major 19S mRNA is characterized by an intron which extends 
inclusively from residue 292 to residue 475 (Fig. 3). The 16S mRNA 
encodes information for two proteins: the leader protein known as 
"agnoprotein" (54) identified in SV40 infected cells (37,55-57) and the 
capsid protein VP l (Fig. 2). The 16S mRNA is apparently the in vivo 

message of both proteins (37,57). 
The most abundant group of 19S mRNA is characterized by an intron 

of 184 nucleotides (46,49). As a result of the splicing process 152 of 
the 202 nucleotides of the 16S leader are missing. Consequently, the 
leader of the 19S mRNA contains an open reading frame for a protein of 
29 amino acids (49). This protein shares the first 13 amino acids with 
the agnoprotein and overlaps with the AUG of VP 2 (Fig. 3). We have 
designated this postulated (49) but as yet undiscovered protein as 

agnoprotein 29 (39). 
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Fig. 1. Transcriptional map of 5V40 indicating the five Eco RI; HpaI 
and BgI restriction fragments of 5V40 genome in the central circle. 
Arrows on RNAs indicate 3' termini, poly(A) tails, and direction of 
transcription. Decimal numbers represent map units of the 5V40 genome. 
Dashed lines (---) indicate sequences spliced out of 165 and 195 
mRNAs. The location of the coding regions are indicated by heavy lines. 
The small dashed circles denote the distribution of nucleosomes about 
the 5V40 minichromosome with an exposed region that contains the origin 
of replication (ORi) promoters for late transcription and transcription 
termination sequences (46). Only the major leaders of 195 and 165 
mRNAs are represented; for more details see ref. 46. 
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SV40 mRNA is polycistronic. In principle, eucaryotic mRNA could be 

polycistronic if a mechanism controlling ribosome binding to the initiation 
codon existed. Kozak (58,59) has proposed a "scanning model" for selection 

of the initiation sites by eucaryotic ribosomes, which suogests that the 
40S ribosome binds to the 5' end of the mRNA and advances towards the 3' 
end until it encounters the first AUG codon. It has been speculated that 
secondary structure in and around the initiator AUG codon could be a 
factor that sequesters the initiation codon from the ribosome. This 
would lead to the selection by the ribosome of an AUG located further 
downstream in the genome. r1odulation of RNA secondary structure could 
then be a mechanism controlling the selection of the starting site for 
translation (37,39,60,61). 
RESULTS 

Attenuation in the control of SV40 gene expression 
Rationale. The product of encapsidation, the virion, is composed of 

SV40 DNA and cellular histones surrounded by a capsid consisting of viral 
proteins, VP 1, VP2 and VP 3 in the proportion 420/36/96, respectively, 
per capsid (62,63). The simplest encapsidation mechanism requires self
assembly of viral proteins to form capsids (39,64). We assume that a 
controlled production of the structural proteins VP1, VP 2 and VP 3 is 
critical for an efficient self-assembly process (39). This is true for 

other viruses as well. We suggest that attenuation and modulation of RNA 
secondary structure are the mechanisms that quantitatively regulate the 
production of the capsid proteins (37,39). We describe below experiments 
that support this suggestion. 
The promoter-proximal SV40 nascent RNA terminates in vitro at a 
transcription termination signal 

Experiments performed in the last few years have shown an abundant 
population of promoter-proximal nascent RNA chains on SV40 transcriptional 
complexes (VTC), minichromosomes and isolated nuclei (34-41). These 
three systems are capable of elongating the preinitiated viral RNA in 
vitro. We adopted these systems in order to verify whether these 
short nascent viral RNAs are of discrete lengths and whether ORB enhances 

premature termination at physiological sites. 
In the following experiment VTC were prepared from untreated and 

ORB-treated cultures and incubated in vitro for 5 min in the presence 
of a_32P_UTP. The briefly elongated RNAs were purified and analyzed by 
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gel electrophoresis. Fig. 4, lanes A and B show one major band in a 
position corresponding to a length of 93-95 nucleotides as well as other 
minor bands in the RNA preparations of both untreated and DRB-treated 
cultures (37). Longer viral RNA is absent in the preparation of the 
DRB-treated culture, as shown by the fact that the region above the major 
band has no radioactivity. Identical bands were obtained when the viral 
RNA was purified from minichromosomes and isolated nuclei (38,41). 

To locate the RNA in the major band on the physical map of SV40 DNA, 
the RNA was eluted from the gel and hybridized to two sets of restriction 
fragments. The map locations of the restriction fragments of the two 
sets are shown in part E of Fig. 4. Lane C of Fig. 4 shows that 
hybridization occurred in one set solely with fragment e (0.67-0.76 map 
units) and lane D of Fig. 4 shows that hybridization occurred in the 
second set solely with fragment d (0.73-0.82 map units). On the basis 
of these results, we conclude that the labeled RNA in the major band 
originates from a region of the genome spanning 0.73-0.76 map units 
(nucleotides 267-440) (68). 

More direct evidence for the position of the 93-95 nucleotide RNA was 
obtained by the experiment illustrated in Fig. 5. The 93-95 nucleotide 
RNA was recovered from a gel similar to that shown in Lane A of Fig.4 
and was hybridized with the "late" strand of a fragment spanning from 
the Hpa II site (nucleotide 267) to the Bam Hl site. The RNA-DNA hybrid 
was treated with RNase to remove the nonhybridized portion of the RNA, 
and the length of the RNase-resistant portion was determined, after 
denaturation, by gel electrophoresis (37). Fig. 5 shows that the RNase 
treatment reduced the length of the RNA from 93-95 nucleotides to 69-71 
nucleotides. The minor bands may result from incomplete digestion of the 
RNA. He conclude that the 5' end of the original RNA is at nucleotide 
243 and the 3' end at nucleotides 335-337. I~e have designated this RNA, 
attenuated RNA. Further evidence confirming the position of the attenuated RNA 
comes from a fingerprint analysis of RNase Tl digest of this RNA, 
followed by nearest-neighbor analysis of each spot (40). The latter analysis 

also allowed for the identification of the in vivo pause sites 
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Fig. 4. Size analysis of viral RNA of untreated and ORB-treated cultures 
and the predicted secondary structure of the attenuator region. VTC were 
extracted from untreated and ORB-treated infected cultures by the 
Sark03~1 extraction method (113) and incubated in vitro in the presence 
of a- P-UTP for 5 min, and 32p-RNAs were extracted . The labeled RNAs 
were denatured and sub~2cted to electrophoresis on a 12% acrYl~~ide gel 
in 7 M urea. (Lane A) P-RNA of untreated cultures ; (Lane B) P-RNA 
of ORB-treated cultures; (Lane M) length markers of E. coli RNA (a gift 
from M. David). The RNA in the major bands in lanes A and g (93-95 
nucleotides in length) was eluted from the gel by electrophoresis (115) 
and hybridized to two sets of restriction fragments obtained by 
digestion of SV40 DNA with Eco . R1, Hpa 1 and Bg1 1 (Lane C) and with 
Taq 1, Hpa 11 and Bam H1 (Lane D) . The map locations of the fragments 
in lane C are shown in the inner circle and those of lane 0 in the 
outer circle in (E). (F) Secondary structure at the 3' end of the 
aborted RNA . The ~G was calculated as described (116) . Nucleotide 
residue numbers refer to the wild-type SV40 sequence of Reddy et a1 . 
(68) . 
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Fig. 5. t1apping of the 93-95 nucleotide labeled RNA by RNAase digestion 
of RNA-DNA hybrid. (a) Shows an autoradiograph of 12% acrylamide gel 
in 7 M urea as in Fig.4 (Lane A). The 93-95 nucleotide labeled RNA 
annealed with the L strand of the 0.73-0.14 map unit DNA fragment with 
no RNAase treatment. (Lane B) Same as in lane A. but with RNAase 
treatment. (Lane M) Length markers of E. coli RNA. (b) Diagram showing 
the plan of the experiment and the deduced topography of the labeled RNA 
with the lengths of the RNA before and after RNAase treatment. Nucleotide 
residue numbers refer to the wild-type SV40 sequence of Reddy et al. (68). 
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The locations of the in vivo pause and in vitro attenuation sites: 
GC-rich dyad symmetry region in the process of pausing and attenuation 

Hhen the labeled RNA present in the major band is diCjested \'lith RNase 
Tl and fingerprinted (69) an oligonucleotide pattern characteristic 
of a transcript fro~ the reCjion between nucleotides 243 and 335-337 
can be predicted. However. in an actual experiment. only those oligo
nucleotides \~hich were elongated in vitro should produce radioacti ve 
spots. because the in vivo synthesized oligonucleotides are unlabeled . 
The junctions between labeled and unlabeled oligonucleotides define the 
in vivo pause sites of RNA polymerase molecules. 

Fig. 6 shows the RNase Tl fingerprints of the labeled RNA present in 
the major band (see Fig . 4) (40). The fingerprint of 4 and 10 min labeled 
RNAs display 10 spots of which 3 and 3' are not well resolved. In further 
experiments they were analyzed together. 

A 4m1n B • 10 ml 1'1 . 

6 

FiC]. 6. Fingerorint analysis of 4 and 10 min major labeled RNA band as 
in Fig. 4. The" 32P-labeled RtlAs recovered from the gel were digested 
completion with RNase Tl and the products were separated in two 
dimensions (40) 1- electrophoresis; 2 - chromatography. 

To match the oliCjonucleotides of each spot with the predicted Tl 

oligonucleotides. each spot of Fig . 6 was eluted and digested to 
completion with RNase T2. The digestion results in the transfer of the 
labeled phosphate to the 5' nearest nucleotide. The labeled nucleotides 
produced were then identified by paper electrophoresis (Fig . 7). 
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Fig . 7. Nearest-neighbor analysis by RNase T2 digestion of the various 
oligonucleotides in Fig . 6A and B. Tl oligonucleotides were recovered 
from the fingerprints of Fig. 6A and B and totally digested \~ith RNase 
T2. The products \~ere separated by high voltage electrophoresis as 
detailed by Skolnik-David and Aloni (40) . 

Fig. 8 shows the base sequence spanning the major initiation site 
(nucleotide 243) and nucleotide 351, the predicted RNase Tl cleavage 
sites (following G residues) and the predicted labeled nucleotides 
obtained after the RNase T2 digestion of each of the oligonucleotides. 
Note that several oligonucleotides are not expected to be labeled. Ten 
consecutive oligonucleotides spanning nucleotide 259 to nucleotide 336 
were identified. It is evident that spot 1 contains the two 
oligonucleotides CUG (nucleotides 259-261 and 268-270) because the ratio 
of radioactivity between CliP and GMP in spot 1 is 2:1 (see Fig.? ) . It 

should be noted that some polymerase molecules may have initiated 
elongation 13 nucleotides downstream from the transcription initiation 
site at nucleotide 256 but we are unable to resolve it, because 
nucleotides 256-258 cannot be identified by our analyses. 
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Fig. 8. The oligonucleotides obtained after the RNase Tl digestion and 
the labeled nuc1eotides in each oligomer obtained following the RNase T2 
digestion. Nucleotide residue numbers refer to wild-type SV-40 sequence 
of Reddy et a1. (68) . The slash indicates the RNase Tl cleavage site 
(following G) . The nuc1eotides above each oligonucleotide are those 
which are labeled following the RNase T2 digestion. The shaded oligo
nucleotides are not labeled in the present analysis . 

In none of our fingerprint analyses have we ever observed an addi
tional spot that could correspond to the oligonucleotide CCAUG 
(nucleotides 251 - 255) (see Fig . 8). It appears, therefore that in 
vivo the first pause site of active RNA polymerase molecules in VTC 
is located 13 - 16 nucleotides downstream from the transcription 
initiation site . It is noteworthy that spot 2 consistently contains 
about two to three times more radioact i vity than spot 1, in spite of 
the fact that spot 2 has only two labeled phosphates as compared to 
three in spot 1 (see Fig . 8). Based on this observation we conclude 
that the highest concentration of RNA polymerase molecules on VTC 
is in the vicinity of the oligonucleotide CCUCCG (281 - 286) of spot 
2 (40). This could be the location of an in vivo pause site . If this 
is an exclusive pause site then the occurrence of RNA polymerase mole
cules upstream from it could reflect a situation in which two or more 
RNA polymerase molecules have initiated transcription on the same 
VTC and they are physically blocked by the enzyme present at the pause 
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site. Alternatively, it is possible that RNA polymerase molecules also 
pause in vivo at the open promoter complex (70,71). 

The precise 3' end of the RNA in the major band (the in vitro 
attenuation site) maps at nucleotide 336. This conclusion is based on 
the 1:1 ratio of radioactivity between CMP and UMP in spot 9 (Fig. 7 and 
see Fig. 8). The RNA in the major band is therefore 94 nucleotides long 
(nucleotides 243-336). This confirms the above estimation. 

SV40 DNA sequences spanning nucleotides 243 and 336 possess dyad 
symmetries sufficient for the formation of stable hairpin conformation. 
This conformation is desirmated "attenuation". The pair of inverted 
repeat sequences 1+2; 3+4 of the "attenuation" conformation is shown 
in Fi~. 9. 

The oligonucleotide of spot 2, which we have suggested above to be 
the position of a pause site of RNA polymerase molecules in vivo, is at 
the end of a GC-rich region of dyad symmetry (1+2 in Fig. 9). The major 
in vitro attenuation site is at the second uridine residue that follows 
a GC-rich renion of dyad symmetry (3+4 in Fig. 9). Based on these 
observations, we conclude that the eucaryotic RNA polymerase II when 
transcribing SV40 DNA responds to signals for pausing and attenuation, 
similar to those in procaryotes (2,72-75). 

It has been suggested that in the ~ leader region the function of 
the early (1+2) hairpin is to retard the polymerase in order to permit 
the translatin~ ribosome to catch up and remain coupled to the 
transcription apparatus (73,74). This of course does not apply to the 
SV40 system where transcription and translation are uncoupled processes. 
However there are several other potential functions for the pause in the 
first opening of the DNA helix and at the 1+2 hairpin structure. One of 
them is to help mediate interactions between RNA polymerase and other 

proteins such as "attenuator" and "antiattenuator" factors. Another fun

ction is to a~low cappin9 and methylation of the cap at the 5' end of the RNA 
\ 

transcripts. In HeLa cells and adenovirus 2-infected cells,the prematurely 
terminated transcripts (i.e. attenuated RNAs) are already capped and 
methylated (31,33) but the RNA at the pause sites has not been analyzed. 
In this regard it is interesting to note that Lycan and Danna (76) have 
found in nascent SV40 RNA,in addition to capped ends, some unprocessed 
pppA ends, and undermethylated caps. 
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Fig. 9. The "attenuation" conformation of the attenuated RNA. Taken from 
Hay et al. (37). The AG was calculated as described (116). ~ucleotide 
residue number refers to the wild-type SV40 sequence of Reddy et al. (68). 

The SV40 minichromosome system. SV40 DNA is found in infected cells 
in the form of a minichromosome. It possesses a beaded structure composed 
of cellular histones and supercoiled viral DNA in a molecular complex 
which is very similar to that of cellular chromatin (79-81). This has 
made SV40 an attractive model system in which to study the organization 

and expression of eucaryotic chromatin. The chromatin structure of the 
5' -flanking region of several actively transcribed cellular and viral ge-

nes is known to be different from the bulk of chromatin. Such regions are 
generally hypersensitive to DNase I digestion (82-90). Consistent with this,is 

the observation thatN 25% of the SV40 minichrolTlosomes display,precisely with
in the DNase I sensitive region a stretch of D~A not contained within a 
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typical nucleosome structure (92-93). Transcription occurs on SV40 
minichromosomes (35,94), and the late promoters mao at the exposed region 
(34,46,95,96). The possible role of the exposed region in directing the 
specificity of transcription initiation of the late genes is suggested 
by the observation that E. coli RNA polymerase and the eucaryotic 
polymerase II initiate transcription primarily within this region 
in vitro (96,97). It is assumed that the higher order structure of the 
actively transcribed minichromosomes is involved at other levels of 
regulation during transcription (89,90). Below, we characterize a system 
of actively transcribing SV40 minichromosomes and describe the in vitro 
conditions for premature termination which can be followed by the re-

lease of the attenuated RNA (41). 

Elongating viral RtlA is associated with SV40 minichrof!losorles \~hile 

prematurely terminated RNA detaches from the template 
To determine the relationship between the viral template responsible 

for transcription and the RNA made at various salt concentrations, SV40-
infected cells were labeled with (3H)thymidine before extraction of the 
nuclei. The labeled nuclear extract was incubated for synthesis of 
32P-labeled RNA either at moderate or at high salts for varying times. 
The reactions were stopped by the addition of EDTA to 10 m~1 and the 
samples were loaded onto sucrose gradients for separation of the major 
viral nucleoprotein pools. 

As shown in Fig. 10, the extracts incubated at moderate salts (100 
m~1 NaCl; 30 m11 amonium sulfate) contained two major peaks of viral 
nucleoprotein of \~hich the 250S peak comprised mature and immature 
virions and the 75S peak, the minichromosome pool of replicating and 
transcribing molecules (91). 

RNA synthesis for 5 min revealed two major populations of which one 
was bound to the 75S structures reflecting attachment of RNA to the 
minichromosome template and a second population was present at the top 
of the gradient in a non-bound state. Increasing the time of incubation 
to 20 min or 60 min led to almost total release of RNA from the 75S peak 
and to its accumulation at the top of the gradient as a template-free 
fraction. This was in contrast to the results obtained at high salt 
concentrations (500 mr1 NaCl; 300 mM ammonium sulfate) where no major 
fraction of unbound RNA was obtained. Rather, increasing the time of 
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synthesis led to accumulation of RNA into the minichromosome peak as a 
species attached to its template. The fraction of RNA running ahead of 
the minichromosome peak suggests the presence of long RNA chains'. 

It should be noted, that the minichromosome peak displayed in the 
sucrose gradient profile at high salt was shifted to a 55S position in 
the gradient. This, as previously reported, is due to the loss of histone 
Hl from the molecules which leads to a reduction in the compaction of the 
minichromosomes (98,99). Minichromosome-associated and unbound RNAs were 
purified and hybridized to Southern blots of the five restriction 
fragments shown in Fig. 4. Fig. 11 shows that the RNA associated with 
the minichromosome after 60 min incubation at moderate salt (100 mr~ 

NaCl) hybridized primarily with fragment 'e' and to a lesser extent with 
fragment 'b' which lies immediately downstream, reflecting poor growth 
of RNA chains. Labeled RNA found at the top of the gradient, on the 
contrary, hybridized exclusively with fragment 'e'. The situation is even 
more pronounced at high salt (300 mM ammonium sulfate), where 
minichromosome-associated RNA hybridized to the 'late" fragments (b,d 
and e) as well as to the 'early' fragments (a and c). This result does 
not discriminate between hybridization to the 'late' or 'early' strands 
but indicates, on the other hand, distribution of RNA polymerase 
molecules over almost all the viral genomes. In contrast, RNA found at 
the top of the gradient hybridized primarily with the promoter-proximal 
'e' fragment. This indicates that SV40-specific RNA found detached from 
the template both after incubation at low and high salt does not 
originate from random degradation or accidental release of growing RNA 
chains, but rather points to the existence of a well defined class of 
RNA molecules prematurely terminated and released from their template. 
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Fig. 10. Sucrose gradient analysis of transcription mixtures programmed by 
nuclear extracts from SV40-infected cells. Transcription mixtures were 
adjusted to the desired salt concentration (A-MaCl; B-ammonium sulfate) 
and supplemented with NTPs, t1nC12 and 100 flCi (a- 32 P)UTP as described 
(41). After 5, 20 and 60 min total RNA was prepared, and layered onto 
precooled 5-30% sucrose gradients supplemented with 200 m~1 NaCl. After 
centrifugation for 105 min in a Beckman SW41 rotor at 40 C and 32,000 
r.p.m. the gradients were collected from the bottom and the acid
precipitable radioactivity was determined. The fractions containing the 
mini chromosome-associated and free RNA (top of the gradient) were pooled 
and the ~IA extracted for further analysis. For details see (41). 
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Fig.11. Hybridization pattern of 
the minichromosome-associated and 
free RNA to Southern blots of the 
SV40 DNA restriction fragments de
picted in Fig.4. RNA synthesized 
by nuclear extracts at 100 mM NaCl 
(A) or 300 mM ammonium sulfate (B). 
T: free RNA remaining at . the top of 
the gradient ; M: minichromosome
associated RNA. 

The prematurely terminated RNA can be released from the template as 
discrete species 

To establish the characteristics of the viral RNA released from the 
template, (3H)thymidine-labeled nucleoproteins were extracted and incu
bated for 10 min and 60 min at moderate salt concentrations (30 mM ammon
ium sulfate). The reactions were stopped with 10 mM EDTA and sedimented 
on a sucrose gradient from which the region of the 75S peak and the top of 
each gradient were pooled. The labeled RNA was loaded onto a denaturing 
acryla.mide gel. As shown in Fig. 12, the small amount of RNA associated 
with the 75S peak both at 10 and 60 min was heterogenous in length with 
no major bands visible. The RNA derived from the released fraction, for 
both times of incorporation, showed a major band of 94 nucleotides in 
length as well as other bands. The other bands were not analysed since 
they were not consistantly observed. 

The 94 nucleotide band of RNA was excised from the gel, eluted 
electrophoretically and hybridized to a Southern blot of SV40 DNA frag
ments as described in Fig.4 . The purified RNA hybridized exclusively to 
the viral DNA fragment spanning 0.67-0.76 map units (Fig. 12B). To es
tablish the viral origin of the 94 nucleotide band, the above experiments 
were repeated on sucrose gradient purified minichromosomes followed by 
the hybridization elution procedure. Fig. 12C Lane A shows that after 
60 min incubation at moderate salt concentrations (100 mM NaCl) a 
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major viral RNA band of 93-95 nucleotides is found at the top of the 
gradient. It is interesting to note the occurrence of an additional 
reproducible band of -98 nucleotides present above the major band. A 
similar band is also found following similar analyses of Sarkosyl 
extracted VTC or isolated nuclei. 

The 94 nucleotide viral ~A band has the same fingerprint as that 
found for the 94 nucleotide band produced in the VTC transcribing system 
(see Fig. 6). The viral RNA in the major band spans, therefore, 
nucleotides 243-336. Thus the actively transcribing mini chromosomes 
provide a system in which the attenuated RNA can be released from the 
template. The present observation supports our previous suggestion that 

the eucaryotic RNA polymerase II, like the procaryotic enzyme, 
recognizes a hairpin structure followed by a stretch of uridylic acid 
residues, present at the 3' end of the transcript, as a signal of 
transcription termination. This is the first demonstration of in vitro 
specific termination of polymerase II transcription that is followed by 
the release of the RNA transcript (41). That premature termination 
occurred primarily at I a moderate salt concentration could be explained by 
the nature of nucleic acid interaction. If the mechanism of premature 
termination is similar to the mechanism of transcription termination in 
procaryotes we can predict that transcription slows down in the 
GC-rich region (see Fig. 9). The rU-dA duplex that is subsequently formed 
is exceptionally unstable at moderate salt concentrations. The unstable 

interaction could provide a major driving force for termination 
and release of the transcript (11). Increased salt concentrations result 
on the other hand, in a partial stabilization of the rU-dA duplex and 
also stimulate the rate of synthesis and the enzyme then crosses the 
critical region at an increased rate. Another possibility is that the 
production and release of the attenuated RNA is dependent upon 
regulatory factors that are salt sensitive (Hay and Aloni, submitted 
for publication). 
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Fig. 12. Acrylamide gel electrophoresis of minichromosome bound and released 
RNA. Nuclear extracts were incubated for RNA synthesis in the presence of 
30 mM ammonium sulfate for 10 or 60 min. The reactions were stopped, the 
mixtures loaded onto sucrose gradients, and sedimented as in Fig.10. (A): 
the regions of the 75S minichromosome peaks and the tops of the gradients 
were pooled, RNA purified and loaded onto the gel. M: minichromosome- bound 
RNA: T: released RNA. (8) The band of 94 nucleotides was eluted and 
hybridized to a Southern blot as in Fig. 4. (C) Purified minichromosomes 
were incubated for RNA synthesis in the presence of 100 mM NaCl for 60 
min. The mixture was loaded onto a sucrose gradient and sedimented as in 
Fig. 10. The top fractions of the gradient were pooled, RNA purified and 
viral RNA selected by the hybridization elution procedure and loaded onto 
the gel. a: released viral RNA; m: E. coli t-RNA length markers; 
xc: xylene-cyanol marker. 



26 

The leader protein (agnoprotein) enhances premature termination. The 
late leader region of SV40 encodes a 7,900 Mr (61 amino acid) protein 
(see Fig.2). We have postulated that the leader protein in SV40 like the 
leader peptide in the biosynthetic operons in bacteria has a function in 

the attenuation mechanism (37,39). As an approach to defining this 
function we have determined the following: (i) its subcellular distribution 
in SV40-infected cells and (ii) the correlation between its synthesis, at 
various times after infection and the level of premature termination 
using wild type virus and an insertion mutant ~79 (a generous gift of 
Dr. G. Khoury). ~79 is a viable insertion mutant in which two nucleotides 
were inserted at the Hpa II side (55). Consequently, whereas the RNA 
secondary structure transcribed from the promoter-proximal region is 
maintained, this mutant is unable to synthesize an authentic leader 
protein. The results and conclusions of these experiments are as follows: 
(i) The predominant localization of the agnoprotein is in the cytosol. 
However, a minor detectable fraction of agnoprotein can be found 
associated with the nuclear matrix and in association with the viral 
minichromosome (Ben-Ze'ev, Skolnik-David and Aloni, unpublished results).An 
indirect immunofluorescence method with antibodies raised against 
purified agnoprotein confirmed the biochemical fractionation procedure. 
In Fig. 13 it can be seen that rabbit antiserum against the agnoprotein 
showed an intensive granular fluorescence (Fig.13A). The same immune 

antiserul'l was non-reactive 11ith mock-infected cells (Fig. 13B). Fig. l3C 
shows a similar experiment with antibodies raised against SV40 T-Ag. 
It is evident that the pattern of fluorescence in Fiq. 13A indicates the 
dominant localization to be the perinuclear and cytoplasmic regions with a 
granular appearance. Detectable fluorescence was also observed in the 
nucleus. In contrast, Fig. 13C shows an absolute nuclear localization 
of the SV40 large T-Ag in the same set of cells. Similar results were 
obtained by Nomura et al. (57). (ii) Fig. 14 shows the time course of 
appearance of the agnoprotein. It is interesting to note that the 
synthesis of the structural proteins VP1, VP 2 and VP 3 is not increased 
from 42 h to 50 h post infection, rather on the contrary it appears 
that there is even a somewhat reduced synthesis of these viral proteins. In 

contrast, the agnoprotein is synthesized at the highest rate at the latest 
time after infection (50 h). Pulse-chase experiments performed at 50 h 
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post-infection indicate a half life of 2-3 h for the agnoprotein (37,55~ 

The short half life of the agnoprotein and its accumulation at the latest 
time after infection indicate a ~otentia1 in vivo regulatory function 
for the leader protein which is most lpronounced at the latest time 
after infection. Indeed, a direct correlation between the accumulation 
of the agnoprotein and the production of the 94 nucleotide attenuated 
RNA in isolated nuclei was observed. Moreover, cells infected with the 
viable insertion mutant n79 showed no agnoprotein and almost no premature 
termination (Hay and A10ni, submitted for publication). Based on these 
results we conclude that the function of the agnoprotein is to stabilize 
the viral RNA conformation that leads to premature termination. In 
addition, a potential salt-sensitive rho-like factor may mediate the 
release of the attenuated RNA from its template (N. Hay and Y.A10ni, 
unpublished results). 

Fig. 13. Indirect immunofluorescent 
staining of SV40 infected cells 
with antibodies against agnoprotein 
and T-antigen. A, SV40 infected 
BSC-1 cells were stained with 
antibody against agnoprotein, that 
was raised by injecting agnoprotein 
from SOS gels into a rabbit. The 
second antibody was rhodaminated 
goat anti rabbit antibody. Before 
staining, the cells were fixed with 

3.7% formaldehyde in PBS and 
permeabi1ized with 1% Triton X-100 
in PBS for 10 min. B, Uninfected 
BSC-l cells stained as above. 
C, SV40 infected BSC-l cells as in 
A. were stained with anti T 
antibody and rhodaminated goat 
anti rabbit antibody as in A. 
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Fig. 14. Time course of the synthesis of the leader protein (agnoprotein) 
of SV40. BSC-l cells (0.5xl06 cells) were infected with wt SV404 At 
various times after infection cells were labeled for 3 h with T C-arginine, 
collected in 0.1 ml sample buffer (10 mM sodium phosphate pH 7.2, 7 11 
urea, 1% SDS, 1% l3-mercaptoethanol 0. 01 % bromophenol blue) lysed and 
analyzed on a 15% polyacrylamide gel containing 0.1 % SDS in 6 M urea. The 
gel was fluorographed and dried. The autoradiogram was obtained by 
exposing the dried gel to Kodak XR-2 film at -800 C. m - designate 
molecular weight markers. 

The attenuator RNA is not associated with the nuclear matrix: 
association of nascent RNA with the nuclear matrix pertains to the anti
attenuation mechanism. The structural framework of the nucleus, known as 
the nuclear matrix, is obtained when nuclei are depleted of their membranes, 
soluble molecules and chromatin by subsequent treatments with detergents, 
nucleases and high salt (117-119). Several reports have demonstrated 

the association of newly synthesized RNA with the nuclear matrix as well 
as RNA processing products (120-129), presumably via two proteins of 

Mr 41,500 and 43,000 (130). 
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The present study addressed the question of whether the nuclear ma
trix is actively involved in the attenuation mechanism in SV40 (R.Abulafia, 
A. Ben-Ze'ev, N. Hay and Y. Aloni, submitted for publication). Isolated 
nuclei were prepared from SV40 infected cells, pretreated with or without 
ORB or proflavine, and were incubated in the presence of~_32p_UTP for 5 
min. Nuclei, DNase plus salt soluble fractions and nuclear matrices were 
prepared and 32P-labeled RNAs were extracted. One portion of each 32p_ 
RNA preparation was hybridized to restriction fragments as outlined in 
Fig.4. The remaining portion of each preparation was used to select the 
viral RNA by hybridization to, and elution from, SV40 DNA on filters. The 
purified RNAs were then subjected to gel electrophoresis. 

Fig.15a shows that total nuclear viral RNA hybridized with all the 
restriction fragments, but with a relative enrichment of hybridization 
with the promoter-proximal fragment e and its adjacent fragment b. The 
hybridization with fragment e is more pronounced with the RNA derived from 
the DNase and salt soluble fraction as compared with that of the matrix 
fraction. These results indicate that the soluble fraction is enriched 
with the promoter proximal viral RNA species. The gel electrophoresis 
analyses in Fig.15b show that the enrichment of the soluble fraction with 
the promoter-proximal viral RNA species is, at least in part, due to the 
existence of the 94 nucleotide attenuator RNA. The attenuator RNA is 
found among total nuclear RNA and in the soluble fraction but is not de
tected in the matrix fraction. 

The enrichment in the accumulation of the attenuator RNA is even 
more pronounced in preparations of 32p_RNA synthesized in nuclei from the 
ORB pretreated cells. Fig.15a shows that in all three prep~rations (nu
clear, matrix and soluble) there is an almost exclusive signal with frag
ment e. However, the gel analysis (Fig.15b) shows that the attenuator 
RNA is detectable only in the nuclear and soluble preparations and not in 
the matrix fraction. These observations suggest that the matrix bound 
viral RNA is heterogenous in its length and ir presumably spans the en
tire length of fragment e. It can also be seen in Figs. 15a and 15b, 
that when the infected cells are pretreated with proflavine, the in vitro 
synthesized 32P-labeled RNA does not hybridize with restriction fragment 
e and there is no detectable 94 nucleotide band on the gel. This is in 
agreement with our observation indicating that pretreatment of the infec
ted cells with the intercalating drug, proflavine, causes readthrough (37). 



0 - . .. 
b- •• -
c - ... .. 
d- e •• 

30 

DRB 
N M S 

I - e - • _ e • 

--. -.--
- ... --.--

ORB prof\oWle 
NMS NMS m .....--

_- 120 

-93 

-B7 

Fig. 15. A 94 nucleotide long SV40 RNA that hybridizes to the SV40 
promoter proximal DNA (0.67-0.76 m.u.) is not associated with the nuclear 
matrix . a. - Isolated nuclei (N) prepared from an equal number of 
untreated- DRB treated (75 'uM, 40 min) or ~roflavine treated (80 mM, 2 min) 
SV40 infected cells were incubated with a- 2p-UTP as described in Fig .4. 
The nuclear matrix fra§~ion (M) and a DNase plus salt soluble fraction 
(S) were prepared and P-labeled RNA was extracted and hybridized to 
the five DNA restriction fragments as described in Fig . 4. b. -An 
equal portion of each RNA sample obtained as described in a-was 
hybridized to, and eluted from, SV40 DNA filters and the SV40 specific 
RNA molecules were analyzed by g3~ electrophoresis in 12% acrylamide 
-7M urea gels as in Fig. 4. m, P-labeled tRNA markers. 
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We conclude that the attachment of the nascent viral RNA to the 
nuclear matrix pertains to the antiattenuation mechanism (see Discussion). 

Is premature-termination a Qeneral mechanism in the requlation of 
gene expression in animal viruses. As an approach to answer this question 
we have scrutinized the DNA sequence of promoter-proximal regions of 
several animal viruses, currently under investiqation in our laboratory. 
These analyses revealed the existence of dyad symmetries in the DNA with 
the potential of forming stem-and-loop structures in the RNAs that are 
immediately followed by U-residues. In all these cases alternative RNA 
conformation are also feasible. Fig. 16 represents these transcription
termination signals in comparison with those of the attenuation sites 
of the amino acid biosynthetic operons of bacteria. It is apparent that 
the eucaryotic stem-and-loop structures are less stable than the 
procaryotic ones and in addition they include unpaired bases. It is 
conceivable that the unpaired bases provide the recognition specificity 
for the attenuator and/or antiattenuator factors or for the rho-like 
termination factor. 
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A.ATTENUATORS IN AMINO ACID BIOSYNTHETIC OPERONS 
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BATTENUATORS IN OPERONS OF ANIMAL VIRUSES 

Fig. 16. Comparison between the structure of the attenuators of the amino 
acid biosynthetic operons of bacteria and those of animal viruses. The 
structure of the attenuators of the amino acid biosynthetic operons of 
bacteria were adopted from Kolter and Yanofsky (102). The structure of the 
attenuators of the animal viruses suggested here are based on the nucleotide 
sequence of MVr1 (138), H-l (139), HBV (140) and BK (141). 
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DISCUSSION 
A model for guantitative regulation of SV40 gene expression by attentuation 
and nRNA modulation in a feedback control mechanism 

We have shown in the Results that viral RNA initiated at nucleotide 243 
terminates in vitro 94 nucleotides downstream, at a typical procaryotic 
transcription termination structure, suggesting that,an attenuation mecha-

\ 

nism, resembling attenuation in procaryotes, may regulate SV40 late trans-
cription. The same 94 nucleotides comprise the 5' end of a 202 nucleotide 
leader (nucleotides 243-444) that is spliced to the body (nucleotides 1381-
2592) of the 16S mRNA that encodes for the structural protein VPl (see Fig.2). 

The structural relationship of the 16S leader to the leader sequences 
of procaryotic mRNAs is striking and raises the possibility that, like them, 
it also participates in an attenuation mechanism by influencing the ex
pression of its downstream structural gene VP1. The 16S leader sequence, 
like those of procaryotes, encodes information for a small protein known 
as agnoprotein (54) recently discovered in several laboratories (37,55-57 
and see Figs. 13 and 14). In in vitro translation systems, the agnoprotein 
appears to be translated from the 16S poly (A)+ RNA species (37, 104). 

We have noticed two pairs of inverted complementary repeat sequences 
in the attenuated RNA and at the 5' end of the major 16S mRNA (37). These 
two pairs are designated 1+2 and 3+4 in Fig.17. In the nucleus, conforma
tion 3+4 serves as a typical transcription termination structure that has 
been implicated in the process of premature termination (2-10,102). When 
conformation 1+2 is first produced during transcription, the production of 
the competing conformation (2+3) (Fig.17B) is prevented. Thus the base 
pairing that occurs between 1 and 2 appears to be most important in the 
stabilization of the base pairing in the terminator region 3+4. A striking 
observation is that in conformation 1+2, 3+4, the agnogene AUG and the 
adjacent 4 nucleotides are sequestered in the stem 1+2, leaving only 5 
nucleotides for ribosome binding to the 16S mRNA in the cytoplasm. A 
second AUG (nucleotides 303-305) is sequestered in the stem of 3+4. We 
predict that when conformation 1+2, 3+4 prevails at the 5' end of the 16S 
mRNA, the AUG initiation codon for translation of VP1 (nucleotides 1423-
1426) is the first to be encountered by the ribosome, and thus VP1 is 
synthesized. Conversely, when conformation 2+3 prevails at the 5' end 
of the 16S mRNA, the agnogene AUG is accessible for ribosome binding and 
the agnoprotein is translated. We speculate that modulation between the 
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Fig. 17. Schema of alternative conformation in the attenuated RNA and 
at the 5' end of the 16S mRNA. (A) Attenuation conformation showing 
sequestration of initiation codon of agnoprotein in the stem 1+2, and a 
typical termination signal in 3+4. (8) Readthrough conformation in 
which the initiation codon of agnoprotein is available for ribosome 
attachment. For details see text. The ~G were calculated as described 
(16) . 
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two conformations is a fundamental element in a feedback control mecha
nism that regulates the amount of 165 mRNA synthesized in the nucleus and 
the amounts of VP1 produced in the cytoplasm. For such control at the 
attenuator site, a deficiency or surplus of VP1 must be sensed and com
municated to the transcribing RNA polymerase molecule. Our prediction is 
that the concentration of the agnoprotein in the cell is the distinctive 
feature communicated to the transcribing polymerase in the regulation of 
termination at the attenuator. According to this suggestion, the amount 
of agnoprotein in the cell determines, at least in part, the equilibrium 
between the alternative conformations of the 94 nucleotides at the 5' end 
of the transcript. The suggestion that the agnoprotein is a molecule 
that transfers information from the cytoplasm to the nucleus is supported 
by the observations that it can be isolated from both the cytoplasm and 
the nucleus (37, 56, 57 and see Fig.13), that it can be found in asso
ciation with 5V40 minichromosomes (37, 57) and that it is a nucleic-acid
binding protein (55,56). An interesting correlation exists between our 
observation that in vitro attenuation depends on low salt concentrations 
and readthrough on high salt concentrations (see Fig.lO) and the obser
vation of Jay et al. (56) that under the same low salt concentrations the 
agnoprotein binds to nucleic acids while under high salt concentrations 
it elutes from them. Moreover, the short half-life (2-3 hrs) of the 
agnoprotein (37,55) is suitable for that of a regulatory protein. 
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The details of the model are illustrated in Fig. 18 (37). During 
transcription of the 5' end of the transcripts, initating at nucleotide 
243, a certain fraction, arising from the readthrough 2+3 conformation, 

is synthesized into a complete primary transcript. We speculate that an 
antiattenuator factor is needed to facilitate the 2+3 conformation. The 
primary RNA transcripts are processed to mature 16S poly(A)+ mRNA and 
are transported to the cytoplasm. 1n this conformation, the accessible 

agnogene AUG is encountered by the ribosome, and 61 triplets are 
translated to the agnoprotein. Once a critical concentration of the 
agnoprotein is attained, it serves as a repressor of its own synthesis 
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by binding to its mRNA and stabilizing conformation 1+2, 3+4 (see Fig.19). 

As a result of this RNA folding, the ribosome encounters the initiation 
codon for the translation of VP1, and the structural protein is synthe

sized. At the same time, the agnoprotein is transported to the nucleus 
and stabilizes conformation 1+2, 3+4, leading to premature termination 
(Fig.18). Consequently, the VP 1 is synthesized in the cytoplasm, trans
cription in the nucleus is aborted. Reinitiation of the process occurs 
once the concentration of the agnoprotein is reduced below a critical 
level. 

Quantitative regulation of VP2 and VPa by attenuation and mRNA modulation 
in a feedback control mechanism 

The most abundant group of 195 mRNA (the mRNA of VP 2 is characterized 
by a gap of 184 nucleotides which extends exclusively from residue 292 
to residue 475 (see Fig.3). Thus as a result of the splicing process 
152 of the 202 nucleotides of the 165 leader are missing, consequently 
the 195 mRNA cannot encode for the agnoprotein. Instead, in the leader 
of 195 mRNA there is an open reading frame for the synthesis of a 29 
amino acid protein (103). This protein shares the first 13 amino acids 
with the agnoprotein and overlaps with the AUG of VP 2 (Fig.20). Hence 
a small overlapping region of the 5V40 genome can potentially code for 
the synthesis of two different proteins in two reading frames (see Fig. 
3) a situation that finds precedent in the 5V40 genome in the C termi-
nus of VP2/VP3 and the N terminus of VP1. We have designated this pos
tulated (39,103) but as yet undiscovered protein, agnoprotein 29 (39). 
As a result of the splicing process the nucleotides comprising the 3+4 
stem-and-loop structure of Fig.17 are also removed. As a result in the 
195 mRNA it is not possible to form the same alternative conformations 
as were suggested for the 165 mRNA in the regulation of the synthesis of 
VP 1. 5ince these alternative conformations (see Fig.17 are fundamental 
elements in our model (37) substitute sequences must exist if the syn
thesis of VP2 and VP3 are regulated by a feedback mechanism similar to 
that regulating the synthesis of VP1. 
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Indeed, 17 out of 18 nucleotides preceding and including the AUG of the 
agnoprotein are identical to the nucleotides preceding the AUG 
corresponding to the initiation codon for VP2 (105) (see strand 1 and 1* 
in Fig. 20). Consequently two alternative conformations can be predicted 
for the sequences at the 5' end of the 19S mRNA (see Fig. 20). In 
conformation A, nucleotides in strand 2 base-pair with those in strand 
1*. In conformation B, the nucleotides in strand 2 base-pair with those 
in strand 1. In conformation A, the agnogene29 AUG is available for 
ribosome binding and the VP2 AUG is sequestered in the stem 2+1*. 
Conversely, in conformation B the agnogene29 AUG is sequestered in the 
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stem 1+2 and the VP 2 AUG is available for ribosome binding. 
5imilar to the regulation of synthesis of VP1 (37) we speculate that mo

dulation between the two alternative conformations is a fundamental element 
in a feedback control mechanism that regulates the amount of 195 mRNA syn
thesized in the nucleus and the amount of VP2 produced in the cytoplasm. 
At the level of transcription the regulation between attenuation and read
through is based on the same alternative conformations as suggested for 
the synthesis of 165 mRNA (see Fig.17). This is because the 165 and 195 
mRNAs are spliced from the same primary transcript. That is, differential 

splicing occurs after the decision to attenuate or not (47). Again, as in 

our original model the prediction is that the concentration of the agno
protein, either that of the 165 or 195 or both, is the distinctive factor 
communicated to the transcribing polymerase in the regulation of termi
nation at the attenuator. According to this suggestion, the amount of 
agnoprotein in the cell determines, at least in part, the equilibrium 
between the alternative conformations of the 94 nucleotides at the 5' end of 
the primary transcript and at the 5' end of the 195 mRNA in the cytoplasm. 
Regulation of synthesis of VPa 

Because of the uncertainty about the nature of the VP3-mRNA (47) it is 
difficult to speculate whether the synthesis of VP3 is regulated by a si
milar feedback mechanism as that which regulates the synthesis of VP1 and 
VP2' The current notion is that VP 3 is synthesized at least in part from 
a 195 mRNA with a leader that is different from that of the VP2-mRNA (47). 
Ghosh et al. (49) suggested that in the 195 species lacking any gap or 
containing a small gap between residues 444 and 476, base pairing can oc
cur between sequences at and adjacent to the VP 2 AUG and a proximate seg
ment of RNA which is retained in these 195 RNA species (see Fig.21). This 
base-pairing may make the AUG of the VP 2 translation initiator at residue 
480 to 482 inaccessible to ribosomes .. It is interesting to note that in 
such a situation the AUG of the agnoprotein translation initiator would be 
sequestered in the 1+2 stem (see Fig.21). Thus as discussed for the re
gulation of synthesis of VP1 and VP 2, the stabilization of conformation 
1+2 is a prerequisite for the synthesis of VP3. It is noteworthy that the 
195 RNA species lacking any gap or containing a small gap between resi
dues 444 and 476 would encode information for the same 61 amino acid agno
protein as that encoded in the leader of the 165 mRNA. 5ince the VP3 
mRNA retains the same sequences involved in the modulation of the 
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secondary structure at the 5' end of the 165 mRNA (see Fig. 17) the 
production of VP 3 could be regulated by the same feedback mechanism that 
regulates the synthesis of VP1. However, an additional base palrlng 
should be formed in order to make the AUG of VP2 translation initiator 
inaccessible to ribosomes. 
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Fig. 21. Schema of a conformation at the 5' end of VP - mRNA. The 
conformation shows sequestration of initiation codon~30f agnoprotein and 
VP2. The initiation codon of VP3 is available for ribosome attachment. 
The base-pairing showing sequestration of initiation codon of VP2 is 
from Ghosh et al. (49). 

Antiattenuation. We must bear in mind that the models presented here 
and in our previous communications (37,39), however complex, are still 
not complete. Thus we can postulate, as in bacteria and their viruses, 
the existence of a positive control element that sup~resses transcription 
termination, namely a molecule that acts as an antiattenuator leading to the 
extension of the aborted RNA beyond the termination site. Of the several 
possible mechanisms suggested previously by which antiattenuation is 
achieved in procaryotic systems (2-1O)we prefer the follol-ling two: 
(i) the antiattenuator interacts with a subunit of the RNA polymerase, 
enabling it to transcribe through the termination signal; (ii) the anti
attenuator binds to the nascent RNA affecting the secondary structure and 
preventing transcription termination. This might be accomplished by the 
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movement of the nascent RNA under the action of the antiattenuator into 
a cellular domain where constraints influence RNA secondary structure 
formation. Relevant to this proposition is our observation that attenuated 
RNA is not attached to the nuclear matrix while readthrough transcripts 

are attached (see Fig.I5). 
Extension of the model. A speculative extension of the model is that 

the agnoprotein recognizes its binding sites via an RNA molecule. A possible 
suggestive candidate is the SV40 associated small RNA (SAS-RNA) (106). 
SAS-RNA is synthesized from the L(+) DNA strand between nuc1eotides 2760 
and 2825 (62 to 65 nuc1eotides in length); its synthesis is coupled to 
the initiation of SV40 late transcription (106). We suggest that the 
agnoprotein, once it is produced, binds to the SAS-RNA to form a small 
RNP particle and that this RNP particle recognizes the acceptor sites on 
the mRNA and at the attenuator region of the primary transcript through 
base pairing with the SAS-RNA. We have noticed the existence of several 
homologous sequences between the SAS-RNA and the aborted 94 nucleotide 
RNA. Thus for example the decanucleotides CCUGGCUGUC present at the 3' 
end of the SAS-RNA are also found, with the exception of one nucleotide, 
in the loop of conformation 1+2 (see Fig. 17). An important observation 
is that the SAS-RNA can also base-pair with sequences in this loop. Thus, 
the agnoprotein can bind to this loop through the SAS-RNA and stabilize 
the conformation 1+2, 3+4 of Fig. 17, 1+2. 1* of Fig. 20 and the 
conformation of Fig. 21. Indeed it has been suggested that a protein 
may stabilize the stem-and-loop structure by association with DNA or 
RNA - particularly if there is some specificity of interaction with the 
loop-containing unpaired nuc1eotides - and that such an association might 
be involved in the repression or activation of gene function (107). 
Other mechanisms for the involvement of the SAS-RNA in the attenuation 
mechanism are also feasible. 

If attenuation is a general mechanism in eucaryotes, then a similar 
function could be assigned to at least a part of the small RNPs found in 
the nucleus and cytoplasm of the eucaryotic cell (108). Consistent with 
this 'hypothesis are the following observations: (il low molecular weight 
RNAs have been found hydrogen-bonded to nuclear and cytoplasmic poly(A)+ 
RNA from cultured Chinese hamster ovary cells (109). (ii) some of the 
small RNAs apparently "shuttle" between the nucleus and cytoplasm (110) 
and (iii) the U1 and U2 (0 and C) species of small nuclear RNA that are 
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transcribed by polymerase II and derived from transcription units of large 
size were found to occur in association with ribonucleoprotein particles 
containing hnRNA (111,112). 
Agnoprotein fulfills a role which in the attenuation mechanism in amino 
acid biosynthetic operons of bacteria is achieved by a successful synthe
sis of the leader peptide. The similarities between our model and the 
attenuation model in amino acid biosynthetic operons of bacteria is 
striking (10,102). If SV40 has inherited the attenuation control mecha
nism from its procaryotic ancestors then it had to devise mechanisms to 
overcome the nuclear membrane barrier which uncouples transcription and 
translation in eucaryotes. It appears that the modification that the 
eucaryotic virus has made is using the leader protein itself instead of 
using the translation process of the leader peptide per se (10, 102). 
In the procaryotic systems successful synthesis of the leader protein and 
not the final product is the distinctive feature which signals premature 
termination via stabilization of the 3+4 RNA conformation (10,102). In 
the eucaryotic system translation has no direct effect on transcription 
because the two processes occur in separate cellular compartments. In
stead, in SV40, the leader protein itself is transported from the cyto
plasm ti the nucleus where it might stabilize the 1+2; 3+4 RNA confor
mation which can lead to transcription termination (see Fig.I8). An 
additional striking similarly between the procaryotic and eucaryotic systems 
is the location of the pause sites. In both systems it is located at the 
1+2 stem-and-loop structure. Fig.22 summarizes the similarities shared 
by the procaryotic and eucaryotic systems. It should be mentioned that 
other modifications or supplements that relate to the different natures 
of the procaryotic and eucaryotic RNA polymerase are conceivable. 
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MODEL OF ATTENUATION IN AMIMO ACID BIOSYNTHETIC OPERONS 
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EPILOG 
In the long term it should be possible to establish whether 

attenuation in SV40 and other viruses represents a specialized viral 
control mechanism or as seems more likely, whether the viruses are 
mimicking a control mechanism operative in normal eucaryotic cells. The 
suggested mechanisms described in our model open up approaches to the 
investigation of attenuation and mRNA modulation as a possible mechanism 
whereby eucaryotes may regulate transcription in a variety of different 
circumstances. We hope that testing some of the predictions presented 
in our model will confirm or rule out particular aspects and in doinq 
so will improve our understanding of how viruses and the eucaryotic 

cell regulate their gene expression. 
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THE USE OF REASSORTANT BUNYAVIRUSES TO DEDUCE THEIR CODING AND 

PATHOGENIC POTENTIALS 

D.H.L. BISHOP, F. FULLER, H. AKASHI, B. BEATY and R.E. SHOPE 

I. INTRODUCTION 

The Bunyaviridae is a large family of arthropod-borne RNA viruses (I) that has 

members that are pathogenic for man (e.g. La Crosse, LAC, virus) and, or domestic 

animals (e.g. Rift Valley fever virus), or are of no apparent impact to man's economy 

(e.g. snowshoe hare, SSH, virus). The familial characteristics of the member viruses 

include a genome consisting of 3 negative sense RNA species designated on the basis of 

size as L (Jarge), M (medium) and S (small). The viruses have an envelope apparently 

derived from the Golgi membranes of infected cells since the viruses mature by budding 

into the Golgi cisternae. This latter characteristic is unique to this family of viruses and 

poses interesting, as yet poorly understood, morphogenetic questions. The outer surface 

of the virus envelope has projections involving 2 glycoproteins, designated G I and G2. 

The viral RNA species are encapsidated by nucleoprotein, N and appear to be associated 

with small quantities of a large protein (L protein) that may be a transcriptase 

component. A cartoon of a schematic bunyavirus is given in Fig. I. 

NUClEOCAPSIDS 
(three, internal ,helical, circular) 

I. L RNA-N+L protein 
2. M RNA- N+L protein 
3. S RNA- N+L protein 
Lprotein is Iranscriptase? 
Arrangement ? 

GlYCOPROTEINS 
(two,GI,G2, external) 

Penetration ttwoU9h envelope? 
Arrangement? Uukuniemi virus 
with hollow cylindrical surfoce 
spikes 

, , 

I 
I 
I - ---r-- ---110-12 nm Nucleocapsid: 

<A'~::!f~~~-----:----- coiled,sin;le 2-3nmband 

I , , , , 
_--90-IOOnm---+.' ,~ 

FIGURE I. A schematic representation of a bunyavirus particle. 
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F our genera of Bunyaviridae have been defined (Bunyavirus, Phlebovirus, 

Nairovirus, Uukuvirus) (I). A listing of the accepted and proposed members of the 

Bunyavirus genus is given in Table I, updated from an earlier report (2). Based on 

arthropod isolation studies, most bunyaviruses are believed to be transmitted by 

mosquitoes. For La Crosse (LAC) bunyavirus transovarial transmission of the virus in the 

mosquito vector not only allows viruses to be passed from generation to generation, but 

also provides an overwintering mechanism (2). Most nairoviruses and uukuviruses are 

transmitted by ticks; phleboviruses are transmitted by sandflies and, or mosquitoes. 

Some members of the family (e.g., Akabane virus) are transmitted by Culcoides. 

Table I. The Bunyavirus genus (2,3) 

Propooed Serological CIOS5iflcation of Viruses of Fomily Bunyaviriooe, genus Bunyoviruso. 

Anopheles B Group 
Anopheles B 

Borocelo 

BvnyomweroGroup 
Bunyanwero 

~~::bon 
Boto;(Colovol 
lIesna 
Birao 
Tensaw 
Cache VoUey (TIocotol!l,on) 

Moqvtti ((boAr 426 ) 

~Ij~;t 
NorthW<lY 
Salta Rosa 
Lokf)'l"n 

Wyeomyio 

l~O:S~i (BeAr 314206b,BeAr 328208b) 

~::~~8 
Main Drain 
Guoroo 
KoiTi 

~:ntGrOo.Jp 
Pongolo 

~u 
Coraporu{BeH554~b) 
Coroporu/Trinidod 
0= 

Apeu b 

~~:~b 
Madrid 
'Iaritubo 

MUTutucu 
Reston b 

Nepuyo(63UII) 
Gumbo Limbo 

Oriboca 
11aqui 

E~:;:~~~:~ ~~~~holil~S 
Tahyno(Lumbo) 

'''''00 Son Angelo 
laCrosse (snowshoe-hore) 

Meloo 
Serra do Novlo 
Keystone . b 
Jamestown Canyon (South River) 
Jerry Slough 

trivitfolu$ 

§opimGroup 
ap,m b 

Guojoro (GU7IU3S0 ) 
Bust&Jsh 

~tSi:IT344b 
JuonD'(lz 

Acara 
Morkhe 

Benevides 

Guama Gr(lup 
Guoma 

An(lnindeua 
Maju 
Mahogany Hammock 

Bimitl 
Timbateua 
Cotu 
Bertiogo b 

Canane,a 
G~arat~o 
It,mlrim 
Mirim 

~ i<ooi-\9ol-----
Wongal 

Olifantsvlei Group 
OlifontsvleiH3obia) 
90tambi 

Patois Group 
Patois b 

:~~~OYOb 
ShorkRiver 

Zegla 
Pahayakee 

Tete Group 
Tete 

Bohig 
Matruh 
Tsuruse 

Satoma 

2. CODING ANALYSES OF CAL GROUP BUNY AVIRUSES 
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2.1. The formation of recombinant bunyaviruses by RNA segment reassortment 

Previous studies have documented the limited ability of California (CAL) serogroup 

bunyaviruses to form recombinant viruses by RNA segment reassortment (4-6). Thus, 

from dual virus infections with selected temperature-sensitive (~) mutants of LAC and 

snowshoe hare (SSH), or trivitattus (TVT), or Tahyna (TAH), or Lumbo (LUM) viruses, 
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wild-type progeny have been recovered and their reassortant L/M/5 RNA genotypes 

(e.g. 55H/LAC/55H) characterized by RNA fingerprinting. So for no reassortants have 

been recovered from crosses involving Bunyamwera and CAL group viruses, or CAL and 

Group C bunyaviruses, or bunyaviruses and members of other genera of the family 

(unpublished data). Genotype analyses of natural LAC virus isolates by fingerprinting 

indicate that although reassortment occurs in nature it is an infrequent event (7). 

2.2. The RNA-protein coding assignments of bunyaviruses as deduced from analyses of 

parent and reassortant CAL group bunyaviruses 

Analyses of the genotypes and structural polyproteins of parental and reassortant 

CAL group viruses have established that the bunyavirus 5 RNA codes for N protein and a 

non-structural protein designated N55 (8,9). It has also been shown that the M RNA 

codes for the two viral glycoproteins, G I and G2, and a second non-structural protein, 

N5M (9,10). An example of the use of parental and reassortant CAL group bunyaviruses 

to deduce the coding assignments of the viral N, N55 and N5M proteins is given in Fig. 2 • 

SSS llL SLS SLL L5S 

<01 

N 

LSL LLS SSL 

., 
c 

(01 

N 

FIGURE 2. The viral proteins induced by LAC (L/L/L), 55H (5/5/S) and six LAC-SSH 

reassortant viruses. The L/M/S genotypes of the infecting viruses are indicated above 

the respective lanes of virus induced proteins. 
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Due to the small quantities of available L protein, it has not been possible to 

unequivocably prove that the bunyavirus L RNA codes for L protein, however, from their 

respective sizes, the conclusion appears reasonable. It is not known if the L RNA also 

codes for non-structural proteins. 

2.3. Evidence that the bunyavirus tv'. RNA gene products (the glycoproteins) interact 

with neutralizing antibodies 

It has been shown from analyses of parental and reassortant CAL group viruses that 

the viral glycoproteins contain the type specific determinants and interact with 

neutralizing antibodies '(II). An example of the data that allowed this conclusion to be 

drawn is provided in Table 2. 

Table 2. Plaque reduction neutralization test reactions of prototype and reassortant 

CAL group viruses (I I ). 

Virus Reciprocal of antibody dilution giving 50% reduction in PFU 

LAC antiserum T AH antiserum 

LAC/LAC/LAC 1280 10 

T AH/LAC/T AH 1280 20 

T AH/LAC/LAC 640 0 

T AH/T AH/T AH 160 1280 

LAC/T AH/T AH 320 640 

LAC/T AH/LAC 320 640 

2.4. Evidence that the bunyavirus M RNA gene products (the glycoproteins) are major 

determinants of viral virulence for the neurotropic CAL group bunyaviruses 

It has been shown that bunyavirus glycoproteins are major determinants of CAL 

virus virulence (12). Studies of the mortalities of mice following intracerbral or 

intraperitoneal inoculation of parent, or reassortant CAL group viruses (Table 3), plus 

analyses of the average survival times after inoculation of lethal doses of the same 

viruses (Table 4), have established that the principal determinants of virulence are the M 

RNA gene products. Since the CAL group viruses are neurotropic, it appears that 

neurotropism is a property determined by the bunyavirus glycoproteins. 
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Table 3. Intracerebral (ic) and intraperitoneal (ip) virulence in mice of parent and 

reassortant CAL group viruses (12). 

Virus log LDSO per mi. 

ic inoculation ip inoculation 

LAC/LAC/LAC 7.7 4.4 

T AH/LAC/T AH 7.7 4.8 

T AH/LAC/LAC 7.7 3.0 

T AH/T AH/T AH 9.0 0 

LAC/T AH/T AH 8.5 0 

LAC/T AH/LAC 7.1 0 

Values of 0 represent less than 1.6 log LDSO per ml of inoculum. 

T ab"le 4. Survival of mice inoculated intracerebrally with lethal doses of parent and 

reassortant CAL group viruses (12). 

Virus Mean survival + SEM 

1.0-1.9 log LDSO 3.0-3.9 log LDSO 

LAC/LAC/LAC 5.4 + 0.6 3.4 + 0.2 

T AH/LAC/T AH 6.0 + 1.0 3.9 + 0.3 

T AH/LAC/LAC 6.8 + 0.4 4.0 + 0.4 

T AH/T AH/T AH 2.6 + 0.2 1.8 + 0.2 

LAC/T AH/T AH 3.6 + 0.4 2.8 + 0.4 

LAC/T AH/LAC 2.2 + 0.4 1.6 + 0.2 
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2.5. Evidence that the bunyavirus M RNA gene products (the glycoproteins) are major 

determinants of the success of virus infection and transmission by arthropod vectors. 

In the upper midwestern regions of the continental United ·States LAC and SSH 

viruses are sympatric in their distribution (2,3). However the two viruses have different 

veterbrate host preferences (snowshoe hares for SSH virus, chipmunks and tree squirrels 

for LAC virus), and different preferred arthropod vectors. Most LAC virus isolates have 

been recovered from Aedes triseriatus mosquitoes (2); SSH virus isolates have come from 

various Aedes species e.g., Aedes canadensis, Aedes cinereus, Aedes communis (3). In 

studies involving measuring the infection rates of colonized Aedes triseriatus by LAC, 

SSH and SSH-LAC reassortants, it has been shown (Table 5) that after oral ingestion both 

SSH and LAC viruses are equally successful in establishing midgut infections. However 

subsequent infections of other tissues by SSH virus, or SSH-LAC reassortants with a SSH 

M RNA species, are less successful than for LAC virus, or SSH-LAC reassortants with a 

LAC M RNA (13). 

Table 5. Infection of Aedes triseriatus mosquitoes by SSH, LAC or SSH-LAC 

reassortants following per os introduction of virus (13). 

Virus Midgut infection Disseminated infection 

attempts Positive attempts Positive 

LAC/LAC/LAC 45 44 (98%) 44 44 (100%) 

SSH/LAC/SSH 40 39 (98%) 39 38 (97%) 

SSH/LAC/LAC 32 32 (100%) 32 31 (97%) 

SSH/SSH/SSH 26 23 (89%) 23 4 (17%) 

SSH/SSH/LAC 40 38 (95%) 38 II (29%) 

LAC/SSH/SSH 13 12 (92%) 12 (8%) 

LAC/SSH/LAC 21 19 (90%) 19 8 (42%) 

The infection attempts that were scored positive were determined from the 

demonstrotion of viral antigens in midgut or head squash tissues (disseminated infection). 
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It has also been shown that the ability of infected Aedes triseriatus mosquitoes to 

successfully transmit virus to newborn mice is influenced by the origin of the viral M 

RNA species (14). Again, LAC virus and SSH-LAC reassortants with a LAC M RNA 

species were found to be more frequently transmitted by these mosquitoes than SSH 

virus, or SSH-LAC reassortants with a SSH M RNA (Table 6). Without colonized 

mosquitoes representing the preferred vectors of SSH virus it has not been possible to 

perform reciprocal experiments to determine if the demonstrable infection and 

transmission preferences associated with possession of a LAC M RNA are active in 

alternate mosquito species. 

Table 6. Transmission of SSH, LAC and SSH-LAC reassortants by Aedes triseriatus 

mosqu i toes (14). 

Virus No. transmissions 

LAC/LAC/LAC 60 

SSH/LAC/SSH 35 

SSH/LAC/LAC 22 

SSH/SSH/SSH 12 

SSH/SSH/LAC II 

LAC/SSH/SSH 5 

LAC/SSH/LAC 8 

No. attempts 

60 

39 

23 

36 

35 

14 

19 

% Transmitted 

100% 

90% 

96% 

33% 

31% 

36% 

42% 

Transmissions were documented by the death of newborn mice on which infected (i.e., 

viral antigen positive) mosquitoes were allowed to feed. 

In summary, it has been shown that the M RNA gene products of CAL group 

bunyaviruses are the principal determinants of virus virulence and neurotopism in model 

animal systems. Also they are important in determining the success of viral infection 

and transmission in selected arthropod vectors. Although it has been shown that the M 

RNA gene products include the 2 viral glycoproteins, GI and G2, as well as a small non

structural protein, NSM, it is not known whether the epitopes that interact with 

neutralizing antibodies are located on the GI protein or the G2 protein. Nor is it known 

where the receptor binding sites reside. Further studies using monoclonal antibodies will 

be required to resolve these issues. 
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3. GENETIC AND BIOLOGIC PROPERTIES OF THE GROUP C BUNYAVIRUSES 

Many of the Group C bunyaviruses (Table I) have been isolated from man as well as 

from culicine mosquitoes. These include Apeu, Caraparu (CAR), Itaqui, Madrid, 

Marituba, Murutucu, Nepuyo, Oriboca, Ossa, and Reston viruses (2). Several cause 

undifferentiated systemic human febrile illnesses. Unlike the CAL group virus infections 

these Group C viruses are not associated with human CNS disease. Several of the Group 

C bunyaviruses have been recovered from rodents and, or marsupials collected in North, 

Central, or South America, indicating that these small animals plus mosquitoes 

constitute the primary virus cycle in nature. Human sera surveys have shown that in 

some regions of the world Group C viruses frequently infect the local human population. 

In model animal systems certain Group C viruses are viscerotropic, alternate 

isolates, or other Group C virus serotypes, or subtypes, are neurotropic. F or example, 

the viscerotropic CAR(v) BeAn 3994 kills 3-day-old baby, or 4-week-old, Swiss outbred 

mice within 2-3 days following either an ip, or ic, route of inoculation (Tables 7, 8). The 

neurotropic CAR(n) BeAn 7981 virus isolate kills 3-day-old mice more slowly after 

inoculation by the ic route (Table 8) and 4-week-old mice ic but at a lower titer than 3-

day-old mice (Table 7). The CAR(n) BeAn 7981 virus does not kill 4-week-old mice 

following ip inoculation (Table 7). 

Table 7. Ie and ip titration of viscerotropic and neurotropic CAR virus isolates. 

Titer (log LDSO per ml virus stock) 

Virus Adult mice 3-day-old mice 

CAR (v) BeAn 3994 

CAR (n) BeAn 7981 

ic 

8.7 

6.0 

ip 

)5.5 

4-1.5 

ic 

7.7 

7.4 

Table 8. Average survival time (AST) of 3-day-old mice inoculated ic with 

viscerotropic or neurotropic CAR virus isolates. 

Virus 

CAR (v) BeAn 3994 

CAR (n) BeAn 7981 

AST in days as function of dose (log adult mouse ic LDSO) 

~S.O) (2.3-3.0) (0.3-1.0) <'0.3) 

2.0 2.4 

3.4 

3.0 

4.3 6.5 
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In addition to hepatic necrosis that occurs in mice infected with the viscerotropic 

strain of CAR virus, liver viral infectivity titers are higher than in brain tissues 

(unpublished data). The neurotropic CAR strain does not induce hepatic necrosis and 

virus titers are higher in brain tissues than in the liver. Similarly, complement fixing and 

hemagglutinating antigens of CAR(v) are found in the liver of infected mice, while for 

mice infected with the CAR(n) strain such antigens are found in the brain. 

3.1 Isolation of intertypic reassortant CAR Group C bunyaviruses. 

Analyses of the L, M and S RNA fingerprints of the viscerotropic and neurotropic 

strains of CAR virus indicate that the genotypes of the 2 viruses are very similar. 

Evidently, though, each RNA species of the 2 viruses can be distinguished (Fig. 3) • 
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FIGURE 3. Oligonucleotide fingerprints of the L, M and S RNA species of the 

viscerotropic (CAR(v) BeAn 3994, top panels), and neurotropic (CAR(n) BeAn 7981, lower 

panels), strains of Caraparu virus. 

Analyses of the pathogenic abilities of a number of reassortant CAL group viruses 

obtained from ~ virus coinfections have demonstrated that silent mutations, incidental 
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to the induced ~ lesion, are frequently also present in the mutant viruses and can be 

passed on to "wild-type" reassortant progeny (15). Such silent mutations become 

apparent when the viruses are assayed l!! vivo. Thus, it has been shown that "wild-type" 

LAC/LAC/SSH and LAC/LAC/LAC viruses obtained from particular mutant virus crosses 

were highly attenuated l!! vivo by comparison with the parent LAC virus (15). Fewer 

attenuated reassortants are recovered when dual wild-type parent virus crosses are used 

to obtain reassortants (unpublished observations). However using wild-type virus crosses 

more screening is needed to recover particular reassortants. 

In order to determine which viral RNA species of the Group C bunyaviruses codes 

for the gene products responsible for viscerotropism, dual wild-type CAR(v) and CAR(n) 

virus coinfections were undertaken and progeny virus clones selected at random. The 

viruses were fingerprinted to determine their genotypes. In addition to the 2 parental 

type virus, 2 reassortants were obtained from analyses of some 10 progeny virus clones. 

They had L/M/S RNA genotypes of CARv/CARn/CARn and CARv/CARv/CARn (Fig. 4). 

• 

• • 

s ,." 

• 

• 

s ... ' 

FIGURE 4. L, M and 5 RNA oligonucleotide fingerprints of the reassortant viruses 

CARv/CARn/CARn (upper panels) and CARv/CARv/CARn (lower panels). 
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3.2 Pathogenic properties of inter typic reassortant CAR Group C bunyaviruses. 

The pathogenic properties of the 2 intertypic reassortant CAR viruses obtained 

from dual wild-type CAR(v) and CAR(n) virus infections were determined using baby and 

4-week-old outbred Swiss mice. The results obtained are depicted in Tables 9 and 10. 

Table 9. Ic and ip titrations of intertypic reassortant CAR viruses. 

Titer (log LDsO per ml virus stock) 

Virus Adult mice 3-day-old mice 

CARv/CARv/CARn 

CARv/CARn/CARn 

ic 

8.7 

6.7 

ip 

~4.s 

" 1.5 

ic 

9.1 

8.0 

Table 10. Average survival time (AST) of 3-day-old mice inoculated ic with intertypic 

reassortant CAR viruses. 

Virus 

CARv/CARv/CARn 

CARv/CARn/CARn 

AST in days as function of dose (log adult mouse ic LDsO) 

~5.0) (2.3-3.0) (0.3-1.0) «0.3) 

2.0 2.2 

3.8 

3.4 

4.3 5.0 

The results of these analyses demonstrated that the CARv/CARv/CARn 

reassortant resembled the viscerotropic CAR(v) BeAn 3994 parent virus both in terms of 

the ic and ip titration data and the average survival times of mice receiving different 

lethal dases of virus (see Tables 8 and 9). Similarly, the CARv/CARn/CARn reassortant 

resembled the neurotropic CAR(n) BeAn 7981 parent. Since the only genotype difference 

between the 2 reassortants resides in the origin of the M RNA species, it is reasonable to 

conclude that the CAR M RNA gene products (presumably the glycoproteins) determine 

the virulence phenotype. These results need confirmation from analyses of other CAR 

reassortants, and formal proof that for the Group C viruses that the M RNA species 

codes for the viral glycoproteins. 
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4. DISCUSSION 

It has been shown for bunyaviruses that the S RNA codes for the 20-25x I 03 dal ton 

nucleocapsid protein, N, and the lOx 103 dalton non-structural protein, NSS• The tvi RNA 

codes for the 2 viral glycoproteins, the 110-120x103 dalton GI protein and the 30-40x103 

dalton G2 protein, as well as a 15xl03 dalton non-structural protein, NSM• Presumably 

the L RNA codes for the 180xl03 dalton L protein that is probably a transcriptase 

component. Analyses of parent and reassortant CAL group bunyaviruses, and preliminary 

data with parent and reassortant Group C bunyaviruses, indicate that the /Ii, RNA gene 

products of these viruses determine the virulence characteristics. In what manner the 

viral glycoproteins interact with cell receptors and target specific cells in particular 

organs is one of the major unanswered questions of viral pathogenesis. 
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GENETIC DIVERSITY OF BUNYAVIRUSES AND MECHANISMS OF GENETIC 
VARIATION 

R.M. ELLIOTT, J.F. LEES, G.E. WATRET, W. CLARK and C.R. PRINGLE 

Medical Research Council virology Unit, Institute of Virology, 
Church Street, Glasgow, GIl 5JR, Scotland. 

1. INTRODUCTION 

Tne family Bunyaviridae currently includes more than 

two-nundred arthropod-borne viruses which share certain 

morphological or biochemical characteristics (1). Some of 

these viruses can infect the central nervous system or cause 

haemorrhagic fever in man and other animals. The viruses are 

generally spherical, 80-110 nm in diameter, and contain three 

nelical nucleocapsids. The genome comprises three segments of 

single-stranded negative sense RNA designated L (large), M 

(medium) and S (small). For most bunyaviruses the genome 

encodes at least 4 proteins, including the major virion 

components which are the nucleocapsid protei n N and the two 

surface glycoproteins Gl and G2. A minor large molecular 

weight protein designated L is sometimes observed, and this 

protein is presumed to be the virion transcriptase. The 

maturation of bunyaviruses occurs at smooth membrane vesicles, 

predominantly in membranes associated with the Golgi apparatus. 

On the basis of serological comparisons and more limited 

biochemical analyses, four genera of bunyaviruses have been 

established; Bunyavirus, Nairovirus, Uukuvirus and Phlebovirus. 

The Bunyavirus and Nairovirus genera are further sub-divided 

into various serogroups. In this chapter we will describe some 

of our work on the genetic variation of bunyaviruses. We will 

consider primarily viruses belonging to the Bunyamwera group of 

the genus Bunyavirus, but will also describe some features of 

viruses belonging to the Nairovirus and Uukuvirus genera. 

61 
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2. PROTEIN SYNTHESIS IN BUNYAVIRUS-INFECTED CELLS 

We have compared the patterns of protein synthesis by viruses 

representing three bunyavirus genera; Bunyamwera (BUN) virus (2) 

of the Bunyavirus genus, the prototype of the whole family, and 

two Scottish bunyaviruses - Clo Mar (CM) virus (3) representing 

the Nairovirus genus, aand St Abb's Head (SAH) virus (4) 

representing the Uukuvirus genus. These viruses will each 

replicate in a variety of different mammalian or avian cell 

lines, but to aid comparison we sought a cell line permissive 

for all three viruses. Prompted by the observation of Leake et 

al. (5) that XTC-2 cells, an amphibian cell line derived from 

Xen0E!!s laevis (6), permitted the plaque titration of a wide 

range of arboviruses, we found that 

would replicate in this cell line. 

XTC-2 cells by Bunyamwera virus, Clo 

these three buyaviruses 

The proteins induced in 

Mor virus and St Abb's Head 

virus are shown in Figure 1, and their molecular weights are 

compared in Table 1. Identification of Bunyamwera virus 

Prot ein BUN eM SAH . 
L 180 nd nd 

glyco- 115 90 62-75 
protein (30) 

N 24 50 25 

non- 60 45 58 
structural 50 30 

16 
13 

. 
molecular weight x 10- 3 

nd not determined 

TABLE 1. Comparison of the molecular weights of the proteins 
induced by Bunyamwera, Clo Mor and st Abb's Head viruses in 
XTC-2 cells. 

proteins is facilitated because of the marked inhibition of host 

cell protein synthesis, in contrast to the lack of inhibition b¥ 
Clo Mor and st Abb's Head viruses. Clo Mor and St Abb's Head 

virus specific proteins were identified by immunoprecipitation 

with specific antisera or by using different radioactive 
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ABC 0 E F G H 

L 

G1 

p60 

p50 

N 

N 
p45 

FIGURE 1. Polypeptide profiles of bunyavirus infected XTC-2 
cells. Infected cells were pulse-labelled for 1 hour with 
35S-methionine (lanes A- G and J-O) or 3H-mannose (lanes H and I) 
and cell lysates examined by polyacrylamide gel electrophoresis. 
Lanes B-D = 4, 8 and 16 hours after infection with Bunyamwera 
virus; lanes F and G = 8 and 16 hours after infection with Clo 
Mor virus, and lanes H. and I 16 and 24 hours after infection; 
lanes K - 0 = 2, 4, 6, 8 and 10 hours after infection with St 
Abb's Head virus; lanes A, E and J = mock-infected XTC-2 cells. 

precursors. The nucleocapsid proteins of Bunyamwera virus and 

St. Abb's Head virus have similar molecular weights (approx 

25000 daltons) but the N protein of Clo Mor virus is about twice 

as large (48000). The glycoproteins are also distinctive for 

each virus, as shown in Table 1. (The G2 protein of Bunyamwera 

virus is expressed more variably and less reproducibly than that 

of viruses of the California encephalitis serogroup or even 

other members of the Bunyamwera serogroup). The functions of 

the minor proteins, which are listed as non-structural in Table 

1, are unknown at present. The coding ass i gnments of the 
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proteins and the arrangements of coding sequences within gene 

segments are not understood for all viruses, and this aspect of 

the genetic diversity of bunyaviruses is under investigation. 

3. MECHANISMS OF GENETIC VARIATION 

3.1 Characteristics of homologous and heterologous 

recombination. 

In order to explore the origin of the genetic diversity of 

the Bunyaviridae, we have concentrated on analysis of mechanisms 

of genetic variation within a single serogroup of the genus 

Bunyavirus, namely the Bunyamwera serogroup which includes 

Bunyamwera virus. Initially three viruses - Batai (BAT) virus 

, Bunyamwera (BUN) virus and Maguari (MAG) virus - representing 

the range of serological variation within this serogroup were 

chosen for detailed study. Temperature-sensitive (ts) mutants 

of all three viruses were isolated following mutagenesis with 

5-fluorouracil. As with all segmented genome viruses 

recombination in the Bunyaviridae can occur by genetic 

reassortment of genome sub-uni ts in the course of mixed 

infection (7). Therefore these ts mutants were classified into 

groups by recombination experiments, and the homologies of the 
groups established by heterologous recombination (Table 2). 

Bunyamwera Number of mutants per recombination group 
serogroup virus I II III (I & II) Total 

BATAI 4 0 0 5 

BUNYAMWERA 5 3 0 0 8 

MAGUARI 12 31 45 

Tot a I 18 38 58 

Gene assignment LorN GlIG2 LorN 

TABLE 2. Classification of 5-fluorouracil induced ts mutants 
of three Bunyarnwera serogroup viruses into recombination groups. 

The number of recombination groups, therefore, should equal the 

number of genome sub-units. However, only two recombination 
groups were identified in three independent genetic analyses of 
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ts mutants of ten different bunyaviruses (8,9,10,11) belonging 

to both the Bunyamwera and California encephalitis serogroups. 

Now a mutant of Maguari virus has been described which 

identifies the missing third group (12). The availabilit'y of 

this mutant provides genetic markers for all three genome 

sub-units, and unequivocal assignment of recombination group to 

genome sub-unit can be deduced in principle by determination of 

the phenotype and genotype of recombinants derived from crosses 

of different viruses. Certain peculiarities of heterologous 

recombination, however, which will be discussed later have 

complicated this procedure. At present it is certain only that 

the group II mutants represent the Gl polypeptide coding 

sub-unit (the M-RNA), whereas groups I and III may represent 

either the N or L polypeptide coding sub-units. 

3.2 The extent of sub-unit reassortment. 

The apparent ability of different members of the Bunyamwera 

serogroup to freely exchange genome sub-units suggested that 

this serogroup probably represents a single gene pool (11). 

This observation posed the question whether there are any 

restrictions to recombination between bunyaviruses at this or 

higher levels of taxonomic divergence? This question has been 

investigated by two approaches employing on the one hand 

heterologous crosses of ts mutants of different viruses, 

followed by screening for non-ts recombinant progeny, and on the 

other hand crosses of ts and non-ts viruses in combination with 

the use of specific antisera. The latter procedure requires 

the use of a ts mutant which will donate a Gl protein coding 

sub-unit in crosses at restrictive temperature (i.e. a group I 

or III ts mutant) and a specific antiserum to the non-ts virus. 

Recombinant progeny will be favoured and parental virus 

eliminated by screening at the restrictive temperature in the 

presence of antiserum to the non-ts virus. The former 

procedure is the more sensitive but depends on the availability 

of ts mutants of both parental viruses. The latter procedure 

is the more flexible and universally applicable with any virus 
against which specific antiserum can be prepared. The 
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recombinant nature of the progeny must be confirmed, however, by 

genotypic or phenotypic analysis as described below. 

It was soon apparent from these experiments that there were 

oarriers to reassortment of sub-units at least in terms of the 

ease of generation of recombinants in vitro. Figure 2 

summarises the results of these experiments so far. Viruses 

contained within the same box have been shown experimentally to 

be capable of exchanging genome sUb-units. The data for the 

California encephalitis group viruses comes from the work of 

Bishop and colleagues (13). Comprehensive attempts to 

demonstrate recombination between viruses of the Bunyamwera 

group and viruses of the California encephalitis group were 

unsuccessful by either approach. A difference in the 

restrictive temperature appropriate for the mutants of the two 

serogroups, however, limited the sensitivity of direct screening 

Africa 

BUNYAMWERA 

BATAI 

GERMISTON 

Eurasia 

BATAI 

North 
America 

NORTHWAY 

MAIN DRAIN 

KAIRI 

SNOWSHOE HARE 

T AHYNA LA CROSSE 

TRIVIT A TTUS 

, SATHUPERI , 

South 
America 

MAGUARI 

GUAROA 

Serogroup 

BUNYAMWERA 

CALIFORNIA 

ENCEPHALITIS 

SIMBU 

FIGURE 2. A diagrammatic representation of the extent of 
heterologous recombination among some viruses of the Bunyavirus 
genus. Viruses within the same rectangle are able to exchange 
genome sub-units under experimental conditions, but 
recombination has not been observed between viruses in different 
boxes under the same conditions. (The data for recombination 
among viruses of the California encephalitis group are taken in 
part from the work of D.H.L. Bishop and colleagues). 
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for non-ts recombinants. Similarly attempts to obtain 

recombination between Sathuperi virus, a member of the Simbu 

serogroup, and viruses of either the Bunyamwera or the 

California encephalitis groups were likewise unsuccessful. 

Similar restrictions on recombination were observed in both BHK, 

BSC-l and Aedes albopictus mosquito cells, although higher 

recombination frequencies were often recorded in progeny from 

the latter. These experiments do not exclude the rare 

occurence of recombination, but they indicate that genome 

sub-unit exchange is restricted within the Bunyavirus genus. 

Recombination appears to be possible only between viruses 

belonging to the same serological grouping, and rare or 

non-existant between more distantly related members of the 

genus. In this respect the bunyaviruses are not dissimilar 

from other segmented genome RNA viruses; for example, 

recombination among influenza viruses has been demonstrated for 

viruses belonging to group A or group B, but not between viruses 

of these two serological types. The bunyaviruses differ from 

this pattern in that recombination may also be restricted among 

viruses belonging to the same serogroup. Figure 2 shows that 

recombination could be demonstrated between five viruses of the 

Bunyamwera serogroup, but three other viruses - Guaroa virus, 
Kairi virus and Main Drain virus - appeared to be genetically 

isolated. Again recombination potential follows serological 

relationships. The five recombining viruses, though showing a 

gradation of serological relationships, are more closely related 
to one another than to the other three viruses (1, 14). These 

observations together with the apparent uniformity of the 

terminal nucleotide sequences of the genome sub-units of all 

members of the same genus (8) suggest that the specificity of 

recombination may reside at the level of gene products rather 

than as a result of direct interaction of nucleic acid 

molecules. Further study of recombination in bunyaviruses may 

help to elucidate the mechanism of assembly of the correct 

complement of genome sub-units to produce an infectious virion. 

These results are also interesting in that viruses such as 
Bunyamwera virus and Maguari virus which appear to be totally 



isolated both geographically and ecologically may yet be capable 

of exchanging genome sub-units in a laboratory environment. By 

contrast viruses such as Main Drain virus and Northway virus 

which naturally co-exixst in the same area remain genetically 

isolated. It is evident that the bunyaviruses are a group of 

viruses with potential for sudden variation comparable to the 

antigenic shift phenomenon associated with influenza viruses. 

For this reason they merit continual surveillance in view of 

their disease potential for man and agricultural animals of 

several bunyaviruses. 

3.3 Genotyping by dot-hybridization. 

Restrictions in the reassortment of genome sub-units, 

however, is not confined to interactions between distantly 

related viruses. For instance Gentsch et ale (15) reported 

that reassortment almost invariably occured unidirectionally in 

the California encephalitis group; e.g. in crosses of ts mutants 

La Crosse virus could act as a donor of M-RNA with snowshoe hare 

virus as the recipient, but not vice versa. In contrast 

bidirectional segregation appeared to be the norm in 

heterologous crosses of viruses of the Bunyamwera serogroup 
(11). This conclusion was based on analyses of the phenotypes 

of recombinants, observing the differential electrophoretic 

mobility of the Gl and N polypeptides in polyacrylamide gel. 

This type of analysis provides information about the behaviour 
of two of the three genome sub-units only. The complete 

genotype of recombinants can be definitively determined by 

oligonucleotide fingerprinting of each RNA sub-unit (8), but 

this procedure is not suitable for screening large numbers of 

recombinants. 

Recently we have developed a dot-hybridization assay which 

provides a simple procedure for genotyping large numbers of 

recombinants. The method is a modification of a procedure 

described by Faulkner-Valle et al. (16) for the genotyping of 

rotavirus recombinants. This type of hybridization assay is 

possible because we have cloned reverse transcripts of sequences 
from the L-RNA, M-RNA and S-RNA sub-units of Bunyamwera virus 
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pBUN84 pBUN133 pBR322 

FIGURE 3. Genotyping by dot-hybridization. Cytoplasmic 
extracts of bunyavirus-infected cells were spotted onto three 
nitrocellulose filters in 3,6 and 9 ul amounts from left to 
right on each filter. The filters were hybridised with 
32P-labelled plasmid DNA containing sequences from the S-gene 
(pBUN84) and the M-gene (pBUN133) of Bunyamwera virus, or with 
plasmid DNA (pBR322). Extracts of cells infected with 
Bunyamwera virus or recombinants 1,2 and 5 expressing the BUN N 
protein hybridized with the S-gene probe, whereas extracts of 
cells infected with Maguari virus or recombinants 3 and 4 
expressing the MAG N protein did not hybridize. Likewise the 
M-gene probe hybridized with extracts of cells infected with 
Bunyamwera virus or recombinants 3 and 4 expressing the BUN Gl 
protein, but not with extracts of cells infected with Maguari 
virus or recombinants 1, 2 and 5 expressing the MAG Gl protein. 
The pBR322 probe and mock-infected cell extracts did not 
hybr id ize. 

Ixll ts Crosses Recombinant non-ts vir u s 

Group I Group II 
Genotype by dot hybridization 

parent parent L-RNA M-RNA S-RNA No Total 

Bunyamwera Maguari MAG BUN # MAG# 13 
16 

Bunyamwera Batai BAT BUN# BAT# 3 

Maguari Bunyamwera BUN MAG # BUN# 8 
25 

Batai Bunyamwera BUN BAT# BUN# 1 7 

.- - - -

# independently confirmed by protein analysis 

TABLE 3. The genotypes of recombinant clones from crosses of 
group I and group II mutants of Bunyamwera virus and Maguari 
virus determined by dot-hybridization. 
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into plasmids thereby making available large quantities of DNA 

as specific probes for each sub-unit of the Bunyamwera virus 

genome. Unfractionated cytoplasmic extracts of infected cells 

were prepared according to the procedure described by White and 

Bancroft (17) which dispenses with the need to extract purified 

mRNA. Up to 96 samples can be applied to a single 

nitrocellulose sheet. Phosphate-radiolabelled DNA was 

prepared by nick translation and hybridization carried out at 42 

C for about 20 hours. Figure 3 shows the result of a pilot 

experiment in which Bunyamwera virus M-RNA and S-RNA specific 

probes were hybridized to cytoplasmic preparations of cells 

infected with Bunyamwera virus, Maguari virus and recombinants 

of these two viruses. The pattern of spots accurately reflects 

the known phenotype of these viruses, the probes hybr idizing 

preferentially with samples expected to contain Bunyamwera virus 

mRNA. An L-gene probe from Bunyamwera virus behaved similarly 

(not shown), and all three probes were sufficiently specific to 

discriminate qualitatively samples containing Bunyamwera virus 

mRNA from those containing Bat'ai virus mRNA or Maguari virus 

mRNA. 
Table 3 lists the genotypes of some recombinants from several 

crosses of mutants of group I and group II determined by this 

procedure. An unexpected feature of these results is that the 

Land N genes appear to segregate together. No recombinants 

were obtained with Land N genes derived from different parents. 

Group II is known to correspond to the G-gene, but assignment of 
group I is not possible yet from these results. If group I 
corresponded to the N gene, recombinants would be expected with 

L-genes derived from either parent. Alternatively if group I 

corresponded to the L-gene, recombinants would be expected with 

N-genes derived from either parent. Work is continuing to 

resolve this problem using the rapid genotyping procedure 

described above. 

3.4 Gene-specific mutation. 

Recently a striking instance of gene-specific mutation in 
bunyaviruses has been observed, which indicates that 
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biologically important variation may be generated by mutation as 

well as by recombination. It was observed in screening 

progeny from a recombination experiment that reversion of one of 

the parental viruses from the ts to the non-ts phenotype was 

frequently accompanied by a change in mobility of one of the 

virion polypeptides. Further study revealed that 35 of 36 

non-ts revertants from mutant ts 8 (group II) of Maguari virus 

had Gl polypeptides with atypical electrophoretic mobility. 

Likewise reversion of two other group II mutants of Maguari 

virus (ts 14 and ts 45) produced changes in the electrophoretic 

mobility of Gl at high frequency (0.86 and >0.8 respectively). 

The frequency of reversion in the ts mutant stock in the absence 

of temperature selection was not more than 0.001. Figure 4 

illustrates Gl electrophoretic mobility changes in several 

MAGUARI VIRUS GROUP II 

's.4 REVERTANTS 

2 3 4 6 

} 
• G 2 

• N 

FIGURE 4. Polypeptide profiles of 35s-methionine labelled 
proteins of Maguari virus group II ts mutants and their non-ts 
revertants. The Gl polypeptide of the six non-ts revertants of 
ts 14 and the two non-ts revertants of ts 8 have migrated 
further than the Gl of their mutant parent. 
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non-ts revertants of ts 8 and ts 14 of Maguari virus. Contrary 

to this no changes in virion polypeptide mobility were observed 

in non-ts revertants of group II mutants of Batai virus «0,05) 

or Bunyamwera virus «0.05), or group I of Maguari virus 

«0.05). These results suggest that reversion of ts mutations 

in the Gl protein-coding gene of Maguari virus occurs mainly by 

suppression, whereas reversion in the Gl protein gene of Batai 

virus and Bunyamwera virus occurs by same site mutation. 

Presumably the Gl protein of Maguari virus is more amenable to 

conformational change than the Gl protein of the other two 

viruses. The electrophoretic mobility of G2 protein was not 

affected by these mutations, and changes in glycosylation were 

not observed. 

affected. 

In one instance neutralisability appeared to be 

4. GENETIC MAPPING OF NON-STRUCTURAL PROTEINS 

Four non-structural (NS) proteins were observed in Bunyamwera 

virus infected cells (see Section II). Our cloned cDNAs have 

been used to investigate the genomic origin of these proteins, 

and it has been established that NSp13 is encoded by the S-RNA. 

Recombinant plasmid DNAs were bound to nitrocellulose filters 

and hybridized to cytoplasmic RNA extracted from Bunyamwera 

virus-infected cells. Bound RNAs were eluted and translated in 

vitro in a rabbit reticulocyte system; the result is shown in 

Figure 5. The N protein and NSp13 were identified as 

translation products in vitro but no other viral proteins were 

observed. The reasons for this are unclear though Cash et al. 

(18) have made similar observations. Two S-gene clones pBUN84 

and pBUN8S both hybridized to mRNA which translated to give the 

Nand NSp13 proteins. In contrast, an M-gene probe, pBUN 133, 

and the plasmid vector pBR322 failed to select any mRNA. This 

indicates that the S-RNA segment encodes both the Nand NSp13 

proteins. We are currently attempting to map the other NS 

proteins by this approach. 

5. NUCLEOTIDE SEQUENCE ANALYSIS OF THE BUNYAMWERA VIRUS M-RNA 

We have begun nucleotide sequence analyses of our Bunyamwera 
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FIGURE 5. Message selection and translation. Filter-bound 
plasmid DNA was hybridized with RNA extracted from infected 
cells and the hybridized RNA translated in vitro. Plasmid 
pBUN84 and pBUN85 selected RNA translated to give Nand NSp13 
proteins, whereas pBUN 133 and pBR322 f ailed to hybridize any 
virus RNA. For comparison, poylpeptide profiles of the 
translation products of the selected mRNA are presented 
alongside extracts of radiolabelled Bunyamwera virus infected 
(I) and mock-infected (M) cells. E = endogenous protein from 
the in vitro system. 

virus eDNA clones, and present a limited comparison of the 

3'terminal sequence of the M gene with that of the M gene of La 

Crosse (LAC) virus obtained by Clerx-Van Haaster et al. (19) by 

direct RNA sequencing. Figure 6 compares the 3'terminal 160 

nucleotides, written in the genomic (-ve strand), and the 

deduced amino acid sequences from the first translation 

initiation signal (TAC). The terminal 14 nucleotides are 

conserved, but there is only scattered homology throughout the 

remainder of the sequence. The first initiation signals for 

protein synthesis are found in similar positions in both genes -

position 57-59 in Bunyamwera virus and position 62-64 in 
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30 

BUN TCATCACATGATGGCTATGTAGTGTTTGGAAAGTCTCTGTGTAGAAATAAAGGTTC~AC, 
I I I I I I I I I I I I I I I i I I I I I I I I I 

LAC TCATCACATGATGGTTCATATCTATTGCAAACTTATAATTTCAAAACTTAGTTTCGGTT 
60 90 

BUN TCTTAAGATTATGACGAAAATCGTCAGTGAGTTGACCGACACTCATCGGGTCAATAGTG 
I I I I I I I I I I I I I 

LAC TC[AgTAAACATATAACCACGATTAATGTCAACGTCGACGTTCGGGTCACATAGTTTCC 

120 

BUN ATC~AAAG[[gCACCCGTTGACCAACGTCTTTCCTTAAGG 
t I I I I I I 

LAC ACAAAGGTTC~CCGATATCACTTCGTTTTGGGTAGGTTTC 

BUN met arg ile leu ile leu leu leu ala val thr gin leu ala val ser ser pro val ser thr arg cys phe his gly 

LAC met ile cys ile leu val leu ile thr val ala ala ala ser pro val tyr gin arg cys phe gin asp 

BUN gly gin leu val ala glu arg asn ser 

LAC gly ala ile val Iys gin asn pro ser 

FIGURE 6. Comparison of the 3'-terminal nucleotide sequences 
of the M genes of Bunyamwera virus and La Crosse virus. 
Protein synthesis initiation signals are boxed and termination 
signals underlineri. Below is a comparison of the deduced amino 
acid sequence originating from the first initiation signal. 

La Crosse vi rus. Other TAC triplets are present in the 
Bunyamwera virus sequence at positions 122-124 and 130-132; in 

the La Crosse sequence a TAC triplet is located at position 

129-131 but it is closely followed b¥ a termination signal. 

Thus on this very limited comparison the two genes show a 

similar architecture. 

The deduced amino acid sequences from the first initiation 

signals have been aligned to maximize hmology between the genes. 

If the La Crosse virus sequence is displaced by three amino 

acids, two tripeptide sequences (ser-pro-val and arg-cys-phe) 

are conserved. The significance of this will not be clear 

until the complete sequences of both genes have been determined. 

It should be noted, however, that Clerx-Van Haaster et al. 

observed that the amino acid sequence preceding ser-pro-val 

differed when La Crosse virus, a variant of La Crosse virus and 

snowshoe hare virus were compared, although the amino acids were 
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highly conserved thereafter. The variable region may be a 

signal sequence similar to that found at the amino terminus of 

many unprocessed glycoproteins. Furthermore the N-terminal 

amino acids of the mature protein (ser-pro-val or arg-cys-phe) 

may be conserved between different bunyaviruses - proof of this 

suggestion requires amino acid analyses of bunyavirus 

glycoproteins. 

6. OUTLOOK 

Some aspects of the genetic diversity and variation of the 

Bunyaviridae have been desscibed. The availability of cloned 

cDNAs of the genome sUb-units provides tools for the study of 

genetic processes at the molecular level and ultimately may 

elucidate the factors controlling this variation. 
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VARIATIONS IN R1Fl VALLEY FEVER VIRUS 

R. BARZILAY, D. BEN-NATHAN and A. KEYSARY 
Israel Institute for Biological Research, P.O. Box 19, Ness-Ziona 70450, 
Israel 

I NTRODUCTI ON 
By 1977, Rift Valley Fever (RVF) has covered most of the African con

tinent, and reached the Mediterranean basin. The recent notification that 
Zinga virus (hitherto ungrouped arbovirus) is antigenically identical to 
RVF (RVFV) expands the RVF-covered Africa to include West Africa and 
~ladagascar. 

As a member of the Bunyaviridae family, RVFV is endowed with a tri
partite segmented genome. This feature indicates a potential for high 
frequency genetic variation that takes place through exchange and reassort
ment of genomic segments. There are two indications that such variations 
do indeed occur in nature. The RNA from six different RVFV isolates were 
subjected to fingerprint analysis. All but two, which were identical, 
displayed unique and distinctive fingerprint pattern. The two identical 
patterns were derived from the two Egyptian strains isolated during the 
1977-78 outbreak (1). The other variation concerns the pathogenicity of 
RVFV strains. All known pre-1975 cases of RVF in humans lacked haemor
rhagic manifestations. RVF cases since 1975, however, included signifi
cant number of the haemorrhagic fever syndrome (2). In contrast, two 
naturally occurring viruses, Lunyo and Zinga (considered to be RVFV var
iants) display extensive attenuation, and none is known to cause an 
epizootic. 

In our laboratory, we had the chance to observe and record two addi
tional items of evidence indicating the high potential of variation inhe
rent to RVFV. All the observations to be described were obtained with the 
Smithburn neurotropic RVFV strain (RVFV-N). This is an attenuated strain 
used extensively for vaccination and is not known to induce encephalitis 
upon non-neural inoculation in mice (3). This strain (RVFV-N) was ob
tained from Dr. McIntosh, S.A.R. 

77 
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Changes in Pathogenicity. 
In order to obtain plaque-purified clones of RVFV-N, we tried to 

adapt the virus to grow in BHK cells. The various passages in BHK were 
monitored for virus titer by intercerebral (ic) inoculation of suckling 
mice (SM). Some dams of the inoculated broods became moribund and died 
about 2 weeks after inoculating the SM. Table 1 presents the summarized 
mortality data, and the distribution of the observed mortality along the 
time axis. 

Table 1. Mortality in mothers of RVFV-injected broods 

A. Overall mortality rate: 
Total number of injected broods 130 
Total of dead dams 55 
% mortality 42 

B. Distribution of recorded deaths (days p.L): 

Day (pi) 1-6 7 8 9 10 11 12 13 14 

Dead 0 3 1 8 16 11 10 5 1 
% mortality 0 5 2 15 29 20 18 9 2 

Peak mortality was reached at day 10-11 post infection (Table 1B). 
Since ic inoculation of SM with RVFV-N caused death within 2-3 days, this 
time table suggested a reinfection cycle. We were unable to correlate 
the observed mortality with virus titer or passage level in BHK cells. 
However, in several cases, signs of cannibalization preceded mortality in 
dams. This observation, again, corroborated the suggestion of reinfection. 

The first set of experiments was designed to investigate possible 
modes of reinfection. Suckling mice from two groups of families were in
fected ic with a uniform dose of RVFV-N. In the first group, all SM in 
each brood were inoculated. In the second group, only one half (4 of 8) 
of the sr~ in each brood were infected, and the other half served as 
"sentinels". The results (Table 2) indicated that (a) there were cases 
of reinfection; (b) all reinfections were of the ascending transmission 
type; (c) there was not a single case of horizontal transmission. 
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Table 2. Secondary infections with RVFV-N 

Brood * No. of Mortalit~ in: 
injection families broods dams 

8/8 10 8/8 x 10 2/10 
4/8 11 4/8 x 11 3/11 

* 1.2 x 105 pfu in 0.03 ml 

The demonstrated ascending transmission together with the observed 
cannibalization implicated the naso-pharyngeal cavities as the port of 
entry. This notion was investigated in the next experiment, designed to 
test (a) whether adult mice can be productively infected with RVFV-N via 
the intranasal (in) route, and (t) whether descending i.n. transmission 
can be demonstrated. Dams were infected with RVFV-N by the i.c. or the 
i.n. routes. Mortality was followed up in the infected dams and in their 
broods. The intranasal route allowed productive infection with RVFV-N 
(Table 3). 

Table 3. Intranasal infections with RVFV-N 

No. of Animal* Mortalitl: 
families inoculated Route dams broods 

8 dams i.c. 8 11/64 
8 dams i. n. 8 40/64 

* virus dQse is the same as in Table 2. 

Two additional conclusions were drawn: (a) descending transmission occur
red from dams to progeny; (b) the rate of transmission was about 4 times 
higher when the dams were inoculated by the intranasal route. 

Initially, these findings could have comprised a demonstration that 
the RVFV-N strain changed its characteristics in a way that enabled it to 
infect animals via a non-neural route. On the other hand, at least the 
ascending transmission clearly involved the possible neural route of the 
olfactory bulbs, and thus did not qualify as a "non-neural" infection. 
Also, although not studied in depth, the descending transmission probably 
occurred through virus-contaminated milk, and again, the olfactory bulbs 
could have been involved. One feature, however, was significantly pro
minent: RVFV-N was able to disseminate through the recipients' bodies, at 
levels sufficient to reinfect the progeny. Moreover, the dissemination 
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level was significantly higher when the primary infectio~ qc~yrred via the 
intranasal route. Continuation of this line of reasoning c~lled for the 
hypothesis that the progeny of RVFV-N after intranasal inoculation was some
how different from the parental population. Indeed, a blood ~ample from 
a moribund dam (infected due to ascending transmission) w~s assayed for 
virus, and was found to contain 103•5 MICCD50 per ml. A stock of this virus 
was prepared in brains of SM. The stock was titrated in three systems: 
i.c. in SM, i.c. in adult mice (AM) and intraperitoneally (i,p.) in AM. 
The results presented in Table 4 show that virus titer by th~ i.c. route 
was the same in SM and in AM. Extensive mortality, however, w~s observed 
in the i.p. inoculated adult mice. Therefore, progeny RVFV-N population 
obtained after ascending transmission was able to productively infect by 
an extraneural route. End-point determination (Reed & Muench) showed that 
the titer by the i.p. route was only about 10-fold lower than by the i.c. 
route. To our knowledge, this is the first demonstration that RVFV-N yields 
variants which are pathogenic by the extraneural route. These findings may 
have been due to pre-existing virus variants that were somehow enriched in 
numbers after ascending transmission. Similar experiments were performed 
with clones of RVFV-N (obtained by 3 cycles of plaque purification). One 
cycle of ascending transmission increased the virulence of the virus upon 
i.p. inoculation, by a factor of 100. 

Table 4. 

Dilution 
-2 
-3 
-4 

-5 
-6 

-7 
-8 

-9 
-10 

Titration of MB-stock from a viremic dam 

SM/i.c. 

8/8 
8/8 

8/8 
6/8 

4/9 
0/8 

AM/i.c. 

8/8 
8/8 
8/8 

8/8 
5.8 
0/8 

AM/i.p. 
8/8 
6/8 

W8 
7/8 
6/8 

W8 
7/8 

5.8 
0/8 
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Antigenic changes 
Changes in the pathogenicity of the virus comprised one type of varia

tion observed in the RVFV-N strain. A second type of variation that we have 
encountered was expressed by antigenic modification. As we shall show, RVFV-N 
is antigenically distinct from the wild-type, pantropic RVFV, and that sub
populations of RVFV-N may exhibit different antigenic behaviour. 

In order to simplify future serosurveys, an ELISA system was developed 
in our laboratory. The sensitivity of this system was compared to plaque re-
duction neutralization (PRN), hemagglutination-inhibition (HI) and reverse 
passive HI (RPHI). These methods were simultaneously applied to several 
serum samples of bovine origin. The samples were kindly provided to us by 
the Veterinary Services, from a collection representing various stages of 
active RVF-immunization in cattle. The RVFV-specific antibody levels of 
each sample, obtained by the 4 methods is listed in Table 5. 
Table 5. RVF-antibody titers in bovine sera assayed by various techniques. 

Serum Number 80% PRN HI RPHI ELISA 
1. 3012 20 20 c: 10 " 20 
2. 3013 <10 10 ,10 .:. 20 

3. 3014 < 10 20 dO c:: 20 
4. 3015 80 40 20 20 
5. 3016 " 10 20 " 10 .:.. 20 
6. 3027 " 10 10 <.10 <. 20 
7. 3028 80 40 <.10 " 20 
8. 3030 80 80 "10 ~ 20 

9. 3038 1280 +320 +60 200 
10. 3040 640 320 +80 200 
11. 3051 640 320 +40 80 
12. 3055 320 160 160 40 

13. 3112 " 10 .: 10 .. 10 <..20 

14. 3113 .:..10 .:.10 ~10 ~ 20 

15. 3114 " 10 qO ·'10 .£.20 

16. 3115 < 10 <10 .:.10 .::.. 20 

17. 3116 <10 <10 .::..10 c:: 20 

18. 3118 <10 <.10 .(..10 .(.. 20 

19. 3119 <: 10 <.10 ..;.10 .::.. 20 
+. , End-point differs in 1 dilution step between two separate determinations, 

and only the lower dilution factor is recorded. 
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Table 6 compares the ability of the 4 methods to score "positive" 
samples at various serum dilution levels. 

Table 6. 

Level 

,t:.l0 

~20 

~.40 

~80 

~160 

Number of sera scored as positive (out of 19) by different 
methods at various titer levels 

80% PRN HI RPHI ELISA 

8 12 5 n.d. 
8 10 5 6 
7 7 4 4 

7 5 2 3 

4 4 1 2 

Contrary to what could have been expected, fewer examples were scored 
as positive by ELISA than by PRN or HI. Our particular version of ELISA 
employed was extremely heterogenous. The bovine antibodies, elicited 
against an inactivated South American wild type virus were asked to compete 
with Lapine antibodies, elicited against RVFV-N, for binding to an inacti
vated Entebbe strain. This raised the possibility that the observed 
"inferiority" of the ELISA was due to some non-identity of the antigens 
involved. Indeed, a scan through the published RVFV literature yielded a 
clear indication that at least the Entebbe RVFV strain was antigenically 
non-identical to RVFV-N (4). This notion was borne out when the same rabbit 
IgG-enzyme conjugate was assayed for binding to various dilutions of live 
RVFV-N or to inactivated Entebbe antigen. As shown in Fig.l, more anti
bodies were bound in the homologous reaction than in the heterologous one. 
The next experiment was a competition assay, in which antibodies elicited 
by the wild type antigen (P-Ab) or by the RVFV-N strains (N-Ab) competed 
with the anti-RVFV-N conjugate (N-Ab*) for binding to (a) the wild-type 
antigen (P-Ag) or (b) to RVFV-N (N-Ag). Fig. 2 shows that both P-Ab and 
N-Ab competed with N-Ab* equally well when the target sites were P-Ag. When 
the target was the N-Ag, however, the two Ab classes were clearly distin
guishable. The N-Ab competed completely with the conjugate, whereas the 
P-Ab were only partially so. Therefore, we surmised, there were sites in 
the N-Ag that were recognizable only by the N-Ab but not by the P-Ab, 
and thus probably absent in the P-antigen. We are unable yet to do the 
complementary experiments, in which the same non-labeled Ab will compete 
with a P-type conjugate,since this reagent is not available to us at this time. 
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FIGURE 1. Binding of anti RVFV-N IgG-enzyme conjugate {N-Ab*} to various 
concentrations of the pantropic {P-Ag; .} or the neurotropic 
{N-Ag; o} antigens. 
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FIGURE 2. Competition of pantropic RVFV-directed antibodies {P-Ab; .} 
or RVFV-N-directed antibodies {N-Ab; o} against anti RVFV-N 
IgG for binding to the pantropic {A} or to RVFV-N (B) 
antigens. 
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The ELISA system was thus shown to be sufficiently sensitive so as to 
differentiate between two strains of RVFV. Next, this system was asked to 
differentiate sub-population of a single strain. An IgG-enzyme conjugate 
was prepared from the serum of a rabbit hyperimmunized with plaque puri
fied (once) RVFV-N. This conjugate was assayed for direct binding to 
various clones of RVFV-N, obtained by 3-fold plaque purification. The 
assay also included two lots of P-Ag (1-78; 1-79). As can be seen (Fig.3), 
different slopes were obtained. Only one clone, 3005, exhibited simila
rity to the L-clone. Clones 3010 and 3015 yielded steeper slopes. Pre
liminary statistical analysis of several assays indicate that the diffe

rences are significant. 
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FIGURE 3. Binding of N-Ab* to various RVFV antigens. 1-78 and 1-79 are 
two lots of pantropic RVFV antigen preparations. 3005, 3010, 
3015 and L are cloned sub-populations of RVFV-N. 

We feel that our results may indicate that antigenic differences can 
be demonstrated in sub-populations of RVFV. Whether these differences are 
qualitative or only quantitative has not yet been studied. 
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Coronaviruses are a group of agents which are widespread in nature 
and associated with a great variety of acute, subacute and chronic dis
ease processes of clinical and economic importance. In mice and rats 
subacute and chronic CNS diseases have been observed as a result of a 
persistent viral infection. In rats, the disease course is of remitting 
and relapsing nature accompanied by demyelination. Virological and im

munological studies suggest that the persistent virus infection in brain 
tissue induces an autoimmune response to brain antigens which contribute 

to the disease process. 
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PERSISTENT PARAMYXOVIRUS INFECTIONS IN VITRO AND IN VIVO 

ERLING NORRBY, HOOSHMAND SHESHBERADARAN, CLAES ORVELL and KRISTER 
KRISTENSSON. 
Department of Virology, Karolinska Institute, School of Medicine (E.N., H.S.) 
Department of Virology, National Bacteriological Laboratory (C.O.) Stockholm 
and Department of Pathology, Huddinge Hospital, Huddinge, Sweden (K.K.) 

Epidemic disease based on a chain of virus transmission between acutely 

infected individuals is of a relatively recent origin. Prior to the existence 

of societies including in excess of tens of thousands of people a continued 

virus perseverance required persistence in individuals of the infectious 

agent in the absence of obvious signs of disease. Thus not many millenia 

ago viruses only occurred in the form of persistent infections. This talent 

for persistence has remained with most different kinds of viruses till today. 

Persistence of viruses of different nature infer various forms of virus-cell 

interactions. DNA viruses or retroviruses may sequester into forms of DNA 

which persist in an episomal state or integrated into host cell DNA. RNA 

viruses lacking a reverse transcriptase only can persist under conditions 

when the expression of the genome is quantitatively or qualitatively limited 

so that the lytic destruction of cells is suppressed. In addition these virus

es in spite of their continued replication should not reveal their presence 

in cells by any introduction of changes of antigens in the cytoplasmic mem

brane. If such changes occurred a normally functioning immune surveillance 

system could identify and possibly remove infected cells. The persistence 

of a lytically replicating virus under conditions of a yielding immunity 

represents a special situation which will not be discussed in this article. 

However in some of the conditions to be presented the virus initiates an in

fection in the central nervous system of an immature individual. This may 

increase the possibilities for conversion of an acute into a persistent in

fection due to the absence of a vigorous immune response or due to special 

host cell conditions in the incompletely developed brain. 

Persistent infections with different paramyxoviruses - measles, mumps 

and parainfluenza 1 (Sendai) - will be discussed. Among these only measles 

virus has previously been documented to be capable of establishing a per

sistent infection in man, subacute sclerosing panencephalitis (SSPE) (1). 
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However, recently a case of chronic encephalomyelitis in man caused by mumps 

virus was described (2). In the present studies the character of virus~cell 

interactions in in vitro and in vivo systems was identified by determining 

the presence of 5 different structural components nucleoprotein - NP -, 

polymerase - P -, matrix - M -, fusion factor - F - and hemagglutinin or 

hemagglutinin-neuraminidase - H or HN - by use of sets of monoclonal anti

bodies in immune fluorescence analyses. 

Synthesis of measles virus structural components by laboratory strains 

in persistently infected cell cultures 

C 11 1 . I' f d' h IvirusaL . d' e cu tures pers~stent y ~n ecte w~t meas es un er vary~ng con ~-

tions have been established in different laboratories. It should be noted 

that the conditions for establishment of persistent infections in vitro 

markedly differs from those characterizing the in vivo systems. Thus in the 

former situation the immune reactions do not exert any pressure on the 

system and further the persistent infection can be maintained by continued 

nondisturbed division of cells. 

One persistently infected cell line which produced small amounts of 

infectious virus but considerable quantities of noninfectious material 

was established with Edmonston virus in HeLa(Lu 106) cells in this labo

ratory (3). Characterization of the synthesis in these cells of five 

structural components was made by use of monoclonal antibodies (4). The 

immune fluorescence analysis revealed that all cells synthesized NP and 

P proteins but that detectable amounts of H, F and H components were found 

in approximately 50, 10 and 30% of cells, respectively. The occurrence 

of F component synthesis in only a small percentage of cells could explain 

why the persistently infected cell culture was not deranged by cell fusion. 

Further studies of 3 persistently infected cell lines by the same approach, 

however, showed that a restricted synthesis of F protein was not of im

portance in all situations of virus persistence in vitro (5). Thus one' 

line of persistently infected, established cells of human prostate origin, 

MAS-SSPE cells, produced demonstrable quantities of F component in virtu

ally all cells. In spite of this no cell fusion occurred. This was found 

to be due to that the MAS cells had an exceptional resistence to measles 

virus induced cell fusion. In another persistently infected cell line es

tablished in Vero cells by infection with a hamster neurotropic strain, 

HNT-Vero cells, no infectious virus was produced and the maintenance of 
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the persistent infection involved a variable fraction of infected cells, 

generally only a few per cent. The infected cells synthesized readily 

detectable quantities of NP, P and H components but only small quantities 

of M component. No F component was demonstrable. The epitope characteris

tics of the NP and P components identified by a set of monoclonal anti

bodies showed variations contrasting with the previously identified stable 

NP and P component epitope pattern identified in studies of 9 lytically 

replicating strains of measles virus (6). Thus it,appears that under con

ditions when an effective synthesis of complete infectious virus is not 

required more dynamic variation in both qualitative and quantitive appear

ance of structural components are found than in lytic infections. 

Synthesis of measles VLrus structural components by defective SSPE virus 

strains in cell cultures 

The synthesis of 5 different structural components of measles virus 

in Vero cells infected with 3 strains of defective SSPE virus strains, 

Biken, IP-3 and DR, and for comparison the lytic laboratory strain 

Edmonston, were studied (7). The SSPE strains showed varying degree of 

defectiveness. The Biken and to a lesser extent IP-3 strains synthesized 

small quantities of infectious virus and infected cells showed some capa

city for hemadsoption. In contrast the DR strain was strictly cellassocia

ted. No detectable infectious virus was produced and infected cells did 

not show any hemad sorption. Immune fluorescence analysis with monoclonal 

antibodies showed that all 4 virus strains produced large amounts of NP 

and P antigen. The Edmonston strain also produced readily detectable amounts 

of envelope components. In contrast the synthesis of envelope components, 

especially the M component was markedly reduced in cells infected with 

the Biken and IP-3 strains ,and in cells infected with the DR strain none 

of the 3 envelope components H, F and M were detectable. 

Epitope characteristics of the matrix protein of lytically replicating 

SSPE and other measles virus strains 

Epitope characterization of 9 different strains of measles virus by 

use of sets of monoclonal antibodies against 5 structural components has 

been performed (6). The NP, P and F proteins appear stable, but there 

were minor variations in the epitope pattern of the H component and pro

nounced variations in the M component. Studies of strains with the same 
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designation obtained from different laboratories and further of 3 strains 

passaged 30 consecutive times at low multiplicity have shown that the epi

tope pattern of the M component of different strains has a high stability 

(Norrby, to be published). 

Although it is not clear to what extent lytic SSPE virus isolates 

retain characteristics of the original defective virus causing disease it 

was considered of interest to determine the epitope characteristics of the 

M protein of such strains. One complication in this study was the fact that 

a LEe virus strain presumed to represent an SSPE virus isolate was used 

to generate the monoclonal antibodies employed in these studies (11). Since 

the LEe strain used had been passaged many times both in other and in this 

laboratory after its release from the Wistar institute, Pa, a low passage 

LEe virus isolate was obtained from Dr. H. Koprowski at this institute for 

comparative purposes. The results obtained in radio immune precipitation 

assays with 9 different monoclonal antibodies identifying 6 different epi

topes and 14 different strains of measles virus including 6 lytically re

plicating SSPE strains are summarized in Table 1. Five SSPE strains, which 

all were obtained from Dr. J. Sever,National Institutes of Health, Bethesda, 

Md, out of the 6 studied showed an identical M epitope pattern. The same M 

epitope pattern was also shown by some fresh isolates of virus from cases 

of regular measles. The early passage LEe SSPE virus showed an M epitope 

pattern different both from the other SSPE strains and also the LEe strain 

used for generation of the hybridomas producing monoclonal antibodies. Thus 

the significance of the finding of similar M protein characteristics in 

5 out of 6 lytically replicating SSPE virus strains can not as yet be con

clusively evaluated. More SSPE strains from other laboratories have to be 

studied. 
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Hybridoma LEC-KI, Woodfolk LEC-WI MVO, MVP, Halle Hu 2 Edmonston 
Schwartz, Moraten McClellan, Dean DP 

Zistev, Mantooth 

Group Clone 
no no 

10EF10 + + + + + 

2 16BB2* + + + + + 

3 19AG10 + + + + 

4 19CG6 + 
19GF6 

+ + (weak) + 

5 19DCS + + + 

19DF10 
6 19HCS + + + 

19HF6 

* Differs from 10EF10 in precipitation of breakdown products and canine 

distemper virus M protein 

Table 1. The react1v1ty of 9 monoclonal antibodies against 6 different 
epitopes on the M protein with 14 different strains of measles virus in 
radioimmune precipitation assays. See refs 3, 4, 6 for methodology. Halle-, 
McClellan, Dean, Zistev, Mantooth and LEC (KI-Karolinska institute, WI
Wistar Institute) represent lytic SSPE strains. 

Synthesis of measles virus structural components and genome material in 

acute and persistent infections in the hamster brain 

Three weeks old hamsters were inoculated intracerebrally with a neuro

tropic strain of measles virus as described by Byington and Johnson (8). 

This animal model allows an analysis of the change of an acute into a per

sistent infection in hamster central nervous system. The synthesis of viral 

structural components was analysed by immune fluorescence using specific 

rabbit hyperimmune sera against whole measles virus and its NP and M com

ponents (9) and also by use of monoclonal antibodies (Norrby and Johnson: 

unpublished). In addition the presence of virus genomic material was de

termined by in situ hybridization (10). 

During the first 12 days after infection the five different structural 

components were demonstrable in hamster brain tissue, but at later stages 
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there was a pronounced reduction of synthesis of envelope components. At 

day 30 after infection H, F and M components were no longer detectable. 

Concomitantly with this disappearance of envelope components the animals 

developed an immune response against the virus. This was interpreted to 

signify that possibly the mounting of the antiviral immune response caused 

a selection of a defective cell-associated virus variant which no longer 

synthesized any envelope components. 

Comparison of replication and gene expression also revealed pronounced 

differences between the acute and persistent phase of measles virus infec

tion in the central nervous system of hamsters. The average number of co

pies of viral RNA per infected cells was about 200 to 600 times higher in 

acutely as compared to persistently infected cells. These results indicate 

that in measles virus persistence there is both a change in the qualitative 

expression of the virus genome in that the synthesis of envelope compo

nents is restricted and also a quantitative reduction in the overall turn

over of viral genomes. 

Characterization of persistent infections with Sendai (parainfluenza 1) 

and mumps virus in mouse brain 

Sendai virus was inoculated intracerebrally into newborn, 12 and 21 

days old mice (12). Maximum titer of infectious virus in brain tissue was 

reached 1-2 days after infection and the virus had disappeared after 3 

days in older mice but after 6 days in animals inoculated immediately 
after birth. The latter animals showed a slower appearance of an immune 

response and in contrast to the situation in older mice the virus infection 

persisted. Immune fluorescence analysis with monoclonal antibodies against 

the NP, P, M, HN and F components of Sendai virus (13) showed that there 

was a change in the virus-cell interaction in the acute and persistent 

phase of the infection. During the acute, productive phase all virus structu

ral components were synthesized but during virus persistence NP, P and M 

but not HN and F components were produced. 

Partly similar findings were made in studies of mice infected as new

borns with mumps virus (14). Virus strains of high and low neurovirulence, 

Kilham and RW, respectively, were employed and for comparison newborn ham

sters were inoculated with the Kilham virus. The hamsters developed an acute 

encephalitis and died on days 8 to 9 after inoculation. Large concentrations 

of infectious virus was present in the brain of these animals. In contrast 
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mice did not develop any signs of disease and no infectious virus could be 

identified in their brain. However the appearance of ar immune response 

indicated that a certain replication of virus had occurred. Analysis by 

monoclonal antibodies with specifities analogous to those described for 

measles and Sendai virus (Orvell to be published) showed that a persistent 

infection became established in these animals (Fig 1) but that no synthe

sis of the envelope components HN , F and M was demonstrable. Thus in this 

FIGURE 1. Brain from a mouse 9 days after infection with the 
showing numerous neurons with mumps virus antigen . Staining 
nal antibodies against the NP antigen. Magnification x 50. 

Kilham strain 
with monoclo-

this system the virus either goes through a very limited and short-lasting 

phase of complete replication before establishment of a persistent infection 

or it immediately establishes a defective form of virus-cell interaction. 

In the latter situation host-cell restriction would appear to be a patho

genetic factor of major importance. 

The condition of measles virus persistence in the central nervous system of 

patients with SSPE 

The current state of knowledge regarding measles virus infection in the 

brain of SSPE patients was recently reviewed (15). The virus causing the 
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disease has a defective nature. Serological studies and a direct characte

rization of virus specific polypeptides in brain tissue indicate a major 

defect in the synthesis of the M protein. It is also possible that the syn

thesis of other envelope components, in particular H, may be reduced. Al

though a local synthesis of HI antibodies in the central nervous system 

and an increase in HI serum titers is seen in SSPE patients, this increase in 

H compared to that of antibodies against other components (except M) is 

less pronounced (16). Further,the use of gene-specific cDNA clones for 

hybridization with 3 SSPE brain materials indicate a reduced expression of 

synthesis of both M and H-specific messenger RNA (Rozenblatt; personal 

communication). The use of genomic cDNA in i~ situ hybridization studies 

(10) showed that like in brain material from hamsters with a persistent 

measles virus infection, brain material from patients with SSPE harbors 

a measles virus infection with more than 100 times reduced gene expression 

compared to that of an acute infection. It remains to characterize SSPE 

brain material by use of monoclonal measles antibodies to directly deter

mine the nature of virus-cell interaction in terms of synthesis of diffe

rent structural components •. 

Epilogue 

Persistent paramyxovirus infections in the central nervous system 

studied by direct analysis of infected tissues or in cell culture systems 

are characterized by a reduced expression of one or more of the 3 envelope 

components H (or HN), F and M. As a consequence the virus does not mature 

normally and the surface of the infected cells may in some cases remain 

unaltered, whereby their identification by immune surveillance mechanisms 

is prevented. It should be emphasized that paramyxoviruses,also when not 

subjected to the selective pressure by the immune system,have a tendency 

to restrict the synthesis of envelope components when establishing persist

tent infections. Thus such a change may represent an inherent weakness of 

the mechanisms for replication of paramyxoviruses, but it remains to be 

determined if the reduced genome expression acts on the level of transcrip

tion or translation. Further it remains to be elucidated to what extent 

special features of cells in the central nervous system may determine the 

change in paramyxovirus replication, which leads to viral persistence. 
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and V. ter MEULEN 
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WUrzburg. 

SUMMARY 
Recent reports have emphasised two aspects of measles persistence. 

Firstly, an apparent lack of immune response towards the matrix pro
tein is associated with an apparent defect in the production of this 
polypeptide, and secondly antibody can act at the cell membrane to 
affect the synthesis of intracellular polypeptides and might thus 
account for the observed lack of matrix protein. We have investigated 
possible reasons underlying inability to produce M protein and now 
report that this may be accomplished at the level of mRNA turnover and 
function. In addition we have examined the mechanism of antibody-in
duced antigenic modulation and report that this process apparently 
involves alterations in the synthesis of virus-specific RNAs. These 
findings may be of significance in the analysis of all cell lines in 
which antibody has been used to produce cell curing. 

INTRODUCTION 
Measles virus is known to be associated with the fatal human CNS 

disease SSPE. It is thought that the virus establishes a persistent 
infection in the host during acute measles which gives rise to the 
disease SSPE some years later. SSPE can only be diagnosed after clini
cal onset and, since the frequency of disease is low (approximately one 
case per million acute measles), little is known about the mechanism by 
which persistence is established and maintained in the years between 
acute measles and SSPE. For this reason, much importance has been 
placed on the study of persistent measles virus infections in vitro as 
a model for this event in vivo. It is therefore necessary to summarise 
the key features of the disease in order to assess how successful this 
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modelling may be and to describe the systems currently in use, before 
discussing some data obtained more recently. The evidence on which 
these conclusions are based has been extensively reviewed (1,2,3). 

Features of SSPE 
The SSPE patient is typically in a state of hyperimmunisation to

wards measles virus. Antibodies are present in both serum and CSF and 
can be demonstrated by radioimmune precipitation of infected cell ly
sates. These antibodies react with all measles virus structural pro
teins but fail to recognize matrix protein. The absence of matrix 
protein directed antibodies in immunoglobulins produced by lymphocytes 
invading CNS tissue has become a pathognomonic feature of SSPE. Direct 
searches for M protein in infected brains have so far failed to detect 
this molecule, which is a major structural component of the virus. 
Histopathological examinations have shown that all patients possess 
inclusion bodies in the cells of the CNS, and these have been identi
fied as measles virus nucleocapsids by immune fluorescence and elec
tron microscopy. However, the typical measles associated cytopathic 
effect, giant cell formation, is absent; and no virus particles either 
infectious or non-infectious have ever been detected. Virus budding 
has never been observed and it has therefore been concluded that SSPE 
is associated with a defect in the maturation process. 

The pati ents I 1 ack of immune response to matri x protein and the 
absence of this molecule in infected brain has provided a plausible 
rationale for the mechanism underlying such a maturation defect. M is 
thought to act as the final trigger in virus assembly, bringing to
gether viral glycoprotein inserted in the plasma membrane with intra
cellular nucleocapsid structures prior to particle formation. The 
association of M with the cell membrane leads to local thickening and 
the formation of an "inner leaflet". This morphological feature has 
also not been detected in SSPE patient brain tissue. 

Since virus maturation is apparently defective, direct isolation of 
virus from infected tissue has not proved possible. However, co-culti
vation of diseased tissue with cell lines susceptible to virus in
fection has occasionally resulted in the rescue of infectious budding 
virus, therefore this defect may be to some extent host specific. These 
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Figure 1 
The SSPE patient immune response. 
Measles virus (Edmonston) proteins were immunoprecipitated from in
fected Vero cell lysates using: Rb, rabbit anti-measles Edmonston 
hyper immune serum; CSF sample from an SSPE patient and serum from the 
same patient. Radiolabelling of protein and immunoprecipitation were 
performed using 35S-methionine exactly as described by Stephenson and 
ter Meulen (15). Proteins were separated on 10 % polyacrylamide/SOS 
gels (16). Measles virus proteins comprise: the large protein (L), the 
haemagglutinin (H), the phosphoprotein (P), the nucleocapsid protein 
(N) and its major degradation product (NC), the fusion protein, both 
uncleaved (FO) and large cleavage product (F1), and the matrix protein 
(M). A small polypeptide (x) is also recognized which is related to the 
P protein. In our work we seldom observed appreciable amounts of P or F 
proteins. 
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viruses, referred to as SSPE viruses, are very similar to measles 
viruses, cultures infected with them display all of the features of a 
lytic measles virus infection and the essential features of clinical 
SSPE are therefore not preserved. However, these viruses have been 
used to study the establishment and maintenance of persistent infec
tions in vitro. 

SSPE is more accurately modelled by SSPE cell lines. Frequently, 
the co-cultivation procedure described above, fails to yield a budding 
virus. Instead a cell associated cytopathic agent is obtained which 
can be maintained in tissue culture. These SSPE-cell lines preserve 
some essential features of SSPE in that intra-cellular nucleocapsids 
are present but virus is not released and M protein is apparently not 
produced. However, extracellular virus membrane antigens are expressed 
and cpe is evident. 

It is known that the increase in anti-measles antibody titres is 
present some years before the onset of SSPE. It is possible therefore 
that this response is involved in the maintenance of the persistent 
infection. It has recently been shown that measles-specific antibody 
is able to modulate the expression of virus proteins inside the cell as 
well as on the plasma membrane. This antibody induced antigenic modu
lation (AIAM) could therefore be responsible for the inhibition of M 
protein synthesis. 

We have used persistently infected cell lines, to investigate the 
defects underlying the failure in M protein production, and the mecha
nism of AIAM. We report here that two SSPE cell lines possess different 
lesions in M protein manufacture, one transcriptional and one trans
lational, and that AIAM involved an effect on intracellular RNA syn
thesis. During the AIAM process in vitro some cell functions disrupted 
by the virus can be restored and this could model the symptomless years 
separating acute measles and SSPE. 

FAILURE TO PRODUCE MATRIX PROTEIN IN SSPE CELL LINES. 
The persistent infections used in this work were derived in vitro 

either by infection with a lytic virus or by co-cultivation with 
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Figure 2 
Immune precipitation of N-l cell, measles-specific polypeptides. 
Track 1, uninfected cell lysate; track 2, measles virus Edmonston-in
fected Vero cell lysate; tracks 3-7, N-l cell lysates. Precipitated 
with: tracks 1, 2, and 7, hyper immune serum; track 3, control ascites 
fluid; tracks 4-6, monoclonal antibodies specific for matrix protein. 
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diseased tissue. The CLul06 is an Edmonston measles virus persistently 
infected Lu106 cell line established by Norrby (4). C6PI is a rat 
glioma cell line persistently infected with the SSPE virus Lec (5). The 
SSPE cell lines N-l and MF were obtained by co-cultivation experi
ments, the MF in WUrzburg (6),and the N-l in Japan (7). 

We have examined the two SSPE cell lines and neither produced in
fectious virus during ordinary cell culture procedures or cell fusion 
and co-cultivation experiments. In neither case could we detect pro
duction of M protein by radioimmune precipitation using anti-SSPE and 
anti-measles virus antiserum raised in rabbits. Furthermore, four 
monoclonal antibodies directed against M of measles virus Edmonston 
also failed to reveal this protein in immune precipitation experiments 
(Fi gure 2). Immune fl uorescence or radioimmunoassay procedures were 
likewise negative. Serum and CSF samples are still available from the 
patient whose tissue was used in the production of the MF cell line. 
These samples were also unable to precipitate matrix protein from cell 
lysates. This data therefore strongly supports the conclusion that the 
late passage MF cells lack matrix protein completely. Even if M protein 
had been greatly altered antigenically, the homologous serum and CSF 
should still recognise it. 

Analysis of cell proteins by immune precipitation was complicated 
since expression of all virus polypeptides was low. The majority of 
cells' in each culture were uninfected. Consequently non-specific pre
cipitation was relatively high (Figure 2, track 1), and the situation 
was further confused by breakdown products of the nuc 1 eocaps i d pro
tein, some of which migrated very close to the matrix protein. This 
difficulty could be substantially overcome by the technique of in 
vitro translation which leads to a great decrease in background (8). 
Since co-cultivation has occasionally resulted in the rescue of in
fectious virus, host factors may be involved in suppression of virus 
protein synthesis. Therefore, in vitro translation experiments can 

also be used to examine the possibility of host control (9). Putative 
regulatory factors are absent in these experiments. Proteins formed ~ 
vitro were immunoprecipitated using anti-SSPE virus antiserum raised 
in rabbits and pre-adsorbed with uninfected Vero cell antigens. 
Messenger RNA was extracted from uninfected Vero cells, N-l or CLul06 
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Figure 3 
Translation of N-l and CLu cell mRNA. 
mRNA was extracted from uninfected Vero cells, CLu106 cells and N-l 
cells as described by Barrett et al. (17) and fractionated on poly-U 
sepharose columns (18). Poly-A containing fractions were translated in 
a rabbit reticulocyte lysate system (19). With the modifications 
suggested by Siddell et al. (20). 
Panel A. Immunoprecipitation of translation products from Vero and CLu 
cells. Track h, rabbit hyper immune serum preadsorbed with uninfected 
cell antigens; tracks 1-4 monoclonal antibodies specific for matrix 
protein. Panel B. Products of the in vitro translation of mRNAs from 
immunoprecipitated as above. 
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Figure 4 
Southern blot analysis of mRNA extracted from SSPE cell lines. RNA 
samples were denatured with formamide and formaldehyde, and analysed 
on 1.5 % agarose gels containing 15 % formaldehyde and buffered with 
morpholinopropane sulphonic acid (Mops). Gels were blotted onto nitro
cellulose filters using the method of Southern (21) and RNA was fixed 
by baking at 800C for 2 hours. Immobilised RNA was then hybridised to 
32P-labelled, cloned DNA copies of measles virus sequences contained 
in the mRNAs for M, NC or H proteins. Clones used were a gift from Dr. 
S. Rozenblatt, Weizmann Institute, Israel (23,24). 

In each panel: N, mRNA from N-1 cells; C, mRNA from Clu cells; Cd, mRNA 
from Clu cells after deadenylation; MF, mRNA from MF cells. 
Panel A. mRNA blot hybridized to 32P-labelled DNA copies of nucleocap
sid mRNA sequences. 
Panel B. mRNA blot hybridized to 32P-labelled DNA copies of matrix 
protein mRNA. 
Panel C. long exposure of panel B. 
The positions of influenza WSN kinase-labelled RNA segments 4-8, elec
trophoresed and blotted with the RNA samples are indicated on panels A 
and B. The intermediate-sized, M-specific RNA maintained in MF cells 
is marked on panel C. 
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cells and translated (Figure 3). 
It was apparent that matrix protein was not produced by the N-1 cell 

line. This was true whether 35S-cysteine or 35S-methionine were used 
as the label. Furthermore no differences were observed in ihis region 
of the gel between the translation products of RNA extracted from N-1 
and uninfected cells in the absence of immunoprecipitation. The MF 
cell line was also negative in this assay. In contrast, translation of 
RNA extracted from the CLu106 cell line produced much matrix protein. 
This cell line also released small amounts of infectious virus and 
matrix protein was easily demonstrable in cell lysates. 

This experiment enabled us to completely exclude the possibility 
that M protein is very unstable in the N-1 cell cytoplasm and rapidly 
degraded (10). Such processing is absent in in vitro translation 
systems. 

This result suggested that mRNA for matrix protein was either de
fective in the SSPE cell lines or absent. A small peptide product, or 
one which differed completely in antigenicity might escape detection. 
We therefore subjected the mRNA samples to blot analysis using 32p 
labelled, cloned DNA copies of the nucleocapsid or matrix message. The 
nucleocapsid clone acted as an internal positive control (Figure 4). 
In all analyses we have conducted, we have observed three size classes 
of RNA, the largest (4.5 x 106 mol. wt.; 11) comprises genome, the 
intermediate species (1.2-1.7x106) are of positive sense (K. Baczko, 
personal communication) and may represent dimeric messages (Billeter 
et al., submitted for publication) similar to those obtained in VSV 
infections (12). The smallest size class (0.5-0.9x106) is the most 
abundant and increases in mobil ity following treatment with 
oli go-dT(12_18) and RNase-H. It seems therefore to possess a poly-A 
tail some 60-90 residues long and presumably represents the messenger 
RNA. The intermediate size class was not obviously altered in mobility 
by this treatment (Figure 4C, tracks C and Cd) and was found mainly in 
the unpolyadenylated RNA fraction. However, it could contain internal 
poly-A which is prevented from attaching to the poly-U column due to 
secondary structure constraints. 

All cell lines examined were positive for nucleocapsid message 
(Figure 4A). A similar analysis was therefore conducted using cloned 
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DNA copies of matrix protein mRNA sequences (Figure 4B). It was 
apparent that whilst CLu 106 and N-l cell RNA contai~ed mRNA-sized 
molecules which possessed matrix-specific sequences, MF cell RNA did 
not. This was true even on prolonged exposure (Figure 4C). However, 
matrix protein-specific information was still contained in the inter
mediate size class RNA. In all cell lines examined quantities of mRNA 
exceed those of intermediate-sized RNA. Consequently, the failure to 
detect mRNA while intermediate-sized RNA was clearly present, argues 
for a true imbalance in intracellular RNA species. This could be pro
duced by an effect on mRNA transcription or degradation. 

Interestingly, N-l cells contain a mRNA which is apparently unable 
to give rise to a normal matrix protein product. The nature of this 
defect is unknown, but preliminary data suggests this mRNA, unlike 
that for nucleocapsid, does not sediment with polysomes. However, a 
very early termination signal might prevent appreciable ribosome bind
ing to the molecule and thus also lead to this result. The small 
peptide product formed by such a process would probably not be de
tected. 

These data therefore suggest that failure to produce M protein is 
accomplished in two different SSPE cell lines by two different mecha
nisms. In MF cells the cause may lie in the production or degradation 
of mRNA, and in N-l cells, mRNA formed cannot be used to form normal 
protein. Work in our laboratory is currently being directed towards 
the identification of one or both of these mechanisms operating in 
human brain. 

ANTIBODY INDUCED ANTIGENIC MODULATION 
The possible significance of antibody in the modulation of virus 

protein expression has been mentioned above. During virus persistence 
it is likely that viral glycoproteins will be inserted into the cell 
membrane. The CNS is a functionally complex tissue, intercellular com
munication is extensive and to this end modified plasma membranes have 
developed bearing the complex apparatus required for neurotrans
mission. It is likely that haphazard insertion of virus proteins could 
disrupt such a system and we have used a cell line derived from rat CNS 
tissue, and persistently infected with SSPE virus Lec, to investigate 
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Figure 5 A 
Removal of virus antigen from the C6PI cell surface. Antibody-induced 
antigenic modulation was performed using human antiserum obtained from 
SSPE patients, heat inactivated at 560C for 30 minutes and filter 
sterilized. The serum was then diluted in DMEM containing 10 % heat 
inactivated FCS to a final haemagglutination titre of 50 U/ml. The 
parent C6 and the C6 cells persistently infected with SSPE virus Lec 
(C6PI) were grown in this antiserum-containing medium as monolayers in 
plastic tissue culture flasks and passaged every three days by 
standard treatment with a 0.05 % trypsin-EDTA solution. Fresh anti
serum-containing medium was then added. At each passage C6PI cells 
undergoing antigenic modulation ( 0) and control C6PI cells (. ) 
were incubated for 1 hour under SSPE serum. The amount of human anti
body bound was measured using 125I_labelled anti-human IgG. This 

technique reflects the removal of virus antigen and corresponding 
decrease in human antibody bound. 

Panel a) Reduction in antibody binding during AIAM. 
Panel b) Restoration of antibody binding capacity after removal of 
ant i serum. Ce 11 s removed from ant i serum were incubated with human 
serum in parallel with C6PI control cells for 1 hour before bound 
antibody was measured as above • 
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Figure 5B 
Determination of isoproterenol stimulated cAMP synthesis. 

Cells were stimulated with isoproterenol at each passage and extracts 
were prepared (13). Levels of cAMP in the extracts were measured by the 
method of Gilman (22). Results are expressed as percentage of un
infected control C6 cell levels • 

• C6Pl maintained without SSPE serum 
o C6Pl maintained in SSPE serum. 

Panel a. Restoration of isoproterenol stimulation to control cell 
levels during AlAM. 
Panel b. Reversal of isoproterenol stimulation enhancement on removal 
of antiserum. 
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this phenomenon. 
It is known that uninfected C6 cells can be stimulated by isopro

terenol, which mimics the action of catecholamine hormones and acts at 
the B-adrenergic receptors located on the cell membrane causing an 
increase in intracellular cAMP. This B-receptor/adenylate cyclase 
response is greatly inhibited by virus proteins present in the C6PI 
cell plasma membrane. However, when C6P1 cells were cultured under 
human serum possessing anti-measles virus activity, virus membrane 
antigens were gradually removed. This removal of cell surface antigen, 
reflected in decreased binding of the human antibody, could be quan
titated and the effect is shown in Figure SA. The process was fairly 
rapid, and corresponded with restoration of isoproterenol sensitivity 
(Figure 5B) (13). Internal virus antigen persisted but this too was 
affected by antiserum treatment and could no longer be detected after 
7-8 passages in medium containing antiserum. However, the cells were 
not cured, removal of antibody lead to the rapid spread of virus 
antigen through the culture until all cells were once more expressing 
virus antigen (Figure 6). A process such as this could explain the 
apparent ly normal CNS funct i on observed in the years between acute 
measles and SSPE whilst an effect on the M protein could result in the 
establishment of persistence. Indeed these events may be favoured in 
the CNS where comp 1 ement is not abundant and ant i body- induced cell 
lysis is correspondingly inefficient (14). 

We have used the C6Pl system in an attempt to elucidate the 
mechanisms underlying AIAM. Messenger RNA extracted from these cells 
revealed a similar pattern of virus protein expression when translated 
in vitro. Virus-specific proteins were not detected in the translation 
products of mRNA extracted from cells under antiserum either with or 
without immune precipitation (Figure 7A, 7B). In both C6PI and anti
serum-removed C6PI cells, virus products were easily demonstrated. The 
small band migrating below M protein (h) is also precipitated from 
uninfected cells and presumably represents a host protein contaminent 
of the original virus preparation used to raise the antiserum (8). 
Direct analysis of RNA extracted from these cells revealed two 
distinct situations. RNA extracted from cells within the first seven 
passages revealed a specific decrease in the mRNA. Intermediate and 
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Figure 6 
Antibody induced antigenic modulation. 
Fixed cells were processed for immunofluorescence at the passages in
dicated using rabbit anti-measles antiserum and fluorescein-conjugated 
goat anti-rabbit antibody. 
A C6PI control cells 
B C6PI after 10 passages in antiserum-containing medium 
C C6PI passage 3 after removal of antiserum 
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Figure 7 
In vitro translation of mRNA extracted from C6PI cells undergoing 
antibody-induced antigenic modulation. 
In both panels : Track I, mRNA isolated from C6PI cells; track 2, mRNA 
isolated from C6PI cells after 10 passages in medium containing SSPE 
serum; track 3, mRNA extracted from cells, 12 passages after removal of 
antiserum. 

Panel A, products of the reticulocyte lysate translation system with
out immunoprecipitation. 
Panel B, products of in vitro translation precipitated with rabbit 
anti measles antiserum which had not been preadsorbed with uninfected 
ce 11 ant i gens . 
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genome size classes were relatively unaffected (Figure 8). This was 
true whether the M, H or N-specific clones were used. RNA extracted 
later (passage 20) showed a general decrease in all virus-specific RNA 
size classes. 

During this work it was necessary to consider the possibility that 
incubation under antiserum led to the curing of the vast majority of 
cells, but that infection could later spread from a few remaining 
infected cells, when the antiserum was removed. We therefore cloned 
antiserum treated cells which no longer expressed virus antigen in the 
continued presence of antiserum and in this way obtained 20 subclones 
of the C6Pl cell line. When antiserum was removed from the subclones, 
virus reactivation was observed in only two. This would tend to support 
the "curing hypothesis" outlined above. However, on continued passage, 
another clone developed virus antigen, and on examination, every clone 
has proved to be harbouring virus-specific RNA. Genome could no longer 
be detected in these cells, but the intermediate size and mRNA size 
classes were demonstrable. It would seem therefore that the lowered 

amounts of virus RNA observed after many passages under antiserum is 
due to a low level of virus expression in each cell, and not due to 
expression within a limited subpopulation of infected cells. Further
more, this situation is apparently stable, although spontaneous acti
vation of virus can occur for as yet unknown reasons. During the growth 
of these clones none has lost viral information which suggests some 
apparatus may exist for partioning the information at cell division. 

DISCUSSION 
The antigenic modulation described above, provides a convenient 

model, by which measles virus persistence could be established. In 
this model, antibody brings about a decrease in the expression of all 
virus polypeptides, and not merely in M as has been previously 
suggested. The evidence above hints at a sequence of events. 

Firstly, antibody acting at the plasma membrane, could strip off 
external virus antigen, and then, over a longer timescale, bring about 
a decrease in all virus mRNAs in the cytoplasm. It cannot be concluded 
that this is accomplished by a direct inhibition of the viral trans-
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Figure 8 
Analysis of RNA extracted from C6PI cells undergoing AIAM. 
RNA (10~g/track) extracted from: Track I, C6PI cells; track 2, un
infected C6 cells; track 3, C6PI cells after 7 passages in SSPE serum; 
track 4, uninfected Vero cells; track 5, C6PI cells, 12 passages after 
removal of antiserum. Southern blot analysis hybridized to cloned, 
32P-labelled copies of nucleocapsid mRNA sequences. 
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cription process rather than an effect on the translation of proteins 
required for mRNA formation or stability. In any event the net result 
would be decrease in mRNA levels. Protein synthesis must therefore 
fall and the disappearance of virus antigen could thus be explained. As 
proteins disappear, synthesis of all virus RNAs must be inhibited, 
total levels of virus-specific RNA would then fall. The situation at 
high passage under antibody could thus be created. At even higher 
passage levels, by which time direct action of antibody is no longer 
required (indeed antigen is no longer present in the membrane), the 
amount of genome has fallen to undetectable levels. Since the process 
of transcription is essentially one of amplification, the continued 
detection of intermediate and message-size RNA can be explained. 

Since virus information is retained by the C6PI subclones it can be 
deduced that this situation is apparently stable at cell division. 
This need not be so in vivo, where CNS cell division does not occur. 
Finally, during AIAM we can detect mRNA, and fail to detect protein 
either in cells or in vitro. This situation is reminiscent of that in 
the N-l cells but differs because in the modulated C6 infection, the 
effect is general and applies to all mRNAs. Amounts of these apparently 
"non-translated" mRNAs are much decreased. This is not so in N-l cells 
where matrix protein mRNA is readily detectable in near normal 
amounts. It seems therefore that the situation in N-l cells represents 
a true translational defect. Since blotting is more sensitive than in 
vitro translation or immunoprecipitation from cell lysates, it is 
likely that a low level translation and replication must occur in C6Pl 
tissue cultures allowing a "tick over" of virus information, and its 
replication for cell division. We are currently searching with more 
sensitive techniques for such low-level expression, and conducting 
investigations into the mechanism by which such infections can be 
reactivated. 
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MECHANISM OF ADENO-ASSOCIATED VIRUS LATENT INFECTION 

KENNETH I. BERNS 
Department of Immunology and Medical Microbiology, University of Florida, 
College of Medicine, Gainesville, Florida 32610, U.S.A. 

SUMMARY 
Adena-associated virus (AAV) is a defective parvovirus with a linear, 

single-stranded DNA genome. In the absence of a helper virus coinfection 
AAV DNA is uncoated in the nucleus and can integrate into the cellular DNA. 
The integrated DNA exists as a head-to-tail tandem repeat and the junctions 
with cellular DNA specifically involve the terminal repetition of the vi
rion genome. The latent viral genome is efficiently rescued by super
infection of the latently infected cells by a helper virus. Recently, the 
AAV genome has been cloned intact into pBR322. Upon transfection of the 
recombinant plasmid into human cells in the presence of a concomitant 
adenovirus r.elper infection the AAV genome is rescued, replicated, and 
infectious virus is produced. This system has allowed detailed study of 
the rescue process. To date the primary conclusions derived are that the 
terminal repetition is essential to the rescue process and that the sym
metrical nature of the terminal repetition affords remarkable capabilities 
of self repair in the subsequent process of replication after the rescue 
is effected. 

INTRODUCTION 
The adeno-associated viruses (AAV) belong to the family Parvoviridae, 

which are small DNA viruses (1). The virion has icosahedral symmetry with 
a diameter of 18-26 nm and is composed of three coat proteins that encap
sidate a linear, single polydeoxynucleotide chain genome with a molecular 
weight of 1.5-1.8 x 106 daltons. In addition to the absolutely defective 
AAV (genus dependovirus), the family contains two genera of autonomous 
viruses; the parvoviruses, which infect many vertebrate species, and the 
densoviruses, which are insect viruses. 

AAV is absolutely dependent upon coinfection with a helper virus for 
productive rrultiplication (2-4). Although in cell culture either adeno-
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virus or herpes simplex virus may serve as a complete helper (2-5), it 
seems likely that adenovirus serves as the primary helper in nature .. Iso
lation of AAV from patients has only been achieved in the presence of a 
concomitant adenovirus infection (6) and, indeed, AAV was originally iso
lated as a contaminant of what were thought to be purified adenovirus 
stocks (2-4). 

As an absolutely defective virus AAV has a special problem in terms 
of the biological continuity of its genome in the absence of a helper 
virus coinfection. Under these conditions the AAV virion can penetrate to 
the cell nucleus where the genome is uncoated, but there is no detectable 
virus-specific DNA, RNA, or protein synthesis (7). In a biological sense 
the virus has solved the problem by being able to establish a latent in
fection in the absence of the helper virus. A stable relationship with 
the host cell genome is formed from which the AAV genome can be efficient
ly rescued by superinfection of the latently infected cell with a suitable 
helper virus at a later time. 

AAV latent infection was discovered by Hoggan et~. (8) as a con
sequence of a U.S. government program to screen primary cell cultures in
tended for vaccine production for the presence of cryptic viruses. Up to 
20% of primary African green monkey kidney cell lots were found to produce 
AAV after infection with adenovirus, although all the cell lots were in
itially negative for AAV antigens and infectivity. Additionally, 1-2% of 
the lots of human embryonic kidney cells tested were also latently infected 
with AAV. Thus, in monkeys, and possibly in people (80% of U.S. adults 
are seropositive for AAV), AAV latent infections seemed to be a fairly 
common phenomenon. 

It proved to be readily possible to establish AAV latent infections 
in a continuous line of human cells (Detroit 6) in cell culture by infec
tion with AAV alone at a high moi (250 tissue culture infections doses50/ 
cell)(9). Such cultures remained positive for 100 passages and, when 
cloned at the 39th passage, 30% of the clones were positive for AAV res
cue by adenovirus superinfection. Several of the clones were tested for 
the number of copies of AAV DNA present by liquid DNA:DNA hybridization 
and on average there were 3-5 copies of the AAV genome per diploid amount 
of cell DNA (9). Independently derived clones of latently infected human 
KB cells were tested to see whether the AAV DNA present was covalently 
linked to high molecular weight DNA in the cells. Total cellular DNA was 
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denatured and reannealed briefly so that only highly reiterated sequences 
found in chromosomal DNA could anneal to form large networks that were 
then precipitated in high salt. The AAV sequences were found to copre
cipitate with the chromosomal DNA and it was concluded that the AAV DNA 
was indeed integrated into chromosomal DNA (10). 

In this paper the results of recent work on the molecular basis of 
AAV latent infection are presented. 

RESULTS 
The existence of human cell clones latently infected by AAV has 

offered a unique opportunity to study the arrangement of the viral DNA 
sequences at the molecular level in cells derived from the normal host. 
In this particular instance the defectiveness of the virus has provided a 
significant operational advantage. These studies have involved Southern 
blot (11) analyses of total cellular DNA after restriction endonuclease 
digestion and electrophoresis. The following results and conclusions 
have been obtained (12). 1) The AAV genome is integrated into cellular 
DNA. The apparent molecular weight of the DNA species containing AAV 
sequences was reduced by digestion with restriction enzymes that do not 
cleave virion DNA to a size that exceeded 20 x 106 daltons. 2) The inte
grated copies of the AAV genome were arranged as a head-to-tail tandem 
repeat. Sequences from opposite ends of the genome were found to be con
tiguous in the integrated DNA. In some cases the terminal sequences from 
both ends were separated by small stretches of apparent cell DNA. In the 
clones examined there were 3-5 copies of the genome per diploid amount of 
cell DNA. Within the resolution afforded by the agarose gel electropho
resis only one species of fragment containing AAV sequences was detected. 
These data, together with the evidence for a tandem array, suggested that 
all of the AAV sequences in a given clone were likely to be integrated at 
a single site. 3) The terminal sequences of the virion genome were at 
the junctions between viral and cellular DNAs. With one exception all 
internal sequences from integrated DNA migrated identically with the in
ternal restriction fragments from virion DNA. The single exception in
volved the fusion of two adjacent internal fragments. All terminal seq
uences were either fused to sequences from the opposite end of the virion 
genome or were associated with nonviral DNA. 4) In different clones that 
were independently derived the AAV sequences were integrated at different 
sites in the cellular DNA. The species containing terminal viral sequences 
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differed in gel mobility after digestion of DNA from different clones (13). 
Internal sequences remained associated with fragments of consistent size. 

5) With continued passage of the cells the virion genome was excised at a slow 
rate. In total cell DNA from passages 8-9 (early) all of the AAV sequences were 
associated with high molecular weight cell DNA. However, in total cell 
DNA from passage 118 (late) approximately 10-20% of the AAV DNA migrated 
identically with virion DNA in the double-stranded form. Furthermore, 
the arrangement of the sequences in the low molecular weight DNA was iden
tical to that in virion DNA within the limits of resolution afforded by 
restriction analysis. Whether the free form of AAV DNA could replicate 
or simply represented a continual slow excision of integrated copies of 
the genome is not known. Multiple analyses of the integrated sequences 
by restriction enzyme digestion showed only one difference between early 
and late passage cells. Sma I cuts only within the terminal repetition 
in AAV DNA. Two of the four species seen after digestion of the integra
ted sequences were altered markedly in the late passage cells, suggesting 
that the terminal repetition had been genetically active during continued 
passage of the cells (12). 6) An adenovirus mutant that served as a help
er for AAV DNA replication failed to rescue latent AAV (14). Recent 
studies have demonstrated that the early adenovirus genes la, II, and IV 
are required for AAV replication (15,16). Early region Ib is absolutely 
required for adenovirus transformation (17). A mutant in region Ib (hr 6) 
that helped AAV DNA replication in an exogenous coinfection failed to 
rescue the integrated form of AAV. Thus it would appear that a specific 
adenovirus function is required for rescue of latent AAV, in addition to 
those functions required to help AAV multiplication. 

The studies of the clones of latently infected cells strongly sug
gested that the terminal sequences of the AAV virion genome played an 
important role in the integration of the viral DNA and apparently remained 
genetically active once in the integrated form. AAV DNA has an inverted 
terminal repetition of 145 bases (18, Fig. 1). The terminal 125 bases 
are a palindromic sequence; bases 1-41 are complementary to 85-125. 
There are two shorter palindromes in the intervening sequences, 42-62 and 
64-84. Thus, when folded over on itself to maximize the number of poten
tial base pairs, this terminal sequence forms a T-shaped structure in 
which only 7 of the 125 bases are not paired. Of the unpaired bases 6 
are needed to allow the two internal palindromes to fold over and the 7th 
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FIGURE 1. The sequence of the inverted terminal repetition in AAV2 DNA 
has been folded to form the structure that maximizes the possible self 
base pairing. The boxed sequences were deleted in pSM609. In pSM1205 
bases 47-57 in the right terminal repetition of pSM609 were also deleted. 

base separates the two internal palindromes. The highly organized terminal 
sequence in AAV DNA has been demonstrated to playa critical role in the 
replication of the viral DNA (19-24) and appears also to be important in 
the ability of the virus to establish latent infection. 

Studies of the significance of the sequence organization of the 
terminal repetition have been facilitated by construction ~ vitro of a 
recombinant plasmid in which the double-stranded form of the AAV genome 
has been inserted intact into the bacterial plasmid pBR322 (24). When 
this plasmid was transfected into human cells that had been coinfected 
with adenovirus, the AAV genome was rescued, replicated, and infectious 
virus was produced. It thus appeared that the plasmid represented a com
pletely defined model for the rescue of AAV from the integrated state 
since the complete sequences of both pBR322 (25) and AAV (26) DNAs are 
known. The first conclusion was that the tandem arrangement of viral seq
uences noted in the cloned cells in culture was not necessary for rescue 
of the viral genome. The only viral sequence present more than once was 
the terminal repetition. 

Even the terminal repetition did not have to be present in more than 
one copy. The recombinant plasmid was formed by tailing the 3' termini of 
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the double-stranded form of AAV virion DNA with poly de and of pBR322 cut 
at the Pst I site with poly dG. After annealing the unligated DNA was 
transfected into I. coli and sealing occurred within the bacterial cell. 
In this process many clones were produced which had deletions at one or 
both ends of the AAV genome. The clone pSM609 had deletions at both ter
mini; the 7 terminal nucleotides were missing on the left side and the 111 
terminal nucleotides were missing on the right (Fig. 1). When this re
combinant DNA clone was transfected into human cells coinfected with 
adenovirus, the DNA was again rescued, replicated, and infectious virus 
were produced. Much more interestingly, when the DNA from the virions 
produced was analyzed, it was found that the original wild type sequence 
had been restored (27). The fact that the terminal 125 bases in AAV DNA 
are both palindromic and repeated at both ends means that effectively the 
sequences within this region are present in four copies. Thus, the highly 
organized structure is capable of an extraordinary degree of self repair. 
One possible model for the repair of pSM609 is the following. A cut in 
the plasmid at the 3' end missing 7 bases would allow the end to hairpin 
and serve as a primer for DNA synthesis (because of the self complemen
tary palindromic sequence). Under these conditions the first 7 bases 
inserted would repair the deletion. Repair of the more extensive 111 
base deletion would be somewhat more complex, but a displaced single 
strand of AAV DNA (displaced by the growing strand primed at the other 
end of the insert in the plasmid) could form a circle stabilized by hydro
gen bondfng between the inverted terminal repeats. At the deleted end 32 
bases remain, enough to stabilize the circle. In this structure the del
eted end would be the 3' end which could serve as a primer for a repair 
type of DNA synthesis using the intact 5' terminal repeat sequence as a 
template (Fig. 2). The circular structure formed has been hypothesized 
to be an intermediate in AAV DNA replication (28). 

In contrast to the type of repair possible for the extensive delet
ions present in pSM609 above, removal of an additional 11 base symmetri
cal sequence from the relatively intact end of pSM609 (Fig. 1) means that 
these bases are no longer present at all in the AAV insert in pBR322. 
Although the DNA from this additionally deleted recombinant plasmid could 
still be rescued, it was not replicated to form virion DNA and so no in
fectious virions were formed. On a larger scale this pattern was followed 
with other deletions studied. Deletions of less than 115 bases on either 
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FIGURE 2. The hypothetical single-stranded circle formed by the AAV2 seq
uence in pSM609 would be stabilized by base pairing between the repaired 
right inverted terminal repetition and the 32 bases remaining in the left 
terminal repetition. This structure could serve first as a template
primer for repair of the left terminal repetition and then as an inter
mediate in normal DNA replication. 

end were rescued and replicated. If both ends had deletions, rescue did 
not take place, nor did it occur if a deletion extended beyond the terminal 
repetition (27). By an extension of these studies it should prove possible 
to develop a detailed knowledge of the specific structural and/or seq
uence requirements for effecting rescue of the AAV genome from the inte
grated state. 

The actual mechanism for rescue is not known. Conceivably the AAV 
insert could first be excised and then replicated, or replication could 
begin while the DNA is still inserted and free copies could be generated 
as a consequence of replication. At present the latter seems more likely. 
It has been possible to follow the fate of the parental DNA after trans
fection. To date free forms of pBR322 DNA which would result from pri
mary excision of the AAV insert have never been detected. This tentative 
conclusion must, of course, be tempered by the possibility that the in
sert is rescued from only a small fraction of the input molecules and 
thus is below the level of detection possible by Southern blotting. 

DISCUSSION 
The study of AAV latent infection has reached a stage at which the 

detailed molecular biology is capable of elucidation. The defective 
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nature of the virus has permitted the establishment of latent infections 
in cells of the normal host in culture. This is in distinct contrast to 
other nuclear DNA viruses and permits in depth studies of the state of 
the viral DNA in cells from which the virus can be readily rescued. 
Studies with clones of latently infected cells are under way to determine 
the cellular sequences flanking the integrated viral genome (R. Bohenzky 
and K. Berns, unpublished data). The existence of recombinant clones of 
AAV DNA in the plasmid pBR322, a completely defined system, from which 
the viral genome can be rescued after transfection of human cells permits 
definition of the minimum molecular requirements for rescue, in addition 
to general studies of the molecular biology of viral replication. Also 
underway are studies at the molecular level of the requirements for inte
gration of the viral DNA into other DNAs in eukaryotic cells. AAV can 
recombine with SV40 after either coinfection or cotransfection of monkey 
cells. The requirements for and the products of recombination are being 
characterized (Z. Grossman, E. Winocour, and K. Berns, unpublished data). 

The successful rescue of clones with deletions at both ends of the 
AAV genome (e.g., pSM609) raises an interesting question with regard to 
the specificity of the process. From studies of independently derived 
clones of latently infected human cells no specificity of flanking seq
uences has been detected. On the other hand, the presence of the terminal 
repetition at junctions with cellular DNA and the inability to rescue the 
viral genome from recombinant plasmids with significant deletions (>50 
base pairs) at each end imply that this sequence or structure does playa 
critical role in the process of rescue. These facts plus the ability to 
rescue pSM609 suggest two possibilities; either there is sequence speci
ficity in the terminal repetition, but the signal sequence is located in
ternally, or the critical feature is the self complementarity of the over
all sequence, enough of which must be retained to allow potential forma
tion of a cruciform structure. Although the latter possibility is espe
cially intriguing in light of its similarity to putative recombination 
intermediates, resolution of this problem awaits experiments in which 
part or all of the AAV terminal repetition is replaced with substitute 
sequences that retain the ability to form the cruciform structure. 

The biological consequences of AAV latent infection are potentially 
of equal interest to the molecular findings, but may be much more diffi
cult to define. AAV infects many vertebrate species, including man (85% 
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of adults in the U.S. are seropositive), but no disease has ever been 
associated with infection. Infectious AAV has only been isolated from 
people suffering concurrent adenovirus infections (6) and the diseases 
associated with such infections are attributable to the helper virus co
infection. Indeed the possibility exists that AAV coinfection results in 
the amelioration of disease in such infections. AAV inhibits the repli
cation of adenovirus (29) and the oncogenicity of both adenovirus and 
herpes simplex virus in cell culture and in experimental animals (30-34). 
It is possible that latent infection ~ vivo may be protective as well. 
Indeed, this has been suggested in the case of AAV latent infection in 
chickens where adenoviruses are pathogens of serious economic consequence 
(35). The extent, as well as the consequence, of AAV latent infection in 
humans in uncertain. One suggestive study of the possible consequences 
measured the frequency of antibodies to AAV in patients with cancer of 
the cervix or prostate (thought to be associated with herpes simplex virus 
type II) in comparison to matched controls. In the control group 83% of 
the population had antibodies to AAV whereas only 14% of the cancer pa
tients had detectable levels of such antibodies. In both groups 80-90% 
of the patients had antibodies to herpes simplex viruses (36). The under
lying assumption in this study was that latent AAV infection required a 
prior AAV infection which would have produced a measurable antibody re
sponse. In chickens the possibility has been raised that the AAV genome 
may be transmitted via the germ line (35); a phenomenon that has not been 
demonstrated for any other DNA animal virus. The rather low frequency 
(1-2%) of latent infection of the original lots of human embryonic kidney 
cells tested by Hoggan et ~. (8) would imply that germ line transmission 
is unlikely to be a common event in humans. 

Because of its defectiveness and lack of readily detectable patho
genicity, AAV is among the more unobtrusive human viruses. Yet its small 
size, unusual biology, and prevalence make it an interesting subject of 
study. Because its biological interactions with both adenovirus and 
herpes viruses suggest a commonality in certain steps vital to virus 
replication, many of the data obtained are likely to be of quite general 
interest. 
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HOST RANGE TRANSITION OF LYMPHOTROPIC f1INUTE VIRUS OF t1ICE DURING 
PERSISTENT INFECTION IN L-CELLS 
DIW\ RON, ESTHER GUETTA and JACOV TAL 
Department of Biology, Ben-Gurion University of the Negev, Beer Sheva, Israel 

SUMNARY 
Infection of A9 strain of mouse L-cells with the lymphotropic strain 

of minute virus of mice (MVt1(i )), resulted in initial arrest of viral 
replication and a subsequent establishment of a short term, 150 day long 
persistent infection. The virus produced by the carrier culture differed 
from t1VM(i} in its ability to replicate lytically in A9 cells and the 
parallel loss of infectivity to T-lymphocytes. The newly acquired host 
range was a stable property of the progeny virus, suggesting that it is 
genetically determined. Restriction endonuclease analysis failed to detect 
di fferences between the mutant vi ra 1 DNA and that of rm1( i), i ndi cati ng that 
the host range determining region in the viral genome is small. 

INTRODUCTION 
r1i n ute vi rus of mi ce (~1VM) is an autonomous pa rvovi rus conta i ni ng a 

linear, single stranded (ss) DNA genome, some 5000 nucleotides in length (1). 
In susceptible cells, t1VM establishes a lytic infection which results in 
the appearance of cytopathic effects (CPE) and cell death within 48-72 hours. 
Following penetration of the infected cell nucleus by the parental ssDNA 
two separate types of DNA synthesis are observed: conversion of the viral 
DNA to a double stranded (ds) replicative form (RF) DNA, and DNA amplification 
synthesis (1). The assembly of viral particles is done in the cell nucleus. 

Two strains of r1~1 are known to date: the prototype rWt~(p) and the 
immunosuppressive virus rWt4(i} (2). Although they are serologically 
identical (3) and have very similar DNA sequences according to restriction 
endonuclease mapping criteria (2), they differ in their host range properties: 
~VM(p) replicates lytically in L-cells and M~4(i) grows in T-lymphocyte cell 
lines (4). The reciprocal infections, i.e., MVM(p) in T-cells and Mvt1(i} in 
L-cells are both non-productive, resulting in limited cell lysis and virus 
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production but not in the destruction of the infected cultures (4). In 
both cases the blocks to viral replication have been shown to be intra
cellular ones. Hence, these growth properties, together with their limited 
genetic capacity make these viruses an attractive model system for the study 
of the genetic determination of viral host range. 

Our aim in this study was, originally, to gain an understanding of the 
mechanisms by which rWM(i) replication in A9 cells (L-cell derivative line) 
was restricted. Further experiments with this system revealed a more complex 
virus-cell relationship: after an initial period in which MVM(i) replication 
was blocked, a persistent infection emerged. \~e show here that the virus 
shed by the persistently infected culture had undergone host range transition, 
and present evidence that this transition is genetically determined. 

MATERIALS AND METHODS 
Cells 

A9, a derivative of mouse L-cells (7), EL4, a mouse lymphoma cell line (8) 
and hyb 1/11, a hybrid line between ouabain resistant A9 and EL4 cell lines 
were obtained from P. Tattersall. The mouse testicular cell lines TM3 and 
TM4 (9) were provi ded by J. P. ~lather. All cell s were grown in Dul becco 
Minimal Essential Medium (Gibco) supplemented with 5% fetal calf serum 
(Seralab). HAT solution was added to the hyb 1/11 growth medium (10). 

Vi ruses 
MVM(p) and MVr·l(i) were obtained from P. Tattersall. 

Virus titrations 
Hemagglutination and plaque assays were done according to previously 

described procedures (11). Infectivity of all 3 ~1VM strains was determined 
by plaque assays using hyb 1/11 as indicator cells. 

Immunofluorescence straining 
The indi rect method was used (12). Fl uorescein conjugated goat anti

rabbit 19G was purchased from Miles Veda. 

Dispersed cell assay 
The method described by Lavi and Etkin was used (l3). In short, infected 

or uninfected cells (between 105 and 106) were trapped on 25 mm, 0.2 ~ 
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nitrocellulose filters (Schleicher and Schull) by slow filtration. The 
filters were air dried, denatured by alkali, neutralized, baked in an oven 
at 80 a C for 4 hrs and hybridized to double stranded viral DNA which was 
labelled with 32p by nick translation. The viral DNA, cloned in pBR 322, 

was obtained from D.C. I~ard. 

RESUL TS 
Establishment of a persistent infection of t·1VM(i} in A9 cells 

The infection of A9 cells with the lymphotropic strain tWM(i} does not 
initially affect their growth rate and viability. The single stranded viral 
DNA is converted to a double stranded RF, and is efficiently amplified, but 
very small amounts of progeny ssDNA are synthesized (Ron and Tal, manuscript 
in preparation). When the infected culture (designated A9MVM(i)} was 
maintained in monolayer culture for a period exceeding 10 days, extensive 
cell lysis began and variable amounts of virus were detected by hem
agglutination and plaque assays, but complete destruction of the culture 
did not occur. A persistent infection was thus established, in which virus 
production and cell destruction were maintained alongside with cell 
proliferation. The percentages of cells involved in virus production at 
different stages during the entire 150 day long process were determined by 
immunofluorescence. The results (table l) show that the peak of cell lysis 
was between 40 and 60 days post infection. This period was also characterized 
by high levels of virus production and by a marked decrease in the overall 
growth rate of the culture (data not shown). After this "crisis" period, 
the culture resumed normal growth rate but low level virus production was 
maintained for an additional 90 days. Eventually, the cells were spontaneously 
cured from detectable infectious virus as well as from viral proteins and 
vi ra 1 DNA. 

TABLE 1. Percentages of A9 cells involved in virus production during the 
persistent infection. 

Days post infection (dpi) 

5 
9 

16 
40 
56 
85 
91 

150 

% Fluorescent nuclei 

0.4 
0.3 

10.0 
16.0 
17.0 
4.0 
3.0 

<0.1 
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FIGURE 1. Plaque formation in A9 cells by tWM(i) and MVt~(i)A9. 
5x105 cells ~n monolayer culture were infected with 40 pfu of t~VM(i)A9 
or with 4x10 pfu of !11VM( i) and over1 ayed with agar for di rect p1 aque assay. 
(a) MVM(i)A9 from passage 8. (b) MVH(i)A9 from passage 15. (c) MVH(i). 

Evidence for host range transition of MVH(i) 
To study the growth characteristics of the persistent infection progeny 

virus (designated MVM(i)A9)' we prepared a plaque purified stock of virus 
from passage 15 (100 dpi), and compared its ability to replicate in fresh 
A9 cells to that of MVM(i). Figure 1 shows that unlike MVM(i) , MVM(i)A9 
has acquired the ability to produce plaques in A9 cell mono1ayers. The same 
MVM(i) stock did produce plaques in the permissive hyb 1/11 cells, indicating 
that its inability to grow in A9 cells was due to its restriction in these 
cells and not to a possible loss of infectivity . 

The change in viral host range was also evident from visualizing viral 
capsid proteins in situ: A9 cells were infected with MVM(p), rWM(i), and 
MVM(i)A9' and 20 hours later subjected to immunofluorescence staining. The 
results, some of which are shown in Figure 2, demonstrate the absence of 
fluorescence upon infection with MVM(i) (Fig. 2b). However, infection of 
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FIGURE 2. Indirect immunofluorescence assay of tWM(p), MVM(i) and MVM(i)A.9 
infected A9 cells . . 

The cells were infected with 10 pfu/cell of each virus. The left hand 
columns are phase contrast micrographs of representative fields and the 
ri9ht hand columns are immunofluorescence of the same fields. (a) tWM(p) . 
(b) MVM(i). (c) MVM(i)A9' 

these cells with either MVM(p) or MVM(i)A9 (Fig. 2a and c, respectively) 

resulted in similar percentages of fluorescent nuclei (around 20% at 10 

pfu/cell). To further compare the ability of EL4 and A9 cells to support 

MVM( i) A9 rep 1 i cati on, two parameters were chosen: vi rus producti on, whi ch 

was assayed by hemagglutination, and viral DNA synthesis by the dispersed 

cell assay. The results of this analysis (Table 2) clearly show that MVt~(i)A9 

had lost its ability to grow or to replicate its DNA in EL4 cells, and had 

adapted to grow in A9 cells with efficiency comparable to that of t1Vt~(p). 

Hence, the MVM(i) A9 host range is an altered, rather than an expanded one. 

It could be argued that MVI'l(i)A9 was not a host range mutant of tWt~(i) 

but rather tWM(p) which was present as a minor contaminant in the original 
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TABLE 2. Growth properties of NVt1(p), tWM( i) and MVM( i) A9 

Vi ral ctlA synthes is Vi rus production 

~;Vr4( p) rWM(i) Mvt4( i) A9 MVM(p) MVM( i) MV~1( i) A9 

( cpr1) (HAU/cell x 105) 

EL4 1,160 21 ,490 1,040 N·T.f-~ 2,200(+) 0.9(-) 
A9 70,340 5,390 50,260 2,000 + 1.2(-) 1,600(+) 

Cells were infected at a moi of 20 pfu/cell. 24 hours later the relative viral 
DNA content of 8xl05 cells was determined by the dispersed cell assay. 
Hemagglutination assay was performed at 4 dpi . The (+) and (-) symbols indicate 
the presence or absence of characteristic CPE, visualized microscopically. 

MVM(i) stock and was enriched when passaged in A9 cells. To test this 

possibility, DNA from tWM(i)A9 virus was extracted, converted to a double 

stranded form in vitro by DNA polymerase I and was labelled with 32p by the 

inclusion of a_ 32 P_dATP in the reaction. MVM(i) and MVM(p) DNAs were similarly 

treated and the 3 DNAs were subjected to cleavage with 7 restriction endo

nucleases (AluI, MboI, HinFI, PstI, HhaI, FnuDII and Hind III) which had 

been previously shown to cleave MVM(i) and MVM(p) differently in at least 

one of their sites (2). The cleavage products were separated by agarose gel 

electrophoresis and the results, some of which are shown in Figure 3, clearly 

Hhal est I 
123123 

FIGURE 3. Comparisons of MVM(p), MVM(i) and MVM(i) A9 
DNAs by restriction and nuclease cleavage. 

See text for details. (1) MVM(p). (2) MVM(i). 
(3) MVM(i)A9 
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indi cate that M~.1( i) A9 was a host range mutant of MVM( i), and not MVI1( p). 
The virus was designated hr 301. It should be noted that none of the enzymes 
used in this analysis (altogether accounting for about 80 separate c1eava~e 
sites) revealed any differences between the DNAs of rWr·l(i) and hr 301, 
suggesting that if such a difference exists, it must be very small. 

Hr 301 replication in EL4 cells is blocked between RF DNA synthesis and 
amp 1 ifi ca ti on 

To localize the block to its replication in EL4 cells, EL4 and A9 cells 
were infected with hr 301 virus at 10 pfu/ce11. 4 and 24 hours post 
infection (hpi) the cells were extracted by the Hirt procedure, the ss and 
ds viral DNAs were separated by agarose gel electrophoresis, blotted onto 
nitrocellulose membrane filters and hybridized to viral DNA probe. The 
results (not shown) revealed the following: (i) the block was not due to 
a membranal barrier in EL4 cells, since at 4 hpi the parental, ssDNA contents 
of both EL4 and A9 cells were quantitatively identical. (ii) Complete 
conversion of parental DNA to ds RF DNA was observed at 24 hpi, in both A9 
and EL4 cells. However, there was little or no amplification of viral 
RF DNA in EL4 cells. (iii) Progeny ssDNA was not made in EL4 cells. These 
results localize the block to hr 301 replication between RF DNA synthesis 
and amplification. It should be noted that rWM(p) replication in EL4 cells 
is blocked at the same stage (Ron and Tal, manuscript in preparation). 

Phenotypic stability of hr 301 
In the absence of a direct proof that the host range transition of 

NVM(i) resulted from a mutation in the viral DNA, the stability of the 
acquired host range was used as an indication to support genetic change. 
To test this, NB324K, an SV40 transformed human cell line was used (5). 
Being permissive to both r·1VM(i) (4) and hr 301, it enabled the replication 
of the mutant virus without subjecting it to selective pressures. The cells 
were infected with hr 301 and the progeny virus was used to reinfect fresh 
NB cells. After 9 additional passages the host range of the progeny virus 
was identical to that of hr 301, i.e., it grew well in A9 cells but not in 
EL4 cells, suggesting that the host range transition is genetically controlled. 
Furthermore, repeated attempts to establish a lytic infection of hr 301 in 
EL4 cells have failed even when high rnai (over 100 pfu/cell) was used. 

To gain better understanding of the relationship between the host range 
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FIGURE 4. Intracellular viral DNA forms 
in infected TIB cells. 
The cells were infected with 10 pfu/ce11 
each of ~1VM{i), rm1{p) and hr 301. Viral 
DNAs were extracted from the cells by the 
Hirt procedure, separated by agarose gel 
electrophoresis and stained with ethidium 
bromide. RF1 and RF2 are monomeric and 
dimeric forms of viral RF DNA. ss, single 
stranded viral DNA (barely visible in the 
photographic reproduction). (1) f10ck 
infected. (2) MVM{p), 4 hpi. (3) MVM(p), 
24 hpi. (4) ~1Vr1{ i), 4 hpi. (5) ~1Vt·l{ i} , 
24 hpi. (6) hr 301, 4 hpi. {7} hr 301, 
24 hpi. 

properties of MV~l{p), flvrHi} and hr 301, several cell lines were screened for 
susceptibility to the 3 viruses. From this survey, one general conclusion 
emerged. Every cell line tested that was permissive to rm1{p) also supported 
hr 301 replication. This correlation was true not only for mouse fibroblastic 
cell lines but also for TM4, a mouse cell line of epithelial origin (9) and 
for ATla, a line of rat cells which had been transformed by avian erythro-
b 1 astosi s vi rus (6). Both these cell 1 i nes were permi ss i ve to MVtl{ p) and 
hr 301 but res tri cti ve to ~lVM{ i}. Furthermore, thi s generality seems to 
apply not only to virus production, but also to partial expression of the 
viral functions in restrictive cells. One such example is in TM3, another 
mouse testicular cell of epithelial origin, believed to originate from Leydig 
cells (9). Although these cells are non-permissive to either tlvrl{p), MVH(i} 
or hr 301, the restrictive stage is not identical for all 3 viruses. A gel 
electrophoretic analysis of the viral DNAs at 4 and 24 hpi (Figure 4) shows 
that rWM{p) DNA (lanes 2 & 3) and hr 301 DNA (lanes 6 & 7), but not rm1(i) DNA 
(lanes 4 & 5) were converted to double stranded replicative forms. Further 
experiments showed that MV~l{i} penetrates TM3 cells efficiently, but persists 
in single stranded form in the nucleus (Guetta and Tal, in preparation). 

DISCUSSION 
There is an extensive literature dealing with evolution of virus 

populations during the course of persistent infections. It is generally 
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found that cytolytic viral infections are converted to more temperate host

virus interactions, which allow the virus to reside within the culture without 
destroying it. This coexistence is made possible by one or more of four 
mechanisms recognized to date: (i) the generation of viral mutants, generally 
conditional mutants such as temperature sensitive (ts), which alter the growth 
pattern of the virus (14,15,16); (ii) appearance of defective interfering (Dr) 
particles among the progeny virus population. Such particles, which contain 
shortened viral genomes within normal protein capsids, interfere with the 
replication of the wild-type viruses (17,18); (iii) production of interferon 
by the infected cells. Interferon has been shown responsible for the 
maintenance of persistent infections in several systems (19,20); and (iv) 
integration of the viral DNA into the host genome (21,22). While integration 
is found among certain DNA viruses and retroviruses, ts and DI mutant particles 
have been implicated mainly in persistent infections by RNA viruses. The 

reasons for this is most probably the relatively high occurrence of errors in 
replication of the RNA genome, due to the absence of RNA proof reading enzymes, 
which renders these genomes more prone to the induction of mutants (23). 

The results presented here show that upon infection of A9 cells with 
MVM(i), a persistent infection resulted, in the course of which a host range 
mutant virus, designated hr 301, was produced. The events leading to the 
establishment of this persistent infection are not clear. During the initial 
10 days, small amounts of virus were detected by hemagglutination, and 
preliminary results indicate that most, if not all of this virus was wild 
type WJf1(i). It seems, therefore, that the series of events leading to 
persistent infection includes: (i) formation of "restricted" ~WM(i) RF DNA; 
(ii) its partial amplification and (iii) introduction of mutation, or 
mutations, into the restricted RF molecules which can overcome the block and 
subsequent establishment of a lytic infection in a fraction of the infected 
culture. According to this scheme, the persistent infection is established 
in A9 cells by hr 301 virus and not by rml(i). However, it is not clear why, 
once a mutant virus appeared, complete destruction of the culture did not 
occur. The nature of the "restricted" RF DNA, too, is unclear. Since DNA 
methylation has been shown to interfere with gene expression in various 
systems (24,27,28) we investigated the possibility that MVM(i) DNA was 
methylated in A9 cells, but no methylations in viral Hpa II and Hha I sites 
were detected (Segev, Ron and Tal, unpublished results). 

We have recently found that none of the known mechanisms used to establish 
or maintain persistent infections (i .e., interferon, Dl particles, ts mutants 
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and integration) was involved in this persistent infection (Ron, Tattersall 

and Tal, in preparation). It is, therefore, possible that hr 301 is not a 
uni fonn vi rus throughout the 150 day process, but that rather H undergoes 
sequential changes, which enable it to establish productive infection in only 
a fraction of the cells at each stage. Alternatively, or perhaps in addition 
to changes in the viral population, the cell population may be changing and 
gradually selecting out those which resist viral infection. That the carrier 
state is maintained by a sequence of changes that render a transient fraction 
of the culture susceptible to lytic infection is supported by our ability to 

cure the culture with anti-MVr·' serum at any stage in the persistent infection. 
Sequential changes in the cell population are supported by the spontaneous 
termination of the persistent infection and the elimination of any traces of 
virus. Similar spontaneous curing has been previously observed in L-cells 
persistently infected with VSV (25), and coevolution of virus and cells during 
.:!.!!. vitro persistent infection was demonstrated by Ahmed et ~. in reovirus 
infected L-cells (26). 

Finally, it is interesting to point out that the change in HVt1(i} host 
range was contained within the limits of the two allotropic states known to 
us. It seems at present that MVM can exist in either one of the two host 
range phenotypes, defined by the ability to grow in discriminating cell lines 
such as L-cells and T-lymphocytes. 

ACKNm~LEDG~1ENTS 

We thank Peter Tattersall and David Ward for valuable discussions and 
materials, Dominique Stehelin for ATla cells, Jenifer Mather for TI13 and TI14 
cells, Alan t1ehler for critical readina of this manuscript and Nitza Peleg for 
technical assistance. This work was supported by grants from the Israel Cancer 
Society and the U.S.-Israel Binational Science Foundation (BSF). 

REFERENCES 
1. Bournguignon, G.J., Tattersall, P. and Ward, D.C. J. Virol. 20: 29-306, 

1976. 
2. t·lc~1aster, G.K., Beard, P., Ingres, H.D. and Hirt, B. J. Virol. 38: 

317-326, 1981. 
3. Bonnard, G.D., t1anders, LK., Campbell, D.A. Jr., Herberman, R.B. and 

Collins, t1.J. J. Exp. Med. 143: 187-205, 1976. 
4. Spalholz, B.A., Bratton, J.,Ward, D.C. and Tattersall, P. J. Cell 

Biochem., in press. 
5. Stein, H.t1. and Enders, J.F. Proc. Soc. Exptl. Biol. Med. ~: 495-499, 

1962. 
6. Quade, K. Virology 98: 461-465, 1979. 
7. Littlefield, J.W. Nature 203: 1142-1144, 1964. 
8. Shevach, E.J., Stabe, J.D.and Green, I. J. Immunol. 108: 1146-1151,1972. 



136 

9. f1ather, J.P. and Sato, G.H. EXp. Cell Res. 124: 215-221, 1979. 
10. Littlefield, J.W. Science 145: 709-710, 196r 
11. Tattersall, P. J. Virol. 10"":586-590,1972. 
12. Tattersall, P. In: Replication of t·lammalian Parvoviruses (Eds. D.C. 

Ward and P. Tattersall) Cold Spring Harbor Laboratory, Cold Spring 
Harbor, N.Y., 1978, pp. 131-149. 

13. Lavi, S. and Etkin, S., Carcinogenesis 2: 417-423,1981. 
14. Youngner, J.S., Dubovi, E.J., Quagliana-;- D.O., Kelly, ~1. and Preble, O.T. 

J. Virol. 19: 90-101, 1976. 
15. Youngner, ;J.S. and Preble, O.T. Comprehensive Virology 16: 73-135, 1980. 
16. Yoshida, T., Hamaguchi, M., Naruse, H. and Nagai, H. VirDlogy 120: 

329-339, 1982. -
17. Holland, J.J., Kennedy, S. Ian T., Semler, B.L., Jones, C.L., Roux, L. 

and Grabau, E.A. Comprehensive Virology 16: 137-192, 1980. 
18. Huang, A.S. and Baltimore, D. Nature 226:-325-327, 1970. 
19. Ramseur, JJ1. and Friedman, R.M. J. Gen:- Virol. 37: 523-533, 1977. 
20. Mathews, J.H. and Vorndam, A.V. J. Gen. Virol. 6T: 177-186, 1982. 
21. Weinberg, R.A. Ann. Rev. Biochem. 9: 197-226, 19130. 
22. Handa, H., Shiroki, K. and Shimojo,~. Virology 82: 84-92, 1977. 
23. Holland, J.J., Spindler, K., Horodyski, F., GrabaU-;- E., Nichol, S. and 

Vandepol, S. Science 215: 1577-1585, 1982. 
24. Youssoufian, H., Hammer:-5"J1., Hirsch, M.S. and Mulder, C. Proc. Nat1. 

Acad. Sci. USA 79: 2207-2210, 1982. 
25. Holland, J.J., 'Semler, B.L., Jones, C., Perrault, J., Reid, L. and Roux, 

L. In: ICN-UCLA Symp. Mo1ec. Cell. Bio1., Vol. 11 (Eds: J.G. Stevens, 
G.T.~odaro and C.F. Fox) Academic Press, 1978, pp. 57-73. 

26. Ahmed, R., Canning, W.t1., Kauffman, R.S., Sharpe, A.H., Hallum, J.V. and 
Fields, B.N. Cell 25: 325-332, 1981. 

27. Stewart, C.L., StuhTmann, H., Jahner, D. and Jaenisch, R. Proc. Nat1. 
Acad. Sci. USA 79: 4098-4102, 1982. 

28. Kruczek, I. andDoerf1er, W. The EMBO Journal 1,.: 409-414, 1982. 



10 
TRANSPLANTATION OF MOUSE GENES INTO RAT CELLS CHRONICALLY INFECTED BY 
MOLONEY MURINE LEUKEMIA VIRUS (Mo-MuLV) 

RACHEL OREN1 and YAEL TEITZ2 

~Israel Institute for Biological Research, Ness-Ziona, Israel and 
Sackler School of Medicine, Tel-Aviv University, Ramat-Aviv, Israel 

SUMMARY 
Three rat cell lines (RE, ES and RT21) chronically infected with 

Moloney Murine Leukemia Virus (Mo-MuLV) became sensitive to infection with 
EMC virus and to the antiviral effect of mouse interferon. These two pro
perties are specific to mouse cells only. EMC virus multiplies in Mo-MuLV 
infected rat cells to a titer of 108 pfu and destroys the infected cells. 
Mouse interferon induces an antiviral state in these cells when challenged 
with EMC or VSV viruses, and causes inhibition of 97 per cent of Mo-MuLV 
release. These properties are observed only in rat cells chronically in
fected with Mo-LV obtained from mouse, but not in those infected with 
Moloney Leukemia Virus obtained from rat (Mo-RLV). 

INTRODUCTION 
Retroviruses are eukaryotic RNA viruses which during their multipli

cation cycle produce intermedial proviruses. The provirus hypothesis 
suggests that retroviruses evolve in nature by recombination of replica
tion-competent retrovirus with a portion of the cell genome involved in 
normal transfer of genetic information in and between cells (1, 2). These 
viruses incorporate their genomes into the host cell chromosomes during 
one phase of their growth cycle, a property that enables them to become 
"transducers" of cellular genes (1). 

Retroviruses are viruses that carry genes that are without essential 
replicative or structural function. The role, origin, purpose and even 
number of the viral non-essential genes that retroviruses may carry from 
one host cell to the other are still under investigation. Recently the 
oncogenes carried by retroviruses which code for transforming proteins 
have been studied very intensively in many laboratories (2, 3). 
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In the present study, we have been able to demonstrate the transplan
tation of mouse genes into three rat cell lines, chronically infected with 
Moloney Murine Leukemia Virus (Mo-MuLV) (4). This virus replicates in the 
rat cells without affecting their normal growth. Rat cell lines infected 
chronically with Mo-MuLV express characters typical to mouse cells, such 
as sensitivity to infection with EMC virus and an antiviral response to 
mouse interferon. 

Treatment of cells with interferon causes them to become unable of 
supporting replication of a broad range of viruses. Interferon inhibits 
viral multiplication most effectively in cells of species in which it 
has been produced. Several pathways have been suggested which are ope
rative in interferon-treated virus-infected cells. The biochemical basis 
of inhibition of replication of EMC or VSV virus seems to be an inhibi
tion of viral RNA or protein synthesis, or both. Treatment with inter
feron on retrovirus chronically-infected cells causes inhibition of virus 
release. Retrovirus production is blocked at the plasma membrane level 
where the virions assemble and from where they bud (5, 6, 7, 8). 

RESULTS 

Sensitivity to infection with EMC virus. 

Different cell lines were assayed for their sensitivity to infection 
with Encephalomyocarditis virus (EMC). Mouse cells, but not rat cells, 
are sensitive to this infection. Thus, cell lines originated from mouse 
non-infected or infected with Moloney Murine Leukemia Virus (Mo-MuLV) or 
Moloney Rat Leukemia Virus (Mo-RLV) (9, 10) were sensitive to EMC infe
ction. Cytopathic effect was observed after 24 - 28 hrs and virus titers 
usually reached levels of 108 pfu/ml. Cells originated from rat, non
infected or infected with Mo-RLV were resistant to EMC infection. How
ever, when the same rat cells were chronically infected with Mo-MuLV, 
they became sensitive to EMC infection, yielded high titers of virus and 
showed cytopathic effect similar to that observed in cells originated 
from mouse. These results are summarized in Table I. 
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Table 1. Sensitivity of different cell lines to infection with EMC virus 

Origin of cells Cell 1 ine 

Rat embryo RE 
RE Mo-RLV 
RE Mo-MuLV 

Rat thymus ES 
ES Mo-RLV 
ES Mo-r·1uLV 

Rat thymus RT21 
RT21 Mo-RLV 
RT21 Mo-MuLV 

Mouse embryo 3T3 Mo-RLV 
3T3 Mo-MuLV 

Mouse L 929 

Sensitivity to infection 
Cytopathic effect Titers (pfu/ml) 

+ 

+ 

+ 

+ 
+ 

+ 

-
108 

Confluent cultures on 4 cm plastic plates from the different cell 
lines were infected with EMC virus in various titers from 101-107 pfu/ml. 
After 24 - 28 hrs, the cultures were assayed for virus yield and cyto
pathic effect (CPE). 

Virus yield was assayed on mouse cell line L 929 and expressed as 
pfu per 1 ml. 

(-) no CPE 
(+) CPE 

Antiviral activity induced by interferon treatment. 
Because of the species specificity of interferon, mouse interferon 

induces an antiviral state in mouse cells but not in rat cells. Protection 
induced by interferon treatment to viral infection was tested in the dif
ferent rat cell lines. Table 2 presents the experimental results. Rat 
cell lines, non-infected and chronically infected by Mo-MuLV or Mo-RLV 
were treated with various doses of mouse or rat interferon. After 24 hrs 
cell response to infection with 104 pfu of VSV was examined. As can be 
seen in Table 2, only the rat cell line RE chronically infected with 
Mo-MuLV established protection against VSV by previous treatment with 
~ interferon, and, of course, the mouse cell line 3T3 chronically in
fected with MoMuLV which served as a positive control in the experiment. 
In rat cell lines, non-infected or chronically infected with Mo-RLV, only 
rat interferon induces antiviral activity. Similar antiviral response 



140 

after treatment with mouse interferon was shown in the Mo-MuLV chronically
infected rat cell s when infected with E~4C virus. (Results are not pre
sented) . 

Table 2. Sensitivity of different rat cell lines to antiviral effect 
on mouse interferon 

Interferon unitLml 
Origin Cell line Mouse - Rat -
of 
cell s 5xl0-4 5xlO-3 5xl0-2 10-4 5xl0-3 5xl0-2 

Rat embryo RE + + + + 
RE Mo-RLV + + + + 
RE Mo-MuLV + + 

Rat thymus ES + + + + 
ES Mo-RLV n.d. n.d. n.d. + 
ES Mo-MuLV n.d. n.d. n.d. + + 

Rat thymus RT21 Mo-RLV + + + + + 

Mouse 3T3 Mo-MuLV + + + + 

Cell lines were treated with various amounts of mouse or rat inter
feron for 24 hrs. Protection induced by interferon was assayed by de
tection of CPE in these cells following infection with 104 pfu of VSV 
per culture. 

( - ) no CPE 
(+) CPE 
(n.d.)not done 

Inhibition of Moloney leukemia virus release by interferon. 

The effect of Mouse interferon on virus production was examined in 
the mouse cell line 3T3 chronically infected with Moloney leukemia virus. 
Virus release was followed for 18 hrs after interferon treatment. Virus 
yield in the extracellular medium was measured by the amount of 3H-uridine 
in pulse-labeled virus particles and by reverse transcriptase activity. 

As shown in Figure 1, the accumulation of virus particles in the culture 
media as measured by radioactivity and/or reverse transcriptase activity 
was similar. In the untreated cells, virus accumulated at a linear rate 
for the first 6 hrs and reached maximal level after 18 hrs. Virus release 
from the interferon treated cells was almost completely inhibited during 
the first 9 hrs, after which it rose slightly. At 18 hrs following inter
feron treatment, virus reverse transcriptase was inhibited by 83 per cent 
and the release of 3-H-uridine-labeled virus by 85 per cent. 
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Release of Moloney leukemia virus after interferon treatment. 
3T3/Mo-RLV confluent cultures in 75 cm plastic bottles were treated for 
24 hrs with 20 u/ml mouse interferon. Inter~eron was removed and half 
of the cultures were labeled with 30 uCi/ml H-uridine for 30 minutes. 
Cells were washed with PBS containing 10-3M uridine and reincubated in 
fresh medium. At indicated intervals reverse-transcriptase activity in 
unlabeled cult~res was assayed in 0.1 ml of supernatant fluids (6). 
The amount of H-uridine labeled virus was determined in 2 ml samples of 
the supernatant fluids of the labeled cultures. Thepellets of the 
labeled virus particles were centrifuged at 234,000 x g for 3 hrs in 15-
60 per cent (w/w) linear sucrose gradient. Acid precipitable radioacti
vity was measured. Mo-RLV purified particles band at 1.16-1.18 g/ml. 

Effect of increasing doses of mouse interferon on release of Mo-LV from 
chronically infected rat cell lines. 

Virus release from the different cell lines chronically infected 
with Moloney Leukemia Virus was assayed by reverse transcriptase activity 
found in the supernatant fluid of these cells. In rat cell-RE chroni
cally infected with Mo-MuLV, and treated with 20-200 units of mouse 
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interferon, 90-95 per cent inhibition in the release of Moloney Murine 
Leukemia Virus (Mo-MuLV) was found . This response is shown in mouse cells 
chronically infected with Moloney Leukemia Virus (Mo-LV) . 

The RE and RT21 rat cell lines chronically infected with rat Moloney 
Leukemia Virus (Mo-RLV) responded very poorly to mouse interferon even at 
concentrations as high as 103 or 104 units. 

Experimental results are demonstrated in Figure 2. 
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FIGURE 2. Effect of interferon on virus release from rat and mouse cell 
lines chronically infected with different Mo-LV. 
Confluent cultures in 4 cm plastic plates of the rat cell l i nes and the 
mouse· cell line chronically infected with the different Mo-LV were 
treated for 24 hrs with 10~, 103 and 102 units/ml mouse interferon. 
Reverse transcriptase activity was assayed in 0.1 ml of supernatant 
fluids. 
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DISCUSSION 
In this paper we present evidence that three rat cell lines exhibited 

sensitivity to EMC infection and responded to mouse interferon - as was 
demonstrated by their antiviral state against VSV and EMC infection - as 
well as to inhibition of the release of Mo-MuLV. 

The acquisition of mouse characteristics was only found in rat cells 
chronically infected with a Moloney Leu~mia Virus from a murine source. 

In view of the known facts that retroviruses are RNA viruses which, 
during their multiplication cycle, produce double-stranded DNA reverse 
transcripts capable of integrating into the host cells genome, it is most 
probable that the expression of typical mouse characteristics was due to 
transfer of a mouse gene or genes carried by the virus from mouse to rat. 
Chromosome-mediated transfer of murine leukemia virus genetic information 
to uninfected recipient cell was recently shown (11). This hypothesis is 
strengthened by the finding that the same three rat cell lines, when in
fected with Moloney Leukemia Virus from a rat source, do not become sensi
tive to EMC virus infection and· do not respond to mouse interferon. 

It may be assumed that the lack of sensitivity of rat cells to mouse 
interferon is due to the absence in rat cells of proper receptors to mouse 
interferon. These receptors in mouse are the product of genes located on 
chromosome sixteen (12). If such a gene is incorporated into.Mo·MuLV during 
its replication in mouse cells, the virus might, upon infection of rat cells, 
transfer the mouse gene into its genome; its expression might then cause 
the rat cell to become susceptible to mouse interferon. The results of our 
experiments support such a possibility. 

Further experiments directed towards isolation, characterization and 
determination of the site of integration of these mouse genes in the rat 
cell genome, are now in process. 
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TRANSFORMING GENES OF RETROVIRUSES AND CANCER CELLS 

S. A. AARONSON, National Cancer Institute, Bethesda, Maryland 20205, USA 

An approach towards understanding mechanisms involved in processes 
leading to malignancy has come from studies of acute transforming retro
viruses. These viruses have arisen in nature by recombination of repli
cation-competent type C RNA viruses with a limited set of evolutionarily 
well-conserved cellular genes. When incorporated within the retrovirus 
genome, such transduced cellular (onc) sequences acquire transforming 
properties. To investigate the role of onc-related genes in human cancer, 
we have utilized molecular cloning techniques to isolate the human cellu
lar homologues of a number of retroviral onc genes. These genes are often 
actively transcribed in human tumor cells, and in some cases in normal 
cells as well. We have mapped the chromosomal locations of onc-related 
genes in human cells and shown that in some cases such genes are involved 
in highly specific translocations associated with certain cancers. These 
findings raise the possibility that such translocations may affect onc 
gene expression in a manner that contributes to the neoplastic process. 
By a different approach involving DNA-mediated gene transfer techniques, 
dominant transforming genes, or oncogenes, have been detected in human 
tumors and tumor cell lines. The role of these genes in the malignant 
process remains to be elucidated. However, many of the oncogenes so far 
detected are related to the onc genes of bas, has, or kis, a small family 
of retroviruses comprised of BALB, Harvey, and Kirsten murine sarcoma 
viruses, respectively. Recent results pertaining to characterization of 
retroviral transforming genes and their related human oncogenes are 
presented. 
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CONTROL ELEMENTS FOR THE EXPRESSION OF DNA TUMOR VIRUSES 

P. GRUSS 
Mikrobiologie, Universitaet Heidelberg, 1m Neuenheimer Feld 230, 
6900 Heidelberg, Germany 

Expression of viral genes is essential for the multiplication of 
viruses. The early region of many members of the papova virus group en
codes a multifunctional protein (T-Ag). One of the functions involves 
the initiation of DNA replication. DNA replication in turn seems to 
depend on a certain level of T-Ag. Thus, one important element possibly 
involved in host-range could be the viral promoter, controlling the ex
pression of T-Ag. In addition to promoter elements, we and others 
recently described a control region on the viral genome which greatly 
increases the transcriptional activity of certain genes. This functional 
element was termed enhancer or activator. It differs from promoter ele
ments in its ability to exert this function relatively independent of 
distance and orientation with respect to the coding region. The overall 
activity of the enhancer/activator is host-dependent, suggesting a 
possible involvement of host specific factors. In an effort to define 
critical nucleotides we have constructed and analyzed mutants containing 
multiple nucleotide exchanges within the SV40 72 bp repeat. Our results 
define nucleotides essential for the enhancer function. We furthermore 
determined the minimal activity of the A-gene required for a lytic 
cycle. 

1~ 
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NON-EXPRESSED TUMOR VIRUS ONCOGENES CAN BE ACTIVATED BY TUMOR PROMOTERS 

G. SAUER and E. AMTMANN 
Institute for Virus Research, German Cancer Research Center, 
6900 Heidelberg, Germany 

Papilloma viruses can induce both transformation of cells in vitro 
and tumor formation in vivo. The viral genomes reside in the cells as 
unintegrated episomes. In certain experimental systems such as primary 
mouse embryo cells, bovine papilloma genomes are not transcribed after 
infection, neither does replication occur. Eventually, after repeated 
passages, the viral episomes are ,lost by segregation from the pheno
typically normal cells. However, a brief treatment with a tumor promo
ting substance induces both replication and transcription of the viral 
episomes and a transformed phenotype of the cells ensues which is stably 
maintained. Similarly, when the episeme-bearing rodent Mastomys natal en
sis is exposed to the tumor promoter, skin tumor arise in the treated 
skin in which the Mastomys papilloma genomes (which are endogenous to 
this animal species) are amplified. Thus, the synergistic interaction 
of latent papilloma genomes in vitro can also be demonstrated in an 
animal system. 
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REARRANGEMENT AND ACTIVATION OF A CELLULAR ONCOGENE 

E. Canaani, O. Dreazen, M. Horowitz, A. Klar, D. Ram, J. Cohen, G. Rechavi 
and D. Givol 
Department of Chemical Immunology, The Weizmann Institute of Science, 
Rehovot 76100, Israel 

SUMMARY 

The ~ oncogene was shown to be rearranged in the ,murine plasmacytoma 

XRPC24. This resulted in transcription of this previously "silent" gene 

and in its activation as a malignant transforming gene as shown by trans

fection assays. The rearrangement took place within the 5' region of c-mos 

coding sequence and it involved the insertion of an endogenous retroviral 

~ntracisternal A-particle) genome. The 5' viral long terminal repeat, 

placed next to ~ coding region, probably acts as an enhancer-promoter 

element. 

INTRODUCTION 

The nature of the genetic events associated with the malignant trans

formation of normal cells in natural or induced conditions is little 

understood. Much of our knowledge of these events has come from studies 

of the rapidly transforming and slowly transforming retroviruses. It is 

now well established that the first group of viruses acquired their oncogenic 

properties by incorporating within their genomes one of a group of cellular 

~ (c-onc) genes (1,2) which are limited in number (3), evolutionarily 

conserved (4,5) and probably have an essential physiological role in the 

normal cell and organism. Once incorporated into the viral genome, the ~ 

gene (now termed v-one) is controlled by viral signals and expressed in 

abnormally elevated levels within the infected cell. It is also possible 

that the viral ~ gene product differs in subtle but critical ways from its 

progenitor, the cellular gene. The slowly tranforming retroviruses, which 

do not transduce cellular genes, were shown in some cases (6,7) to activate 

transcription of a particular cellular ~ gene by integration in an adjacent 

position on the cellular DNA. 

The situation is more obscure for the non-virally-induced tumours. By 

using the DNA-mediated gene transfer approach, it was possible to assay 
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tumour DNAs for their ability to transform mouse fibroblasts in culture. This 

approach led to the identification of transforming genes in chemically- and 

radiation-induced tumours (8-12) and in spontaneous human and mouse tumours 

(9,10,13-16). Recently, three transforming genes from human bladder carcinomas 

(17-19) and one human lung carcinoma (17) were identified as the activated 

forms of the normal human homologue of the viral ~ genes Ha-~ and Ki-~, 

respectively. By nucleotide sequencing analysis it was very recently possible 

to show that the activated genes di ffered in a single nucleotide from their 

normal counterparts (20-22). On the other hand, the association of chromo

somal aberrations with many murine and human tumours suggested that DNA re

arrangements might constitute a general mechanism for tumour induction (23), 

possib ly by their effect on cellular !oncogenes (24). 

We undertook the present studies to search in non-virally-induced murine 

myelomas for the possible activation of another cellular oncogene, c-mos. 

This gene, which is the progenitor of the transforming information in Moloney 

murine sarcoma virus (M-MuSV) (25,26), was characterized extensively by 

transfection studies (27-28) and nucleotide sequencing analysis (29,30). 

These studies established that the cellular information contained within the 

genome of M-MuSV (denoted v-mos), and presumably transduced out of the mouse 

genome during generation of this virus, consists of a long open reading frame 

of 369 codons. This sequence is joined in phase to a segment of five codons 

of viral helper sequence immediately 5' to the v-~ region (29,30). A 37,000-

molecular weight (MW) protein identified within virus-infected cells (31) is 

presumably encoded by the 374-codons sequence and directly triggers cellular 

malignant transformation. The cellular homologue of v-~ (c-mos) contains 

21 more codons joined in phase 5' to the 369-codon open reading frame described 

above (30). So far, no proteins encoded by this gene have been found in 

normal cells. Here we show that the c-~ gene is biologically activated in 

a particular mouse myeloma. The activation is due to DNA rearrangement at the 

5' end of the cellular gene, involving the insertion of a cellular DNA element 

related to the family of endogenous viral A-particle genomes. 

c-mos gene is rearranged and transcribed in a mouse myeloma 

We screened the DNA of several BALB/c mouse myelomas by Southern blot 

analysis using the HindIII-~I ~.specific fragment of v-~ (24) as a 

probe; one of the tumours - XRPC24 - showed an additional hybridizing band 

detected by thiS probe (Fig. 1). In the EcoRI digest, this additional band 
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FIGURE 1. Analysis of the c-mos gene in mouse myeloma DNAs. High molecular 
weight DNA from mouse myelomas-MOPCl04E, XRPC24, MPCll and MOPC3lS (referred 
to in the figure as Ml04, X24, MIl and M3l5, respectively) was digested with 
~RI (a) or ~I (b). Aliquots (20 ~B) were electrophoresed on 0.7% 
agarose gels, blotted onto nitrocellulose filters and hybridized to the 
HindIII-~I v-~-specific fragment (24) radiolabelled by nick-translation. 
After hybridization, the blots were subjected to autoradiography. For 
molecular cloning, the c-mos and rc-mos EcoR! DNA fragments were enriched 
from XRPC24 DNA by electrophoresing 5OO~of digested DNA on 0.5% agarose 
gel, identifying the location of the two fragments on the gel by hybridiza
tion (c) and elution of the DNA by adsorption to glass beads . Arrows 
indicate the rearranged band. 

was smaller (12.5 kilobase pairs, kbp) than the l4-kbp c -~ band , whereas in 

the ~I digest the additional band was larger (23 kbp) than the 2l -kbp 

c-mos band . These results indicated that the endogenous c-~ gene had 

undergone some rearrangement in the pristine-induced XRPC24 tumour, therefore 

we will refer to it as rc-mos. We attempted to determine whether this DNA 

rearrangement is associated with enhanced transcription of the gene. The 

poly(A)-containing RNA fraction was extracted from the same plasmacytomas and 

analysed by the Northern technique for ~-specific transcripts . Figure 2 

shows that the probe detected a transcript of 1. 2 kilobase (kb) in the RNA 

of myeloma XRPC24. No hybridization was observed with RNAs from the other 

tumours tested. Thus, the appearance of rc-mos DNA is correlated with 

increased transcription of the gene. 
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FIGURE 2. Analysis of poly(A)+ RNA from mouse myeloma for the presence of 
c-mos transcripts. Aliquots (50 ~g) of poly(A)-selected RNA from myelomas 
MOPC315, MOPCI04E, XRPC24 and MPql1 (M3l5, Ml04, X24, MIl in the figure) 
were heated at 60°C for 10 min in' a solution containing 50% formamide, 6% 
formaldehyde and running buffer (20 mM MOPS pH 7.0, 5 mM NaAc, I mM EDTA). 
The samples were electrophoresed at 100 V for 5 hr in 1% agarose gel containing 
6% formaldehyde and I x running buffer. The RNA was transferred with 10 x SSC 
to nitrocellulose filters, fixed py heating at 80°C for 2 hr and hybridized 
<it 43°C for 2 days to 2 x 106 cpJri ml- l of v-mos probe in a solution containing 
50% formarnide, 5 x SSC, 1 x Denhardt I s mixture,- 20 mM sodium phosphate pH 7.0, 
and 100 ~g ml- l salmon sperm DNA. After washing at 50°C with a solution of 
0.1 x SSC, 0.1% SDS, the filters were autoradiographed. Kb, kilobase. 

To compare c-~ and rc-~, we cloned both genes from myeloma XRPC24 DNA 

digested with EcoRI. The l4-kbp and l2.S-kbp ~ fr<igments were enriched by 

preparative agarose gel electrophOresis (see Fig. lc) and cloned into 

Charon 4A A phage vector (32). Several clones containing one of the two 

inserts were purified and analysed in detail. 



152 

Biological activity of the rearranged c-mos gene 

Previously, it was shown that the molecularly cloned, l4-kbp c-~ gene 

was inactive when assayed for its ability to transform NIH 3T3 cells in 

transfection experiments (28). To demonstrate biological activity of the 

gene, it was necessary to ligate a viral long terminal repeat (LTR) upstream 

from the 5' end of the gene (28). We asked whether the rearranged c-~ gene 

cloned from myeloma XRPC24 is active by itself when assayed by transfection; 

a typical experiment is shown in Table 1. 

The two clones of the rc-~ gene that were tested induced a large number 

of foci having specific infectivities of 3,100 and 4,900 focus-forming units 

(FFU) per ~g DNA, respectively (Table 1). In contrast, clones of the l4-kbp 

DNA fragment containing the normal c-~ gene showed negligible or no activity. 

As a positive control we used two recombinant phages containing integrated 

Moloney sarcoma viral DNA (E.C., unpublished) which produced 10,200 and 

13,200 FFU per ~g DNA (Table 1). 

The cells transformed by rc-~ DNA were indistinguishable morphologically 

from those transformed with the viral genome. The transformants consisted of 

round and spindle-shaped highly refractile cells which grew in multilayers. 

The foci induced by rc-~ DNA could be detected 12 days after transfection 

in contrast to the 10 days required to detect the viral genome-induced 

transformants. 

Table 1. Biological activity of molecularly clonedc-!!!2!. and rc-~ DNAs 

Clone Insert DNA No. of Specific infectivity 
(ng) foci (FFU per pmol DNA) 

X-MSV 26 50 150 10.200 
X-MSV 3-3 100 220 13,200 
X-c mos IA 125 0 67 
X-c-mos IB 125 1 <67 
X-rc:mos 2B 100 43 3,100 
X-rc-mos 2F 100 68 4,900 

Intact recombinant phage DNA was transfected into NIH 3T3 fibroblasts by the 
calcium phosphate method (33). The cultures were kept in medium containing 
5% fetal calf serum and were scored for focus formation 2 weeks after 
transfection. X-MSV 26 and X-MSV 3-3 represent M-MuSV molecules integrated 
within normal rat kidney cell DNA and molecularly cloned in X Wes B vector. 
X-c-mos and X-rc-mos are molecular clones of the c-mos and rc-rnos genes, 
respectively, obtained from XRPC24 myeloma DNA. - -
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c-mos and rc-mos differ at the 5' region 

The two cloned genes were analysed by restriction enzymes; the partial 

physical maps are shown in Fig. 3. The restriction map of c-~ is identical 

to that published by Vande Woude and co-workers (28). rc-mos shares with 

c-~ an identical 12-kbp fragment between the !8.!..I site at 3.1 kbp on the map 

and the 3' end of the insert. The two clones differ at the region 5' to the 

!8.!..I site up to the ~RI site. The sequence of this region in the rc-mos 

clone, determined according to the strategy shown in Fig. 3, is shown in 

Fig. 4 together with the corresponding published sequence of c-~ (30). 

H .... ~ ~ .. lit ... .. a: .... ...... a 
...., a ..a: 

8 g c,8 ;r~~ ... ,8.5 E aB 
'" ~)( )( x:I: <f) ",,,, 

I I II III I I II I I I I , 
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I kb c-mos 
I-----< 

~ .. 'i! ~ .. 
..lit 

l .. It 
.ll¥ c 0 

!'f;p;~ 'f ~ .. " X:I: "'''' 

~~I II I I I 
rc-mos 

FIGURE 3. Physical map of rc-~ and c-~. The arrows indicate the 
strategy for DNA sequencing of rc-~. 

Clearly. rc-~ and c-~ are identical 3' to nucleotide 513 and 

completely divergent S' of this point. The c-~ sequence deleted in the 

rearranged gene includes about one-quarter of the presumed c-~ coding 

sequence (30). The deleted sequence also includes the first 41 co dons in 

the portion of the gene shown to be conserved in both man and mouse (34). 

The inserted novel DNA fragment contains an open reading frame of 28 co dons 

which joins in phase the rest of the c-~ open reading frame at nucleotide 
513 in the sequence shown in Fig. 4. 
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Tl TTC:TM CAGTCTGCI' nACGGGM CCTTTATTA OCGTGAQ;C GCAGlTcrG GtTCI'GCM TGAGGGATC 1TCctTGCG CCGtiI'OCCG 90 

AGT'JTI"tiT crrATITtTT CGTCCCCiGA TIITITCTC GTCCI'GATT TICTCGJ'a: CGGA.T1TCA GCACCMIT GTTATTAGA. CGCGTTCiC 180 

HindU I 
ACGACCGGC CAGGAAGAA CACCACAGA CCAGMTCT TCTGCGGCA ~AT TTCTrACAT CITCAGGAG CCAGGGTCG ACGAAGC.AA 2 iO 

M W L V L R I 
CCi'rGTGGA GTAGTGATA GCACAGATG TGGCTGGTT 'I7GAGAATC 

GAGAGCMG AAGCAAGAG ACCGA(jAAA ACGAMece CGTCCCTCT TAAGGAGCA lTCTCClTC GCCTCGGAC GTGTCACI'C CCI'GAlTGG 360 
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AAGGAAGAA GGCAAAGGA ACTG{;(;ATT GAAGGCA(iC AATCTGCCA TGCTCCCAA ACTICCCTG GCTGTTCCT AcreAmc TCCCTAGTG , 
Pstt Pol A II. L F V Y 

CTGcAGcCA TCGGCCAGT TGACGTCAC GGGGAAGGC AGAGCACAA eTAGreATA AGATACCCT TGGCACATG (GCAGATIA TliGTITAC 450 

5 H V T V P S E G V lot P 5 P L 5 L CRY L PRE L 5 P S V D 
TCTCATGTG AerGreCC" TCtGAGGIiT GTAATCCCI' TCGCcrCfA AOCcrGTGt' CGCTACCI'C CCTCGTGAG CTGTCGCC,' TCGGTGGAC 

H L E H II. lot 5 " P 5 eNG E eGA G 5 < :i T P r RAP G L P 
CACTIACAA CACAGGATG TCAGCGCCA rerreTACe GGCGMTGT GGGCGCGGC TCC(~~~~C AeTeCTcer CGGGCTCCC G(..ACTGCC 5~Ll 

5 II. 5 C 5 I P L V APR t.: A G K l F l G T r P P RAP G l I' 
TCGCGGTCC TGCAGCATT CCJ1TGGTG GCCCCGAGG AAGGCAGGG AAGCTCITC CTGGCGAC- --------- -----._-- --------

t 
rc-lIOs junction 

FIGURE 4. Sequence of the novel DNA segment inserted into c-mos. The 
fragment encompassing the EcORI-~I region at the 5' end of the rc-~ 
gene (Fig. 3) was sequenced accordlng to Maxam and Gilbert (39). The c-mos 
sequence is shown for comparison, beginning with the first ATG of the open
reading frame (30). Amino acids translated from the DNA sequence are given 
in the single letter code. The junction between the novel DNA fragment and 
the c-mos sequence is indicated by a smail arrow. The junction (29) between 
the viral helper DNA and the mos information within the M-MuSV genome (v-mos) 
is indicated by an open triangle. The sequence numbers are from the EcoR-r--
site shown in Fig. 3. ---

Analysis of the rc-~ sequence immediately 5' to the junction point 

(Fig. 4) showed that it ended with the tetranucleotide AACA which is identical 

to the 3' terminus of Drosophila transposable element copia (35), yeast Ty 1 

mobile element (36,37), and spleen necro'sis virus (38). 

Promoter-enhancer acti vi ty of the inserte,d DNA element 

The appearance of ~ transcripts in' XR24 tumour ce11s is most likely 

effected by the insertion of the new cellular DNA element within rc-mos 

coding region. To test a possible transcriptional enhancer-promoter 

activity of this DNA we subcloned the Av~I-AvaI DNA fragment spanning nucleo

tides 94-531 (Fig. 4) into the pSVO CAT vector (Fig. 5). 
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FIGURE S. Construction of a chloramphenicol acetyl transferase (CAT) 
expression vector designed to measure transcriptional promoter-enhancer 
activity of the cellular DNA element (Aval-Aval fragment) inserted within 
rc-mos. 

The last vector (40) contains SV40 regulatory sequences, as well as the 

bacterial gene coding for the enzyme chloramphenicol-acetyl transferase (CAT) 

which can be accurately and sensitively assayed. A promoter-enhancer sequence 

placed wi thin this vector will effect synthesis of CAT RNA and consequently 

the amount of this enzyme synthesized in cells transfected with the vector. 

Extracts from these cells are assayed in vitro for the conversion of 

chloramphenicol to acetylchloramphenicol. The extent of the activity in the 

extracts is proportional to the strength of the enhancer. 

The results shown in Fig. 6 indicate that the Aval-Aval fragment, when 

inserted into the CAT vector in orientation similar to the one in which it is 

present within rc-~ posess a strong enhancer activity (lane C). Only a 

weak activity is detected when the DNA fragment is inserted in the opposite 
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FIGURE 6. Determination of CAT activity in extracts of cells transfected 
with different plasmids. Plasmids included: pSV2 CAT (SV40 enhancers), 
(lane a), pSVO CAT (no enhancer) (lance b), pSVO RCM CAT in the native 
orientation (as in rc-mos) (lane c), pSVO RCM CAT in the reverse orientation 
(lane d). Activity of-ri<)ntransfected NIH/3T3 cells is shown in lane e. 
Markers for chloramphenicol (CM), and acetyl-chloramphenicol (AC-CM) are 
shown in lane f. 

orientation (lane d). For comparison, we also assayed the SV40 enhancer 

which showed a considerable lower activity (lane a). No activity was 

detected in extracts from cells infected with pSVO DNA (lane b), or in 

untreated mouse cells (lane e). These results suggest a strong enhancer 

activity of the new cellular DNA element within rc-~. The apparent 

differential in activity when the AvaI-AvaI fragment is inserted in two 

orientations could be most easily explained by postulating that the fragment 

contains both promoter and enhancer signals and their relative orientation 

with respect to the CAT gene will determine the efficiency of transcription. 

Finally, inspection of the sequence within the AvaI-AvaI fragment shows two 

alternating purine-pyrimidine tracks at positions 426-436 and 466-475. These 

would fit the structures of DNA postulated to be the key elements in 

transcriptional enhancers (A. Rich, personnel communication). 
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The inserted DNA element is abundantly expressed in mouse myelomas, and is 

present within cellular DNA in a high copy number 

To begin characterization of the cellular DNA inserted within c-mos we 

prepared a radiolabelled probe from it, and used it to study expression of 

this sequence in several mouse myelomas. The results shown in Fig . 7 

demonstrate a heavy expression in all tumors examined. 

18 S 

a b c d e 

FIGURE 7. Analysis of poly(A)+ RNA from mouse myeloma for the presence of 
transcripts related to the new DNA element inserted within rc-~. Radio
labelled fragment was the ~I-EcoRI 0.6 kbp rc-~ DNA (Fig. 3). 
Hybridization conditions as in Fig. 2. Myelomas included MIl, XR24, MI04, 
M315 (lanes a,b,c,d,e, respectively). 

Next we analysed genomic DNA for the presence of sequences homologous to 

the inserted DNA element. DNAs from several mouse strains were digested with 

EcoRI and examined by Southern blotting. The results as shown in Fig. 8 

suggest that the inserted DNA is present within all mouse strains in a 

large number of copies. 
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FIGURE 8. Analysis of the rc-mos inserted DNA sequence in total genomic DNA 
of different mouse strains . CeITular DNAs from livers of BALB/c, AKR, 
C57BL, SJL, C3H and NZB mice (lanes a-f, respectively) were digested with 
EcoRI en~yme and analysed by Southern blotting for hybridization to the 
076 kbp ~I-~RI rc-~ DNA fragment (Fig . 3). 

Identification and characterization of the cellular sequences 5' to rc-mos 

To molecularly clone the cellular sequences 5' to the 12 kbp DNA fragment 

of rc-~ which were previously cloned, we took advantage of the chance 

observation that by using total v-~ as a radiolabelled probe one can 

detect (Fig. 9) on Southern blots of XR24 DNA, an additional new EcoRI 

fragment of 5.5 kbp (on top of the 12 kbp rc-~ previously detected and 

cloned). Similarly, two new fragments are detected in a XhoI digest 

(Fig. 9). These results suggested that the 5' terminal sequence of c-~ 

previously undetected and considered deleted, is present within XR24 DNA, but 

is located on a different DNA fragment - ~RI 5.5 kbp . 
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FIGURE 9. Southern blotting analysis of c-mos sequences in mouse myeloma 
digested with EcoRI (e-h) or XhoI enzyme (a7d) using total v-mos probe. 
Myelomas tested:rncluded M31S (a,f), 104E (b,f), MIl (c,g), xRi4 (d,h). 

The 5.5 Kbp EcoRI DNA fragment was molecularly cloned into lambda Wes B 

phage vectot. Hybridization analysis demonstrated that it did not anneal 

to ~ sequences, within rc-~, but reacted strongly with 5' terminal 

v-~ probe as well as with probe to the inserted DNA element within 

rc-~ (Fig. 10). 

These results indicated that the 5.5 Kbp fragment contained the 5' 

terminal coding sequences of c-~, as well as cellular sequences similar to 

those inserted within rc-mos. Sequencing analysis of a portion of the cloned 

fragment confirmed these conclusions (Fig. 11). 
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FIGURE 10. Hybridization analysis of molecularly cloned EcoRI 5.5 Kbp mos 
DNA from XR24 tumour. Probes used (left to right) included: 3' v-mos 
fragment ~III-~I (26), total v-~ fragment HindIII-XbaI (26)--,-
AvaI-AvaI DNA insert in rc-mos. 
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CSI PLV APR KAG KLF LG 
~~~GCATTC CTTTGGTGG CCCCGAC.GA AGGCAGGGA AGCTCTTCC TC.GGGAC~ 

~s inserted element, 20 30 40 
5' repeat ~!iIIA TTAGACGC GTTCTCCAC GACCGGCCA GGAAGAACA CCACAC-ACC 
3' repeat ..... C··· .•••••••.••••..••••..••••.. ·AG· ·A··· 

50 60 70 80 90 100 
5' repeat AGAATCTTC TGCGGCAAA GCTTTATTT CTTACATCT TCAGGAGCC AGGGTCGAG 
3' repeat ...•••.•...••...•• A·······G ••••••..• ········A • 'A' ·GT·A 

110 120 130 140 150 
5' repeat GAAGCAAGA GAGCAAGAA GCAAGAGAG AGCGAGAAA ACGAAACCC CGTCCCTCT 

3' repeat •.•...... ·T·T····· •.......••••.•....••••••.•••••... ·A· 

160 170 180 190 200 
5 ' repeat 
3' repeat 

TAAGGAGCA TTCTCCTTC GCGTCGGAC GTGTCACTC CCTGATTGG CTGCAG 
·······A· ··A······ ····A·-··· ..•..••..•....•••. ~ 

FIGURE 11. Sequencing analysis of a PstI-PstI fragment (5' repeat) isolated 
from the molecularly cloned EcoRI 5.5 Kbp DNA - comparison to the sequence 
of the cellular DNA inserted-wIthin rc-mos (3' repeat). mos sequence are 
present between the left PstI site and nucleotide-I. Six-nllcleotides 
underlined with a double solid line, represent a duplication of mos 
sequence. Four nucleotides underlined with a double interrupted-rine are 
an inverted repeat of the terminal tetranucleotide of the DNA element 
inserted within rc-mos. 

Sequence inserted within c-mos is homologous to an endogenous retroviral genome 

Our results so far have indicated that in XR24 DNA, c-~ was activated by 

the insertion of a cellular sequence containing a direct terminal repeat of at 

least 200 nucleotides. This insertion was followed by a duplication of six 

mos nucleotides at the integration site. With the recent appearance of the 

nucleotide sequence of a portion of an endogenous A-particle viral genome 

(41), we have found a 90% homology between the cellular sequence inserted in 

c-mos and the 350 nucleotides long terminal repeat of the A-particle viral 

genome (Kuff ~~, Nature, in press). These results as well as others 

emerging from hybridization experiments are schematically shown in Fig. 12. 
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FIGURE 12. Rearrangement of c-mos in XR24 tumor by insertion of an endogenous 
intracisternal A-particle genome-(IAP). 

CONCLUSIONS 

Here we have described a genetic event which led to the activation of a 

cellular ~ gene in a non-virally-induced tumour. The normal c-~ gene 

has undergone DNA rearrangements in the murine myeloma XRPC24 and has 

become highly potent in transforming mouse fibroblast monolayers. The 

biological activation was associated with the appearance of c-~ gene 

transcripts in the tumour tissue. This is all the more notable as, unlike 

many cellular ~ genes which are expressed in various normal and malignant 

cells (42-45), c-~ gene transcripts have not been detected previously in 

all cells examined (46). The rearrangement resulted from the insertion 

within c-mos of an endogenous retroviral genome (intracisternal A-particle) 

in a configuration which positioned the 5' viral LTR adjacent to the main 

coding region of c-mos. This 5' LTR, although in the reverse orientation 

probably acts as a promoter-enhancer element effecting transcription of c-~ 

main coding region downstream to the LTR. This is the first instance where 

an endogenous retroviral genome has been shown to activate a cellular 

oncogene. The presence of such endogenous genomes in all higher organisms 

including humans raise the possibility of finding similar cases in other tumors. 
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PATHOGENICITY OF VESICULAR STOMATITIS VIRUS IS POTENTIALLY 
MEDIATED BY WILD-TYPE LEADER RNA WHICH INHIBITS INITIATION OF 
TRANSCRIPTION 

ROBERT R. WAGNER, JOHN J. MCGOWAN, AND BRIAN W. GRINNELL 
Department of Microbiology, The University of Virginia, Char
lottesville, Virginia 22908 USA 

SUMMARY 

The highly pathogenic vesicular stomatitis virus shuts off 
synthesis of RNA, DNA, and protein in infected host cells. 
Genetic studies with temperature-sensitive mutants and defec
tive-interfering viruses indicate that viral transcription is 
essential for inhibiting cellular nucleic acid synthesis. 
Inactivation of viral genome functions by UV-irradiation impli
cated the 47-nucleotide wild-type leader RNA as the potential 
inhibitor of cellular RNA and DNA synthesis, but not protein 
synthesis. Purified preparations of wild-type leader RNA in low 
concentrations markedly inhibited in YitLQ initiation of tran
scription of adenovirus-2 late promoter and virus-associated 
genes as well as SV40 DNA in a Manley-Sharp reconstituted system 
containing eukaryotic polymerases and co-factors. The leader 
RNA of non-pathogenic DI virus or viral mRNA at high concentra
tions had only slight effects on in ~ transcription, as did 
other exogenous synthetic and natural RNAs. The wild-type 
leader RNA contains TAATA-like and consensus-like sequences, 
which could potentially inhibit the functions of RNA polymerase 
II and III, whereas similar sequences are absent in the non
pathogenic DI leader. 

INTRODUCTION 
Viruses vary greatly in their pathogenicity for host cells, 

ranging from the most virulent to the completely avirulent or 
temperate. Rapidly growing viruses tend to be the most virulent 
but this frequently depends on host range or tissue tropism, 
which is usually a function of virus recognition of cell-surface 
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receptors. The genomes of virulent viruses may consist of RNA 
or DNA, single-stranded, or double-stranded1 however, the most 
virulent viruses are generally those that replicate in the 
cytoplasm and multiply rapidly. Quite clearly, the virulence of 
a virus does not depend on its replicative strategy, since 
pathogenic forms exist in all classes of viruses regardless of 
their nucleic acid content or whether a nuclear or cytoplasmic 
phase is involved in replication. There is also some evidence 
that virus-induced cell death is multiplicity-dependent or can, 
in fact, be caused by large inocula of non-replicating, defec
tive, or inactivated viruses (1). This multiplicity-dependent 
effect appears to occur by initial interaction of certain 
viruses with surface membranes resulting in secondary effects on 
cell functions (2). It is our contention that this interesting 
phenomenon of multiplicity-dependent, membrane-mediated death of 
cells is not the principal mechanism by which viruses compromise 
the physiological functions of host cells. 

The cytopathology caused by viruses is generally associated 
with inhibition of various metabolic functions of the host cell 
(3), including cellular macromolecular synthesis and membrane 
permeability (4). The major problem in interpretation of these 
data is to determine which of the effects is primary and which 
is secondary. The most reliable and the most direct 
measurements appear to be the nucleic acid and protein synthesis 
of cells following infection with a specific virus. Many cyto
pathogenic viruses simultaneously or sequentially shut off RNA, 
DNA, and protein synthesis of the target host cell. Here again, 
the question arises whether inhibition of cellular protein syn
thesis is caused by prior inhibition of cellular RNA synthesis, 
or ~~. The temporal relationships of these two events 
may help to decide whether they are caused by the same viral 
function or by two independent events. However, in ~ systems 
frequently do not permit one to discriminate between the single
or double-target hypothesis. Investigators have been forced to 
resort to isolated cell-free systems to determine whether one 
viral product has one or two effects and whether there are 
separate cell targets for each inhibitory event. 
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Biochemical and molecular biological techniques appear to 

offer the most promising approaches to understanding the viral 
products and cell targets for inhibition of cellular macromo
lecular synthesis that lead to cytopathology. The virulent 
viruses most intensively studied by such techniques are 
poxviruses, rhabdoviruses, and particularly picornaviruses. 
Each of these virus groups has a very different replicative 
strategy, but all inhibit RNA, DNA, and protein synthesis of 
their host cells (3). Poliovirus has been the most extensively 
studied, particularly for its inhibitory effect on cellular 

protein synthesis (5). The evidence seems fairly clear that the 

genomic plus-strand RNA of poliovirus directly inhibits initia
tion of translation probably by altering ribosomal factors elF3 

and/or eIF-4B (6). Although less extensively studied, the nega
tive-strand rhabdovirus, vesicular stomatitis virus (VSV), also 
appears to inhibit protein synthesis by compromising initiation 
of translation at the level of e1F-3 and/or eIF-4B (7), but, 
unlike poliovirus, probably by means of a newly synthesized 
viral double-stranded RNA (8). If these data on poliovirus and 

VSV are borne out, it would seem that viruses with very 
different replicative strategies and products may have similar 
cell targets. 

We have used highly virulent VSV as a model virus for 
studying viral cytopathogenicity as it appears to relate to 
inhibition of host-cell macromolecular synthesis. This virus 
has a very wide host range, extending from mammalian to insect 
cells although with varying cell-dependent degrees of 
susceptibility (9). VSV also has the great advantage of being 
fairly Simple and well characterized genetically, as well as 
faithfully transcribing each of the five messengers in ~ by 

means of its own transcriptase (10). The most dramatic aspect 

of its cytopathic properties is the capacity of VSV to shut off 
synthesis of cellular nucleic acids, particularly RNA. Although 
we are also studying the separate effect of VSV on host-cell 

protein synthesis (7, 8), we shall confine our remarks in this 
paper to the biological and molecular events by which VSV shuts 
off RNA synthesis (as well as DNA synthesis). 
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BIOLOGICAL PROPERTIES OF VSV RESPONSIBLE FOR INHIBITING CELLULAR 
RNA SYNTHESIS 

Our studies have generally been done with plaque-purified 
stocks of the Indiana serotype of vesicular stomatitis virus 
(VSVInd ) free of defective-interfering (DI) particles. VSVInd 
rapidly shuts off synthesis of DNA (11, l2), RNA (l3), and 
proteins (l4) in a wide variety of cells. Most of our recent 
studies have been performed with the MPC-ll mouse myeloma cell 
because it is more susceptible to VSV infection than mouse L 
cells or BHK-2l hamster cells (l3). Inhibition of RNA synthesis 
occurs very rapidly after infection and proceeds more-or-less 
linearly, reaching maximum shut off of >90% by 4hr postinfection 
(l3). The New Jersey serotype (VSVNJ ) exhibits similar effects 
on MPC-11 cell but at a somewhat slower rate (B.W. Grinnell, 
unpublished data). We have also compared the capacity of VSV to 
shut off RNA, DNA, and protein synthesis in MPC-11 cells as 
determined by incorporation of radioactive ur idine, thymidine, 
and amino acids (l2). These experiments revealed quite similar 
kinetics for inhibition of RNA and DNA synthesis in MPC-ll 
cells, suggesting that a single viral function is responsible 
for shutting off both DNA and RNA synthesis (l2). In sharp 
contrast, protein synthesis in VSV-infected MPC-11 cells was 
found to be inhibited to a much lesser extent (~50%); moreover, 
after an initial decline in cell protein synthesis of ~40% 

during the first hour postinfection, there was only limited 
reduction during the ensuing three hours (l2). These divergent 
effects suggest that different viral functions are responsible 
for inhibition of cellular protein and nucleic acid synthesis. 
In fact, we have some evidence that newly synthesized VSV 
double-stranded RNA specifically inhibits translation in reticu
locyte lysates (8), in sharp contrast to the apparent viral 

product that inhibits cell-free transcription (see below). 
Of considerable interest was the observation that fully 

infectious, cloned VSV B-particles shut off RNA synthesis in 
MPC-ll cells equally well at multiplicities of 1 or 50 pfu/cell 
(l2) • These results suggest that only one infectious virus 
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particle is required to inhibit cellular transcription. It is. 
of course, still possible that a multiplicity-dependent toxic 
effect can be produced by even higher multiplicities, but our 
data strongly suggest that a newly synthesized viral product, 
not input vir ions, 
tion of cellular 

is the major factor responsible for inhibi
RNA synthesis. An important confirming 

observation concerns the effect, rather the lack of effect, of 

highly purified VSV-DI particles, in which two-thirds of the 
genome is deleted from the 3' end. Infection of MPC-ll cells 
with DI-T particles at multiplicities up to 1000 particles/cell 
resulted in minimal inhibition (9-17%) of cellular RNA synthesis 
(15) • This experiment, in which every effort was made to 
eliminate contaminating standard infectious VSV, provides quite 
strong evidence that input viral products have little or no 
effect on cellular RNA synthesis. 

Similar results on the effect of VSV on MPC-ll cell DNA 
synthesis were obtained by McGowan and Wagner (12). In these 
experiments, it was found that DI-Oll (3') VSV had little effect 

on cellular DNA synthesis, as measured by uptake of [3Hlthymi

dine, whereas DI-LT (5') did retain the capacity to inhibit 
cellular DNA synthesis. There is an enormous biological 
difference between DI-Oll (3') and DI-LT (5') in that DI-LT 
retains the capacity to transcribe 4 of the 5 VSV messengers 

(16) ~ DI particles are transcriptionally inactive except for 
transcription of a 46-nucleotide leader sequence (17). 

Data such as these suggested that the capacity of VSV to 
inhibit cellular RNA and DNA synthesis depends on intact tran
scriptional activity of the infecting virion. Earlier studies 
using temperature-sensitive mutants (14) revealed that VSV tran
scription is also essential for inhibition of cellular protein 

synthesis~ a complementation group I VSVInd mutant (UG1l4) 
failed to shut off protein synthesis at restrictive temperature 
(390 C), whereas two other RNA- mutants not restricted in tran
scription (18) retained their capacity to inhibit cellular RNA 
synthesis. Therefore, we also tested the same ,taG1l4 mutant for 
its effect on cellular RNA and DNA synthesis at restrictive and 
permissive temperature. The data clearly showed that ,taG 11 4 (I) 
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did not inhibit cellular RNA synthesis (15) or DNA synthesis 
(12) under conditions of restricted VSV transcription but did so 
at permissive temperature. These experiments provided addi
tional circumstantial evidence that vsv transcription is a ~ 
qlla non for shutting off cellular nucleic acid synthesis. as is 
also the case for VSV inhibtion of protein synthesis (14) and 
for cell killing (19). It should be kept in mind, however, that 
these experiments do not identify the inhibitor or cell-killing 
factor(s) as RNA because VSV protein synthesis is also inh'ibited 
under these conditions. A long series of experiments by Phillip 
Weck (unpublished data), who tested many antibiotics and amino
acid analogues to block viral protein synthesis, failed to 
determine whether VSV RNA or protein was the inhibitor (s) of 
cell RNA synthesisi all protein-synthesis inhibitors also 
inhibited cellular RNA synthesis. 

These discouraging technical obstacles led Weck and his 
colleagues (20) to test UV irradiation as a means to block 
selectively VSV transcription. Previous investigators (21, 22) 

had used UV irradiation of virions to map the VSV genome, which 
is transcribed sequentially from the 3' end without internal 
initiations by the polymerase moving down the entire length of 
the genome (23). Therefore, those cistrons at the 5' end of the 
genome will be more readily inactivated by UV irradiation than 
cistrons closer to the 3' end. The gene sequence of the VSV 
genome determined by UV inactivation of transcription is: 
3 '-leader-N-NS-M-G-L-5 , (24). As expected, transcription of the 
47-nucleotide leader RNA is extremely resistant to UV irradia
tion (24). With this information in mind, we tested the UV dose 
required to inactivate the various biological and transcrip
tional properties of VSV. Table 1 is a composite of two sets of 

experiments designed to compare the dose of UV irradiation 
required to reduce by 63% the infectivity, transcriptase 
activity, and shut off of RNA and DNA synthesis by VSV infection 
of MPC-ll cells (12, 20). 
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Table 1. Comparative effects of UV irradiation on 37% 
(lIe) survival of VSV functions 

VSV functions inactivated 

Infectivity (pfu/ml)a 
Transcriptase (in ~)a 
Viral mRNA (in~) 
N protein synthesis (in ~)a 
Shutoff of cell RNA Synthesis~ 
Shutoff of cell DNA synthesis 

UV dose requi2ed 
(1/ e ergslmm ) 

104 
1,050 

170 
380 

52,000 
45,000 

aData from Weck et al. (20); b Data from McGowan and Wagner 
(12) • 

These data indicate that relatively small doses of UV 
irradiation will inactivate the infectivity of VSV as measured 
by plaque assay and somewhat large doses will produce 
significant reduction in transcriptase activity. Our findings 
on gene mapping by UV ~nactivation of specific transcripts are 
similar to those 04 Ball and White (21) and Abraham and Banerjee 
(22) • The most striking finding is the dose of UV light 
required to inactivate the capacity of VSV to inhibit cellular 
RNA and DNA synthesis. The only conclusion we could draw from 
these results was that UV inactivation of the leader RNA was 
required to reverse the shut o.ff by VSV of cellular RNA and DNA 
synthesis. These findings are consistent with those of Colonno 
and Banerjee (24) that the 47-nucleotide leader sequence of the 
~10,000 nucleotide VSV genome would provide such a small target 
for UV inactivation. Therefore, we postulated that the tran
scribed VSV leader was the inhibitor of cellular RNA (20) and 
DNA (12) synthesis. It should also be noted that much smaller 
doses of UV irradition will inactivate the capacity of VSV to 
inhibit protein synthesis (25 and Thomas and Carroll, 
unpublished data), which suggests that the product of the N gene 
or the NS gene is the inhibitor of protein synthesis. 
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HOST TARGET SITE AT WHICH VSV COMPROMISES CELLULAR RNA SYNTHESIS 
We next turned our attention to the host target to which 

the VSV-infection product is directed to shut off cellular RNA 
synthesis. Once again, these studies were done with the highly 
susceptible MPC-ll mouse myeloma cell (13). After intervals of 
VSV infection, usually at a multiplicity of 10 pfu/cell, various 

functions of cells, isolated nuclei, and chromatin were studied 
and compared with mock-infected cells under otherwise identical 
conditions. The results of these experiments appear in two pub
lications (13, 26) and can be summarized as fOllows: 1) Infec
tion of MPC-ll cells with VSVlnd resulted in rapid, marked, and 
progressive reduction in cellular RNA synthesis reaching maximum 
inhibition of >90% by 4-5hr pi~ this inhibition of RNA synthesis 
occurred long before cell viability was compromised at 8-12hr pi 
as measured by exclusion of the supravital dye, trypan blue. 2) 
This inhibition of cellular RNA synthesis was shown not to be 
caused by differential membrane permeability to [3 H1 uridine of 
uninfected and infected MPC-ll cells. 3) VSV infection did not 
lead to premature degradation of cellular RNA species, nor was 
there any significant difference in the polyacrylamide gel 
electrophoresis patterns of the RNA in infected and uninfected 
cells. 4) Transport of newly synthesized nuclear RNA to the 
cytoplasm was not impeded in VSV-infected cells~ moreover, 
infected cells accumulated polyadenylated mRNA at the same rate 
as did control uninfected cells. 5) Isolated nuclei of 
VSV-infected MPC-ll cells also exhibited greatly impaired 
capacity to synthesize RNA despite the absence of cytoplasmic 
factors~ infected-cell cytosol did not inhibit transcription by 
uninfected cell nuclei, nor did uninfected-cell cytosol reverse 
viral inhibition of nu~lear transcription. 6) Studies with 
u-amanitin revealed that VSV infection inhibited the activity of 
RNA polymerases I, II, and III, but only polymerase II was 
affected progressively throughout infection and to a greater 
extent than poll and III. 

We next attempted to determine whether VSV infection 
suppressed transcription of nuclear chromatin at the level of 
chain initiation, elongation, or termination (26). In these 
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experiments we prepared nuclear chromatin from uninfected and 
VSV-infected MPC-ll cells and tested their capacity to incorpor
ate [3H1UTP or [3H1GTP into acid-precipitable material at 
intervals after infection. At the time these experiments were 
done, no reliable techniques were available to study initiation 
of transcription by reconstitution of polymerases and co-factors 
with DNA templates. Therefore, all we could examine was chain 

elongation and number of initiated endogenous DNA templates at 
intervals postinfection compared to uninfected \ cell chromatin. 
In the first studies we looked for the presence of a soluble 
polymerase inhibitor in infected-cell nuclei and could find 
none. In crude reconstitution experiments using 
salt-solubilizing RNA polymerases reacted with endogenous or 
exogenous (calf thymus DNA) templates, we found that prior VSV 
infection did not affect the ability of polymerases or chromatin 
template to function in transcription. Measurement of the 
number of actively growing RNA chains revealed that 
infected-cell nuclei contained fewer polymerase units than did 
uninfected-cell nuclei. However, the rates of RNA chain elonga
tion were the same for nuclei of infected and uninfected cells. 
There was a steady loss of active polymerase units in nuclei of 
cells during a 4-hour period of infection to a level 50% that of 
mock-infected control MPC-ll cells. The a-amani tin-sensiti ve 
polymerase II was found to be more severely reduced by viral 
infection than were polymerases I and III combined. These 
experiments strongly suggested that VSV infection had little or 
no effect on RNA chain elongation but appeared to reduce 
progressively the number of functional RNA polymerases, 
presumably at the level of initiation of transcription. 

COMPARATIVE EFFECTS OF DIFFERENT VSV TRANSCRIPTS ON 
DNA-DEPENDENT TRANSCRIPTION IN A RECONSTITUTED SYSTEM 

The recent availability of reconstituted systems for 
studying initiation in ~ of eukaryotic transcription led us 
to design experiments (27) to test our hypothesis that the 
wild-type leader RNA of VSV is the inhibitor of cellular RNA 
synthesis. At the same time we hoped to determine whether 
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initiation of transcription was the target of the inhibitor. In 
these studies we used the system developed by Manley et ale (28) 
in which disrupted HeLa cells are precipitated with (NH4)2S04 to 
prepare crude extracts containing all three RNA polymerases and 
protein co-factors. The DNA templates we chose to use in this 
reconstituted transcription reaction were a pBR322-Bal-lE clone 
of the adenovirus-2 late promoter (LP), Pst-I-cleaved SV40 DNA, 
and a pBR322 clone of the adenovirus-associated RNA gene (VA 
gene). Under the conditions of these experiments, the LP gene 
codes for a single mRNA of 560 nucleotides in length, the 3 SV40 
DNA segments are templates for RNA species 2051, 1974, and 1530 
nucleotides in length (with considerable internal initiations 
and premature terminations) and the VA gene serves as template 
for a single RNA 146 nucleotides in length. Polymerase II 
catalyzes transcription of the LP gene (28) and SV40 (29), 
whereas polymerase III catalyzes transcription of the VA 
tRNA-like gene (30). 

The strategy of these experiments was to measure RNA syn

thesis in reconstituted eukaryotic transcription reaction to 
which are added various amounts of the wild-type VSV leader RNA 
as well as the DI leader and polyadenylated VSV mRNA free of 
leader. As additional controls, we added exogenously synthetic 
poly(A):poly(U), poly(G):poly(C), and yeast RNA. 32p- RNA tran

scripts synthesized in the presence or absence of these 
exogenous RNAs were analyzed by electrophoresis on 8M urea-4% 
polyacrylamide sequencing gels and analyzed by autoradiography 
and densitometry scanning. Table 2 summarizes the results of 
these experiments reported by McGowan et ale (27). 
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Table 2. Inhibition hi exogenous RNAs of specific transcription 
from varioub DNA templates in a reconstituted system 

RNA added 

VSV wt leader 

VSV DI leader 

VSV mRNA 
(thio ATP) 

VSV poly (A) 
mRNA 

Poly(A) :polyCU) 

Poly(G) :poly(C) 

Yeast RNA 

Ad-2 LP Gene 
ng/jll % Inhibition 

17.4 
21.0 
79.5 

795.0 

362.6 
812.3 

52.7 
72.3 

181.0 
167.0 
301.2 
477.1 
954.2 

60 
86 
10 
53 

<0 
45 

16 
57 
91 
56 
88 
62 
81 

Pst-l SV40 DNA 
ng/jll % Inhibition 

4.2 
45.2 
89.0 

1361.3 

662.7 
1450.6 

51.2 
79.5 

300.0 
201.2 
687.3 
843.3 

2750.0 

o 
91 
24 
54 

32 
45 

1 
51 
93 
37 
89 
o 

16 

Ad-2 VA Gene 
ng/jll % Inhibition 

4.2 
6.3 

31.8 
843.3 

453.3 
812.3 

52.7 
72.3 

181.0 
167.0 
602.4 
843.3 

1686.7 

53 
72 
10 
44 

25 
27 

8 
o 

90 
8 

87 
5 

77 

These data show that relatively low concentrations of the 

plus-strand RNA made in ~ from the 3' end of the wild-type 

VSV genome inhibits initiation of transcription catalyzed by 

both RNA polymerases II and III. Polyadenylated VSV messengers 

and other natural and synthetic RNAs also caused some inhibitory 

effects on in YitLQ transcription from these DNA templates but 
only at extremely high concentrations. Compared with the 
wild-type plus-strand RNA leader, the leader RNA synthesized in 
YitLQ by defective-interfering VSV showed only limited capacity 
to inhibit RNA synthesis on adenovirus and SV40 DNA templates 

and only at concentrations at least 30-times greater than those 

of the wild-type leader. Of possible mechanistic significance 

is the fact that the synthetic polynucleotides poly (A) : poly (0) 

and poly(G) :poly(C) inhibited the DNA-dependent transcriptions 

to a greater extent than did the DI leader RNA or the VSV mRNAs. 

There is also some slight, but not very convincing, evidence 
that poly(A) :poly(O) had a greater effect on polymerase 

II-catalyzed transcription of LP and SV40 DNA than it did on 

polymerase III-catalyzed transcription of the VA gene. 

Conversely, poly(G) :poly(C) may have shown a somewhat greater 

effect on polllI-catalyzed transcription of the VA gene than it 
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did on the polII-transcr iption reactions. These findings were 

somewhat unexpected since these extraneous RNAs were meant to 

serve as negative controls. Thus. far more carefully designed 

experiments with various types of synthetic polynucleotides must 

be performed before any significance can be attached to these 

results. Nevertheless, the eXisting data may provide 

interesting leads for investigating the base sequences required 

for inhibition of transcription. 

Figure 1 compares the nucleotide sequences of wild-type 

leader and DI-T leader of VSV. 

Wild-type 

DI-T 

5 ' ppA.CGAAGACAAACAAACCAUUAlJUAlJCAUUAAru\GGCUCAGGAGAAAA-oH3 ' -- ---- --- ---

FIGURE 1. Comparative nucleotide sequences of wild-type and 
DI-T VSV leader RNAs. The unique regions of the wild-type 
leader are highlighted by underlining. Data from wild-type are 
obtained from results of Colonno and Banerjee (24) and DI-T data 
are from the results of Schubert et al. (31). 

It is tempting to speculate on a possible role played by 
the one or more nucleotide sequences of wt leader RNA that are 
distinct from those of the DI leader RNA and whether this 

sequence (or sequences) could be responsible for inhibition of 

DNA-dependent RNA synthesis. As shown in Figure 1, wt leader 

contains a unique sequence (AUUAU) at positions 18 to 30, not 

present in DI leader, which appears homologous to the TAATA or 

"Goldberg-Hogness box" (28, 32, 33). There is another unique 
region of VSV wt leader RNA at positions 32 to 39 (AGGCUCAG) 

that resembles a deoxynucleotide sequence implicated in RNA 

polymerase binding (34, 35). The sequence (5' AGGCUCAG 3') is 

very similar to the consensus sequences (5' AGiGURAG 3') 

obtained for the 5 '-end splice site of intervening sequences 

(36,37). All that can be said at this time is that the VSV wt 

leader RNA contains nucleotide sequences potentially capable of 

interacting with promoters or host-cell proteins that interact 
with nucleotide sequences essential for accurate transcription, 

or perhaps the most intriguing possibility is that VSV wt leader 
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RNA can serve as a surrogate for other small RNA species found 
inside the cytoplasm and nucleus of eukaryotic cells (38, 39). 
Similar sequences do not appear to be present in leader RNAs 
transcribed from DI particles (Figure 1) ~ DI particles do not 
possess the capacity to inhibit cellular RNA synthesis (15). It 
is of some interest that wt VSV transcribes leader RNA in molar 
amounts higher than that of any of the five mRNAs (24,40). 

The preceding data are far from conclusive for implicating 
the leader RNA sequence of wild-type VSV as the causative agent 
for inhibition of cellular RNA synthesis. However, the leader 
sequence, frequently complexed with viral N protein, is found in 
VSV-infected cells (41). Of considerable importance is the 
striking observation that the wild-type leader, but not mRNA, 
synthesized early in VSV-infected cells rapidly migrates to the 
nucleus (42). This latter observation provides essential 
anatomical data to support the hypothesis that the VSV wt leader 
is at least in the right location to inhibit initiation of 
chromatin transcription. However, far more data are required 
before this hypothesis can be entertained seriously. For one, 
the exact location in the nucleus and the transcription 
component to which it binds must be determined~ the availability 
of DNA clones of wild-type leader should help greatly in tracing 
by hybridization techniques the cellular location of the leader 
RNA. Also of great advantage for design of future experiments 
is the finding by McGowan (unpublished data) that a pBR322 clone 
of the cDNA of all but the first six 5' nucleotides of wild-type 
VSV leader inhibits LP and VA gene transcription as well as does 
the leader RNA itself. Clones such as these should provide the 
opportunity to make site-directed deletions in order to identify 
the critical nucleotide sites necessary for inhibition of tran
scription catalyzed by polymerase II or III. Another approach 
for determining the potential inhibitory activities of the wt 
leader TAATA-like and consensus-like regions is to test the 
respective transcriptional inhibitory activity of leader 
segments cleaved by endoribonucleases, such as Tl. Perhaps, the 
most direct way to determine the putative transcrip
tional-inhibitory activity of specific leader nucleotide 
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sequences is to synthesize and test relevant oligodeoxynucleo

tides. All these experiments are in progress or on the drawing 
board. Further down the line are experiments to determine 
whether leader RNA, leader-like DNA and/or specific oligonucleo

tide sequences recognize and bind to promoters, the polymerases 

or protein co-factors required for faithful and efficient tran

scription. 
It is also wise to remember that, even if all or most of 

these experiments succeed in identifying the specific VSV leader 

inhibitory oligonucleotides and the sites at which they block 
transcription, there is still a large hiatus in our knowledge of 

how or whether viral inhibition of RNA (or DNA and protein) syn

thesis is really the primary cause for cell death. 
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STRUCTURAL FEATURE OF PICORNAVIRUS RNA INVOLVED IN PATHOGENESIS: 
A VERY HIGH AFFINITY BINDING SITE FOR A MESSENGER RNA-RECOGNIZING PROTEIN 

RAYMOND KAEMPFER, HAIM ROSEN, GIANFRANCO DI SEGNI and SARAH KNOLLER 
Department of Molecular Virology, The Hebrew University-Hadassah Medical 
School, P.O.B. 1172, 91 010 Jerusalem, Israel. 

SUMMARY 

Eukaryotic initiation factor 2 (eIF-2) has a dual function in initiation 

of protein synthesis: it binds Met-tRNAf to the small ribosomal subunit, and 

it binds directly to mRNA. The binding of eIF-2 to mRNA is highly specific 

and occurs in Mengovirus RNA and satellite tobacco necrosis virus RNA at the 

nucleotide sequences that constitute the ribosome binding sites. A molecule 

of Mengovirus RNA competes in cell-free translation 35-fold more strongly 

than (on average) a molecule of globin mRNA. This competition is relieved 

by excess eIF-2. Mengovirus RNA binds directly to eIF-2 with 30-fold higher 

affinity than does globin mRNA. Double-stranded RNA (dsRNA) is a powerful 

inhibitor of translation of cellular mRNA; it acts by causing inactivation of 

eIF-2. By contrast, initiation of translation on RNA from Mengo and other 

picorna viruses is totally resistant to such inhibition. Picorna virus RNA 

protects eIF-2 against inactivation by dsRNA, apparently because it competes 

more effectively than dsRNA for eIF-2, while cellular mRNA competes less 

effectively. Our results suggest the following scenario for picorna virus

infected cells: (1) A strong picorna virus RNA template outcompetes cell mRNA 

for eIF-2, shifting synthesis to viral protein. (2) Early in infection, 

virus-generated dsRNA acts to .decrease the pool size of eIF-2 and thereby to 

sharpen this competition in favor of viral RNA. (3) Later in infection, when 

viral RNA is the predominant template for translation, the higher levels of 

dsRNA fail to inhibit continued initiation of synthesis of viral protein. 

INTRODUCTION 
The pathogenesis of the picornaviruses is based on their exquisitely high 

ability to replicate in their host cells, leading to cell lysis and tissue 
destruction. This property of highly efficient replication is encoded in the 
viral RNA molecule, which serves both as genome and as messenger RNA. Indeed, 
the genomic RNA of picornaviruses, in particular of the cardioviruses, such 
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as Mengovirus, ranks among the most efficient mRNA species so far studied 
(1-4). The molecular basis for this efficiency is not yet known. 

Here, we describe molecular properties of the RNA of picornaviruses, in 
particular of Mengovirus, that explain why this viral RNA is such an effect
ive messenger template in translation, and contribute understanding as to 
why the synthesis of viral proteins in infected cells can proceed at a high 
pace, even though the translation of host mRNA is shut off completely. We 
demonstrate that picornavirus RNA contains a very high affinity binding site 
for a crucial component of the cell IS protein-synthesizing machinery, 
eukaryotic initiation factor 2 (eIF-2). This high affinity binding site 
contributes in more than one way to the selective translation of viral 
messenger RNA. 

THE MESSENGER RNA-BINDING FUNCTION OF EUKARYOTIC INITIATION FACTOR 2 
Initiation factor eIF-2 is a protein of considerable biological interest, 

first, because it plays a central role in the recognition of mRNA and its 
binding to ribosomes -- the rate-limiting step in protein synthesis, as 
well as the crucial step in the regulation of gene expression at the level 
of translation -- and second, because the activity of eIF-2 is itself 
regulated by external signals, including viral ones. 

eIF-2 binds with absolute specificity to methionyl-tRNAf (Met-tRNAf), 
the initiator species. This binding depends on GTP and leads to the forma
tion of a ternary complex, eIF-2/Met-tRNAf/GTP, .that subsequently binds to 
the small (40 S) ribosomal subunit (5). Only when Met-tRNAf is bound to 
the small ribosomal subunit can binding of mRNA take place (6, 7). Thus, 
the unique property of providing Met-tRNAf already imparts on eIF-2 a 
crucial role in the binding of mRNA. 

In addition to binding Met-tRNAf' eIF-2 itself can bind to mRNA (8-12). 
This binding is specific in that all mRNA species tested possess an effective 
binding site for eIF-2, including mRNA species lacking the 5' -terminal cap 
or·3 ' -terminal poly (A) moieties (11), while RNA species not serving as 
mRNA, such as tRNA (9-13), ribosomal RNA (9,14 ), or negative-strand viral 
RNA (11), do not possess such a site. 

The mRNA-binding property is a feature of eIF-2 itself. This can be 
demonstrated in a number of ways, but perhaps most convincingly by the 
finding that binding of mRNA to eIF-2 can be completely inhibited by com
peting amounts of Met-tRNAf' provided GTP is present (13). Thus, mRNA and 
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Met-tRNAf are mutually exclusive in their binding to eIF-2, suggesting that 
during protein synthesis. the interaction of a molecule of mRNA with eIF-2 
on the 40 S ribosomal subunit displaces the previously bound Met-tRNAf 
from this factor. 

The importance of the interaction between mRNA and eIF-2 for translational 
control of gene expression was first suggested by our study of the transla
tional competition between a-globin mRNA and S-globin mRNA, which showed that 
mRNA competition for eIF-2 is involved in the regulation of a- and S-globin 
synthesis and suggested strongly that globin mRNA interacts directly with 
eIF-2 during protein synthesis, with a-globin mRNA binding more weakly than 
S-globin mRNA (15). This observation showed that individual mRNA species 
possess different affinities for eIF-2. 

The activity of eIF-2 is subject to regulation. Two of the clearest cases 
of translational control that can be studied in vitro are the block initiation 
of translation in reticulocyte lysates occurring in the absence of heme or in 
the presence of (viral) double-stranded RNA (dsRNA). In both cases, protein 
synthesis is blocked because eIF-2 becomes inactivated (8, 16-18). The 
translational block induced by interferon also appears to involve dsRNA
dependent inactivation of eIF-2 as a major mechanism of control (19). 

THE SITE IN VIRAL MESSENGER RNA RECOGNIZED BY eIF-2 
To map the binding site for eIF-2 in mRNA, we first examined the 5' and 

3' ends. Globin mRNA molecules from which the 3'-terminal poly (A) tail 
alone, or together with the 3'-untranslated 90 nucleotides had been removed 
by controlled, processive phosphorolysis with polynucleotide phosphorylase 
were compared to native globin mRNA molecules in terms of their binding 
affinities for eIF-2. All bound with equal affinity, eliminating the 
sequences downstream from the coding region as essential (12). On the 
other hand, cap analogs inhibited binding of both mRNA and Met-tRNAf to 
eIF-2 (ref. 20). This suggested that the cap might interact with eIF-2. 
However, the genomic RNA species from Mengovirus or satellite tobacco 
necrosis virus (STNV) bind extremely well to eIF-2, in fact even better 
than globin mRNA, yet they do not carry a cap structure (14, 20). This 
and other observations suggested that binding of e1F-2 to mRNA occurs 
primarily at an internal sequence and only secondarily through interaction 
with the cap (20). Since the coding region is unlikely to contain a 
functional binding site for an initiation factor, this focused our 
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attention on the 5' leader sequence. 
STNV RNA is especially suitable for analyzing this sequence, because 

the RNA, 1,239 nucleotides long (21), has an unmodified 5'-end (22) that 
makes it particularly amenable for 5'-end labeling with polynucleotide 
kinase. As can be seen in the gel of Fig. 1£, RNA isolated from STNV 
virions migrates, after 5'-end labeling, as a heterogeneous collection 
of fragments, with only a minor amount of label in fully intact viral RNA 
(arrow). When intact RNA is excised from the gel and digested with pan
creatic RNase, a single spot is observed (Fig. 1£) in the position of 
pApGpU, corresponding to the 5'-terminal nucleotide sequence of the intact 
viral RNA (23). On the other hand, some 35 different spots are observed 
in the pancreatic fingerprint of the complete RNA preparation (Fig. l~), 

Q --r:, b 
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FIGURE 1. Analysis of pancreatic RNase digests of total (a), eIF-2-selected 
(b), and purified, intact (a) 5'-end-labeled STNV RNA by electrophoresis at 
pH 3.5 in the first dimension and homochromatography on a DEAE-thin-layer 
plate in the second dimension (see arrows), followed by autoradiography. 
(a) Total 5'-end-labeled STNV RNA. (b) eIF-2-selected RNA. Total 5'-end
labeled STNV RNA was incubated under conditions for RNA binding with in
creasing amounts of purified eIF-2; bound RNA was isolated by retention on 
0.45-~ nitrocellulose filters and eluted with 0.1% NaDodS04, followed by 
ethanol precipitation. At saturating amounts of eIF-2, 70% of the labeled 
RNA could be bound; in the sample analyzed, 7.2% of the input label was 
bound by a limiting amount (0.3 ~g) of eIF-2. (a) Intact 5'-end-labeled 
STNV RNA purified from the total kinase-treated RNA mixture by electro
phoresis in a 4% polyacrylamide gel containing 7 M urea [arrow points to 
intact RNA J. Marker dyes were methyl orange (Y) and xylene cyanol FF 
(B). Reproduced with permission from ref. 14. 
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attesting to the presence of many fragments originating from internal 
regions of the viral RNA. When this RNA was offered to eIF-2 and RNA bound 
by eIF-2 was isolated and fingerprinted, one major spot was observed, migrat-
ing precisely as the 5' end of intact STNV RNA (Fig. lQ). Sequence 
verification, as well as fingerprinting with RNase Tl, confirmed that eIF-2 
binds selectively to STNV RNA fragments starting with the 5' end of the 
intact RNA (14). 

To map the eIF-2 binding site more exactly, intact 5' -end-labeled STNV 
RNA was isolated and digested partially with RNase Tl, to generate a nested 
set of labeled RNA fragments, all containing the 5' end of intact RNA and 
extending to various points within the molecule. Fragments of discrete size 
were isolated by gel electrophoresis, and their ability to bind to eIF-2 
was studied. Fig. 2 depicts the 5' -terminal sequence of STNV RNA, including 
the unique AUG translation initiation codon located at positions 30-32. 
Arrows denote G residues sensitive to RNase Tl attack. We found (14) that 
eIF-2 does not bind the 32-nucleotide 5' -terminal fragment ending with the 
initiation codon AUG or shorter ones, but it does bind to the 44-nucleotide 
fragment or larger ones, and with the same specificity as to intact viral 
RNA. This places the 3' -proximal boundary of the eIF-2 binding site at or 
near nucleotide 44. Indeed, binding of eIF-2 to intact STNV RNA greatly 

FIGURE 2. Secondary structure model for the 5' end of STNV RNA. The 
model (21) depicts stable secondary interactions. Line, nucleotides 
protected by 40 S ribosomal subunits against nucleases (24); arrows, 
prominent sites of RNase Tl cleavage (14). For eIF-2 binding site, see 
text. Reproduced with permission from ref. 14. 
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increases the sensitivity of the RNA to cleavage by RNase Tl at nucleotide 
44, attesting to a conformational change induced at this point by the binding 
of the initiation factor molecule (14). On the 5' -terminal site, the binding 
of eIF-2 protects positions 11, 12, 23 and 32 against digestion, placing the 
boundary at or before position 10. Since the G residues at positions 2 and 
7 are hydrogen-bonded in the 5' -terminal, 7 base-pair double-stranded stem 
(23) and thus resistant to RNase Tl attack, it is not certain if the eIF-2 
binding site extends to the physical 5' end. The striking aspect of the 
eIF-2 binding site is, however, that it overlaps virtually completely with 
the binding site for 40 S ribosomal subunits (24), depicted by the line in 
Fig. 2. Thus, eIF-2 by itself recognizes the same nucleotide sequence that 
is bound by 40 S ribosomal subunits carrying eIF-2, Met-tRNAf and all other 
components needed for initiation of translation. This finding strongly 
suggests that the binding of ribosomes to STNV RNA is guided directly by 
eIF-2. 

Fig. 3 depicts the physical map of Mengovirus RNA, constructed by Dr. 
R. Perez-Bercoff (25). It shows the major oligonucleotides generated by 
RNase Tl digestion and ordered with respect to their distance from the 3' 
terminus of the molecule. Mengovirus RNA has a length of about 7,500 
nucleotides and contains a poly (C) stretch located within several hundred 
nucleotides from, but not at, the 5' end (26). The order of oligonucleo
tides within a given region (demarcated by vertical lines) was not 
established. Ribosomes were bound to Mengovirus RNA in extracts of L 929 
or Krebs ascites cells, to generate 40 S or 80 S initiation complexes that 

FIGURE 3. Physical map of Mengovirus RNA. The major Tl oligonucleotides 
(numbers) were ordered relative to th~ poly (A) stretch at the 3' terminus 
of the molecule. The order of individual oligonucleotides with a given 
region (A-E) has not been established. Boxed oligonucleotides Nos. 1, 
2, 4 and 67 are protected by ribosomes in initiation complexes, while 
Nos. 1,2 and 4 are protected byeIF-2. These four oligonucleotides have 
been placed at arbitrary positions within their respective regions. 
Reproduced with permission from ref. 25. 



186 

were isolated by sucrose gradient centrifugation. The RNA sequences pro
tected in these complexes were isolated after RNase Tl digestion. In 
either complex, four unique Tl oligonucleotides were protected: these were 
oligonucleotides 1, 2,4 and 67. Although the precise location of these 
oligonucleotides. each 15 to 28 nucleotides in length. within Mengovirus 
RNA is not yet known, it is seen from Fi g. 3 that they fa 11 into at 1 east 
two widely separated domains (25). It is not yet clear if these domains 
form a single site held together by secondary or tertiary interactions in 
the RNA molecule, or two separate sites for initiation of translation. 

Labeled. intact r~engovirus RNA was offered to eIF-2 and the sequences 
protected by the initiation factor were isolated (25). Three specific Tl 
oligonucleotides were recovered. and these were oligonucleotides 1, 2 and 

4. Most likely. oligonucleotide 67 also interacts with eIF-2. but too 
weakly to survive the isolation procedure (25). This finding shows that 
out of a very large sequence. eIF-2 binds. by itself, precisely to those 
nucleotides in Mengovirus RNA that are protected by ribosomes. The virtual 
identity of the binding sites in Mengovirus RNA for ribosomes on one hand 
and for eIF-2 on the other, strongly reinforces the results with STNV RNA 
and points to the critical role for eIF-2 in recognition of mR~A by 
ribosomes. 

TRANSLATIONAL COMPETITION OF CELLULAR AND VIRAL MESSENGER RNA FOR eIF-2 
To study the functional implications of the interaction between Mengo

virus RNA and eIF-2 for protein synthesis, we decided to study trans
lational competition between this RNA and cellular mRNA. We chose to work 
with an mRNA-dependent reticulocyte lysate because it allows the precise 
quantitation of each mRNA species present during translation and is capable 
of efficient and repeated initiation. Using this system, we had already 
revealed that a- and S-globin mRNA compete for eIF-2 in translation (15). 
In the experiment of Fig. 4, a constant amount of globin mRNA was trans
lated in the presence of increasing amounts of Mengovirus RNA. In these 
conditions. the number of initiations remained constant (27), while total 
incorporation of 35S-methionine into protein fell only slightly. Yet, 
there was a drastic decrease in translation of globin mRNA, accompanied by 
increasing synthesis of viral protein. At half-maximal inhibition of 
globin mRNA translation, there were 35 molecules of globin mRNA present 
for every molecule of Mengovirus RNA. Assuming that equal proportions of 
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f.lg Mengo RNA 

FIGURE 4. Translational competition between globin mRNA and Mengovirus RNA. 
Reaction mixtures for translation (27) or 25 ~l contained micrococcal 
nuclease-treated rabbit reticulocyte lysate, 1.1 ~g of globin mRNA, and 
the indicated amounts of Mengovirus RNA. After translation, the products 
were separated by cellulose acetate electrophoresis and the amounts of 
label in ~-globin, B-globin, and Mengovirus proteins were quantitated by 
densitometry (27). Data are presented in terms of areas under the curves 
of densitometer scans and are plotted in arbitrary units as total amounts 
o~ globin and of Mengovirus RNA-directed products. The total amount of 
[ 5S]methionine incorporated into protein is presented as hot CC13COOH
precipitable material per 5 ~l of reaction mixture. From ref. 27. 

these RNA species are translationally active, this means that a molecule 
of Mengovirus RNA competes 35-fold more strongly in translation than does 
(on average) a molecule of globin mRNA (27). 

Does this competition involve eIF-2? Indeed, we could show that the 
competition is relieved by addition of highly purified eIF-2. That is, 
in conditions where globin synthesis is greatly depressed by the presence 
of Mengovirus RNA, the addition of eIF-2 does not stimulate overall trans
lation, yet restores globin synthesis to the level seen in the absence of 
Mengovirus RNA (27). Globin synthesis in controls lacking Mengovirus RNA 
is not stimulated by the addition of eIF-2. We conclude that the addition 
of eIF-2 allows the more weakly competing, but more numerous, globin mRNA 
molecules to initiate translation at the expense of the more strongly 
competing, but less numerous, viral RNA molecules, while the total number 
of initiations remains constant. 

That the translational competition is directly for eIF-2 is supported 
by the data of Fig. 5, which depicts binding competition between Mengovirus 
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FIGURE 5. Competition between globin mRNA and Mengovirus RNA in direct 
binding to eIF-2. A, binding of 125I-labeled Mengovirus RNA (2fmol; 
4,470 cpm) to a limiting amount of eIF-2 (0.28 ng) was assayed (27) in 
reaction mixtures containing the indicated amounts of unlabeled Mengovirus 
RNA and globin mRNA. Binding in the absence of competing RNA (1,900 cpm) 
was taken as 100%. Background without eIF-2 (70 cpm) was subtracted. 
B, binding of 125I-labeled globin mRNA (0.15 pmol; 18,000 cpm) to a limiting 
amount of eIF-2 (20 ng) was assayed in reaction mixtures containing the 
indicated amounts of unlabeled Mengovirus RNA and globin mRNA. Binding in 
the absence of competing RNA (6,280 cpm) was taken as 100%. Background 
without eIF-2 (270 cpm) was subtracted. From ref. 27 with permission. 

RNA and globin mRNA for eIF-2. In this experiment, the only macromolecules 
present were eIF-2 and mRNA. In~, binding of labeled Mengovirus RNA to a 
limiting amount of eIF-2 is studied in the presence of increasing amounts 
of unlabeled, competing mRNA. Unlabeled Mengovirus RNA competes as expected, 
with the same affinity for eIF-2 as the labeled viral RNA. By contrast, 
30 times more molecules of globin mRNA must be present before binding of 
labeled Mengovirus RNA is reduced to 50%. In~, the labels are reversed. 
In this reciprocal experiment, unlabeled globin mRNA competitively inhibits 
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FIGURE 6. Salt sensitivity of complex formation between eIF-2 and globin 
mRNA or Mengovirus RNA. Binding of 125I-labeled globin mRNA (1.5 x 106 
cpm/pg; input, 4,270 cpm) or Mengovirus RNA (8 x 105 cpm/ g; input 3,100 
cpm) to a limiting amount of eIF-2 was assayed (27) in reaction mixtures 
containing the indicated concentrations KC1. Binding at 25 mM KCl (2,510 
cpm for globin mRNA and 1,640 cpm for Mengovirus RNA) was taken as 100%. 
Background without eIF-2 was subtracted. For globin mRNA, this background 
was 156 cpm at 25 mM KC1, and 102 cpm at 250 mM KC1. For Mengovirus RNA. 
the background values were 165 and 160 cpm. respectively. From ref. 27. 

the binding of labeled globin mRNA according to expectation. while Mengo
virus RNA competes 30 times more effectively. Thus. a molecule of Mengo
virus RNA binds to eIF-2 30-fold more strongly than (on average) a molecule 
of globin mRNA. a result that fits remarkably well with its 35-fold greater 
ability to compete in translation. As we have seen. the translational 
competition is relieved by eIF-2. 

A further demonstration of the high affinity of Mengovirus RNA is pro
vided in Fig. 6. Binding of globin mRNA to eIF-2 is inhibited progressively 
at increasing salt concentrations; by contrast. binding of Mengovirus 
RNA is quite resistant to salt. 

These results (27) strongly support the concept that Mengovirus RNA 
and globin mRNA compete directly for eIF-2 in protein synthesis. More 
generally. they reveal a direct correlation between the ability of a given 
mRNA species to compete in translation and its ability to bind to 
initiation factor eIF-2. 

THE SELECTIVE INHIBITORY EFFECT OF DOUBLE-STRANDED RNA ON TRANSLATION 
The above results suggest that in the infected cell. mRNA competition 

for eIF-2 could be a major factor in ensuring the selective translation of 
picornaviral RNA that is actually observed. Since the replication of the 
viral RNA generates. as a side-product, double-stranded RNA. and since 
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FIGURE 7. Differential sensitivity of Mengovirus RNA and globin mRNA 
translation to inhibition by dsRNA. A rabbit reticulocyte lysate treated 
with micrococcal nuclease was incubated with globin mRNA (1.5 ~g) (a) or 
Mengovirus RNA (1.5 ~g) (b). DsRNA from PeniciLLium chrysogenum was 
present at the indicated concentrations in ng/ml. Translation was at 30°C 
in 50-~1 reaction mixtures containing 30 ~l of lysate, 6 ~g of mouse liver 
tRNA, 95 roM added KC1, and 0.6 mf4 added Mg2+. This Mg2+ concentration 
was determined as optimal for both mRNA species. Aliquots gf 5 ~l were 
sampled at time intervals, and hot CC13COOH-precipitable [3 S]methionine 
was determined. Background without mRNA (300 cpm) was subtracted (28). 

dsRNA can cause the inactivation of eIF-2 (8, 7, 18), it was of interest 
to study the behavior of viral RNA translation in the presence of dsRNA. 
Indeed, if we assume that dsRNA acts simply by inactivating eIF-2, then 
the consequent failure of Met-tRNAf to bind to the 40 S ribosomal subunit -
a necessary prerequisite for the binding of mRNA -- would be enough to 
explain why initiation of protein synthesis is blocked. This view would 
predict that dsRNA should equally inhibit the translation of all mRNA 
species, as each depends on prior binding of Met-tRNAf . 

We were surprised to discover that this is not the case (28). As seen 
in Fig. 7~, the translation of globin mRNA in an mRNA-dependent reticulo
cyte lysate becomes blocked, after a characteristic lag of 5-10 min, in 
the presence of as little as 0.5 ng/ml dsRNA, and maximal inhibition is 
observed when 10 ng/ml dsRNA is present. By contrast, the translation of 
Mengovirus RNA continues unabated in that condition, and only partial 
inhibition is seen at 5- or 10-times higher concentrations of dsRNA 
(Fig. 7~). This holds true also at 125 roM KC1, the optimal salt concen
tration for Mengovirus RNA translation, where even 1 ~g/ml dsRNA gave no 
greater inhibition than that observed with 0.5 ng/ml in Fig. 7~. Total 
mRNA from Ehrlich ascites tumor cells behaves as globin mRNA in terms of 
its sensitivity to dsRNA (28). Thus, in contrast to cellular mRNA, the 
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translation of Mengovirus RNA is resistant to dsRNA. 
What is the mechanism of this unexpected resistance? Control experi

ments (28) with inhibitors show that translation of Mengovirus RNA depends 
as much on continued initiation as does translation of globin mRNA; thus 
we are not observing "run-off" synthesis. Second, direct measurement of 
the number of initiations shows that these remain constant in the presence 

of dsRNA when the template is viral RNA, but not when it is globin mRNA. 
Third, the inhibition of globin mRNA translation can be relieved fully by 
eIF-2, showing that loss of eIF-2 activity is at the basis of the inhibi
tion. In view of the very high competitive ability of Mengovirus RNA and 
affinity for eIF-2, it was reasonable to suggest that perhaps the trans
lation of Mengovirus RNA can be maintained by traces of eIF-2 left after 
the bulk of this factor has been inactivated by dsRNA. To test this hypo
thesis, we translated globin mRNA in the presence of 10 ng/ml of dsRNA 
and at 15 min, a time when translation has been blocked maximally (cf. 

Fig. 7~), added Mengovirus RNA. This late addition of Mengovirus RNA 
completely failed to elicit translation, even though extensive synthesis 
was observed in these conditions when dsRNA was absent (28). Thus, it 
appears that once inhibition of translation by dsRNA has been established, 
the translation of Mengovirus RNA is as sensitive to inhibition as is that 
of globin or cellular mRNA. This result must mean that Mengovirus RNA 
acts to prevent the establishment of translational inhibition by dsRNA 
(Table 1). Indeed, the RNA from picornavirus Coxsackie 85 behaves in the 
same manner (28). 

Mengovirus RNA thus protects the protein-synthetic machinery, that is, 
eIF-2, against inactivation by dsRNA. The inactivation of eIF-2 is 
accompanied by phosphorylation of the 38,000 dalton a-subunit (29). In
deed, phosphorylation of this polypeptide was severely decreased in dsRNA
containing lysates when Mengovirus RNA was the template (28). This led us 
to examine the dsRNA-dependent phosphorylation of eIF-2 more carefully in 
a crude ribosome system. To our surprise, Mengovirus RNA, when added to 
this system, effectively inhibited the phosphorylation of eIF-2, while 
globin mRNA, even in much higher concentrations, did not (Fig. 8). This 
finding suggested that a competition phenomenon between mRNA and dsRNA 
might be at the root of the inhibitory mechanism of dsRNA. Since we had 
already found in 1974 that eIF-2 binds to dsRNA (8), this suggested that 
mRNA and dsRNA might compete directly for eIF-2. 
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Table 1. Messenger RNA specificity in the inhibitory effect of dsRNA 
on translation 

Observation Seen with 
globin mRNA Mengovirus RNA 

1. Inhibition of translation by 
low concentrations of dsRNA yes no 

2. Inactivation of eIF-2 yes no 

3. Translation depends on 
continued initiations yes yes 

4. Sensitivity to dsRNA-activated 
inhibition yes ~ 

5. Establishment of dsRNA-activated 
inhibition yes no 

6. Phosphorylation of eIF-2 yes no 
7. mRNA competitively inhibits 

dsRNA-dependent phosphorylation 
of eIF-2 no ~ 

8. mRNA affinity for eIF-2, 
relative to dsRNA lower higher 

--. _.-. 
I) ( d I , no" 

FIGURE 8. Effect of mRNA on dsRNA-dependent phosphorylation of eIF-2. 
The ribosomal system (28) containing [y_32p]ATP and crude initiation 
factors, was incubated without dsRNA (a-c, f, and 1), with 50 ng/ml dsRNA 
(d, e, g-j, and m-p), and with 10 ~g/ml dsRNA (k). Globin mRNA was present 
in (b) (0.5 ~g), (g) (0.25 ~g), (h) (0 . 5 ~g), (i) (1.0 ~g), and (j) 
(4 ~g). Mengovirus RNA was present in (c) (0.5 ~g), (n) (1.45 ~g), (0) 
(3.6 ~g), and (p) (7.2 ~g). The autoradiograms of NaDodS04-polyacryl
amide gels of these reaction mixtures are shown. The positions of 38,000-
and 67,000-dalton polypeptides are indicated. Reproduced with permission 
from ref. 28. 
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FIGURE 9. Competition of dsRNA, globin mRNA, and Mengovirus RNA for eIF-2. 
RNA-binding assays in (a) contained 125I-labeled globin mRNA (0.025 pmol; 
9500 cpm) and 10.6 ng of eIF-2. In (b), they contained 125I-labeled 
Mengovirus RNA (0.002 pmol; 4470 cpm) and 0.28 ng of eIF-2. Unlabeled 
dsRNA, globin mRNA, or Mengovirus RNA was present in the indicated amounts. 
Control without eIF-2 (about 100 cpm) was subtracted. From ref. 28. 

Fig. 9 shows that this is indeed the case. In Fig. 9~, binding of 
labeled globin mRNA to eIF-2 is competed according to expectation by 
unlabeled globin mRNA molecules, while dsRNA competes, on a molar basis, 
about 6-fold more effectively. By contrast, the binding of labeled 
Mengovirus RNA in Fig. 9£ is competed by a molecule of dsRNA some 8-fold 
more weakly than by Mengovirus RNA. Thus, on one hand dsRNA binds with 
higher affinity than globin mRNA to eIF-2 and inhibits globin mRNA trans
lation, while on the other hand it binds with lower affinity than Mengo
virus RNA to eIF-2 and fails to establish translational inhibition when 
viral RNA is present. 

These results indicate that the rate-determining event in the establish
ment of translational inhibition by dsRNA involves competition between 
mRNA and dsRNA and that Mengovirus RNA, because of its high affinity for 
eIF-2, is able to protect this initiation factor against inactivation 
by dsRNA. 

DISCUSSION 
Messenger RNA competition for eIF-2 

The concept that mRNA species differ in their efficiency of translation, 
apparently because of a different affinity for one or more critical com
ponents in the initiation step, was first suggested by Lodish (30, 31) 
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who showed that initiation of protein synthesis on a molecule of a~globin 

mRNA occurs with lower frequency than that on a molecule of 8-g10bin mRNA 
(32). Lawrence and Thach (2) observed translational competition between 
host mRNA and encephalomyocarditis (EMC) virus RNA in a cell-free system 
from mouse ascites cells and concluded that the competition was at the 
level of initiation. Hackett et al. (3,4) made similar observations 
for Mengovirus RNA. Abreu and Lucas-Lenard (33) also found that Mengo
virus RNA can suppress the translation of globin mRNA. In searching for 
a possible target of competition, Golini et al. (34), using a reconstituted 
cell-free system, suggested that it is an initiation factor, or complex 
of factors, present in a partially purified preparation of initiation 
factor eIF-4B. The results reported here, showing that eIF-2 is able to 
relieve translational competition between Mengovirus RNA and globin mRNA, 
and that these mRNA species compete directly in binding to eIF-2, cannot 
be explained by assuming a contamination with eIF-4B. First, eIF-2 pre
pared by our procedure is at least 98% pure as judged by sodium dodecyl
sulfate/polyacrylamide gel electrophoresis, and is free of detectable 
protein at 80,000 daltons, the molecular weight assigned to eIF-4B (13). 
Second, the purification procedure yields an eIF-2 preparation that contains 
only a single mRNA-binding component, eIF-2, since binding of mRNA to this 
preparation is completely sensitive to competitive inhibition by Met-tRNAf , 
provided GTP is present, but not by uncharged tRNA (13). Third, independ
ent verification that eIF-2 binds 3D-fold more tightly to Mengovirus RNA 
is provided by the observation that Mengovirus RNA is 30 to 40 times more 
effective than globin mRNA as a competitive inhibitor of ternary complex 
formation between Met-tRNAf, GTP and eIF-2 (ref. 28). While it is con
ceivable that eIF-4B may also be a target for mRNA competition in trans
lation, it is nevertheless clear from our studies that the addition of 
eIF-2 is sufficient to overcome such competition. 

It is worth noting that in our translation experiments, the added eIF-2 
always was used immediately after purification. Storage of purified eIF-2 
leads to a loss of activity. Even though stored preparations can be active 
in ternary complex formation with Met-tRNAf and GTP, they contain a con
siderable proportion of inactive initiation factor molecules that can com
petitively inhibit the active ones. Moreover, the translation experiments 
were done in the micrococcal nuclease-treated reticulocyte lysate. This 
system has two advantages over reconstituted cell-free systems. It is 
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capable of extensive and efficient initiation in conditions more likely to 

be representative of protein synthesis in intact cells, and except for mRNA, 
contains all other components for protein synthesis in a proportion much 
closer to that in the intact cell. 

In the lysates used for the translation competition experiments (27), 
the addition of eIF-2 did not lead to any stimulation of protein synthesis 
in the presence of globin mRNA alone, nor in the presence of both globin 
mRNA and Mengovirus RNA. This explains why, when Mengovirus RNA was also 
present, the increase in globin mRNA translation caused by addition of eIF-2 
was concomitant with a decrease in Mengovirus RNA translation. The fact 
that eIF-2 acts to shift translation in favor of globin synthesis shows 
clearly that globin mRNA and Mengovirus RNA compete for eIF-2, but does 
not eliminate the possibility that eIF-2 could act in a nonspecific 

manner, as by increasing the pool of 40S/Met-tRNAf complexes. The results 
of the RNA-binding experiments, however, showing that Mengovirus RNA and 
globin mRNA compete directly for eIF-2 with an affinity ratio that matches 
exactly with that observed in translation competition experiments, provide 
strong evidence for a direct competition of these mRNA species for eIF-2 
during translation. While it is conceivable that globin mRNA and Mengo
virus RNA compete for free eIF-2 molecules, it is more likely that they 
compete for eIF-2 molecules located in 40S/Met-tRNAf complexes (15, 27). 

These results point to mRNA affinity for eIF-2 as a new element in 
translational control. They support the conclusion that translation of 
different mRNA species is regulated to a large extent by their relative 
affinities for eIF-2. 
The high affinity of Mengovirus RNA for eIF-2 

The RNA of picornaviruses is thought to contain only one (35), or at 
most two ribosome binding sites (36; R. Perez-Bercoff, personal communica
tion). Thus, even though Mengovirus RNA has about a tenfold greater 
nucleotide length than does globin mRNA, its 35-fold greater ability to 
compete in translation cannot be explained by a commensurately greater 
number of ribosome binding sites. The high affinity of Mengovirus RNA for 
eIF-2, moreover, is not related simply to nucleotide length, for vesicular 
stomatitis virus (VSV) negative-strand RNA, which is even longer than 
Mengovirus RNA, binds only very weakly and non-specifically to eIF-2 and 
lacks the high-affinity binding site found in all mRNA species tested, 
including the much shorter VSV mRNA (11). 
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The RNA of Mengovirus, like that of other cardioviruses and of foot
and-mouth disease virus, contains a poly (C) tract. This tract is located 
close to the 5' terminus, though still several hundred nucleotides removed 
from it (25, 26). Although the function of the poly (C) tract is not yet 
known, the affinity of poly (C) for eIF-2 is extremely low, relative to 
that of other polynucleotides (9). More strikingly, the poly (C) tract 
is protected neither by ribosomes nor by eIF-2 (25). Instead, as detailed 
above, from among a sequence of 7,500 nucleotides in Mengovirus RNA, ribo
somes in initiation complexes protect only four major Tl oligonucleotides, 
15-28 bases in length, against nuclease attack, while eIF-2 recognizes and 
protects only three, identical to those bound by ribosomes (25). These 
results show not only that eIF-2 and ribosomes recognize the same sequences 
in Mengovirus RNA, but also that these sequences constitute only a very 
small portion of the viral RNA molecule. It is not yet known what mole
cular features underlie the extremely high affinity of these defined 
regions in Mengovirus RNA for eIF-2, and the correspondingly high 
effectiveness of this RNA to compete in translation. Most likely, the 
binding sites for ribosomes and eIF-2 possess an unusual, highly effective 
conformation that is not found in cellular mRNA species. In this context, 
it is worth noting that the related EMC RNA possesses an unusual primary 
and secondary structure at the start of the coding region (35, 37). It 
is quite possible that this highly structured site, which is resistant to 
nuclease treatment, is related directly to the specific site for eIF-2 in 
Mengovirus RNA. 

The extremely high affinity of Mengovirus RNA for eIF-2 may explain 
why Mengovirus and other picornaviral RNA species lack the 5'-terminal 
cap structure (38, 39). The existence of a sequence in Mengovirus RNA 
possessing a very high affinity for eIF-2 would obviate the need for the 
additional stabilization imparted by binding at the cap. 
Implications for the mechanism of selective viral mRNA translation 

The present findings bear on the mechanism of shut-off of host protein 
synthesis by picornaviruses, and possibly also by other virulent viruses. 
Several mechanisms have been proposed for this shut-off, and they may act 
in a concerted manner: competition between host and viral mRNA in trans
lation, inhibition by virus-induced dsRNA, increase in intracellular salt 
concentrations, and loss of initiation factor activity. Indeed, the 
shut-off of host protein synthesis by poliovirus is accompanied by the 
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FIGURE 10. Host-virus interactions at the level of trpnslational control 
that involve eIF-2. See text. 

inactivation of cap-binding proteins (40). This mechanism may be par
ticularly important early in infection. As will be seen below, each of 
the above-listed mechanisms, acting on eIF-2, can contribute to the 
selective translation of viral RNA at subsequent stages of infection. 

Among the host-virus interactions at the level of translational control 
that involve eIF-2, the ability of a strong viral RNA template to out
compete host mRNA for eIF-2 in translation is most prominent. This ability 
will lead to the selective translation of viral mRNA that is observed 
during infection. The high affinity of viral RNA for eIF-2 will result, 
first, in the displacement of host mRNA from the ribosomes and second, in 
the highly efficient initiation of translation on viral messenger RNA. 
Host mRNA, once displaced. eventually may become more prone to limited 
nuclease attack at sites essential for translation, even though in Mengo
virus-infected cells, the physical intactness of host mRNA as a whole 
does not change perceptibly (41). 

A second mechanism, involving dsRNA, may operate during infection: 
resistance of viral RNA translation to inhibition by dsRNA, coupled with 
sensitivity of host mRNA translation. Early in infection, dsRNA begins 
to be formed as a result of viral RNA replication. Initially the level 
of dsRNA is low, but it increases during infection. A role for dsRNA 
in shut-off of host protein synthesis was first suggested by Hunt and 
Ehrenfeld (42), but rejected later when a differential effect of dsRNA 
on host and viral mRNA translation could not be demonstrated in cell-free 
systems capable of only limited initiation (43, 44). By using a reticulo
cyte lysate system capable of initiating translation with an efficiency 
resembling that of the intact cell, however, we could show that trans
lation of Mengovirus RNA is, in fact, completely resistant to inhibition 
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by concentrations of dsRNA that totally inhibit the translation of globin 

or ascites tumor cell mRNA. As we have seen, dsRNA causes the inactivation 
of eIF-2, but fails to do so when Mengovirus RNA is used as template. The 
most likely explanation of our results is provided by the finding that 
dsRNA competes with mRNA for eIF-2, binding it more weakly than Mengovirus 
RNA, but more tightly than globin mRNA. The high affinity of Mengovirus 
RNA for eIF-2 may thus serve to permit continued viral mRNA translation 
even in the presence of amounts of virus-generated dsRNA that are sufficient 
to inhibit host protein synthesis. 

The salt optimum for translation of viral RNA appears to be higher than 

that for host mRNA, for exposure of infected cells to hypertonic salt con
centrations leads to a block in initiation of host mRNA translation, while 
still permitting translation of viral RNA (45). Indeed, picornavirus
infected cells contain higher salt concentrations than do uninfected cells 
(46, 47), but the change may be too gradual to account for shut-off of 
host-protein synthesis. Our finding that complexes between Mengovirus RNA 
and eIF-2 can still form at salt concentrations at which complexes between 
globin mRNA and eIF-2 are no longer stable (Fig. 9), is consistent with 
the differential effect of salt on protein synthesis in infected cells. 

The high affinity of Mengovirus RNA for eIF-2 may thus contribute in 
a number of ways to the transition from host to viral protein synthesis 
(Fig. 10). After infection, when viral RNA begins to accumulate, favor
able competition for eIF-2 will lead to displacement of host mRNA from 
polysomes. Viral dsRNA formed during replication (48) is expected to 
cause inactivation of some eIF-2 molecules, acting thereby to decrease 
the pool size of eIF-2 and to sharpen the competition between host and 
viral mRNA for eIF-2, to the advantage of the stronger template, viral RNA. 
Likewise, an increase in intracellular salt concentrations will cause a 
preferential reduction in the binding of host mRNA to eIF-2. These 
effects will further increase the advantage of the stronger viral mRNA 
and enhance the shift from cellular to viral protein synthesis. Later in 
infection, when more dsRNA has accumulated, viral mRNA is the predominant 
template in translation and protects the residual eIF-2 molecules against 
inactivation by dsRNA. Viral proteins continue to be synthesized at a 

high rate. 
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SUM~IARY 

Nine anti-G monoclonal antibodies were used to select mutants of the 

CVS strain of rabies virus resistant to neutralization. Seven mutants were 

avirulent in adult mice and two others exhibited an attenuated patho?eni

city. Both categories were resistant to monoclonal antibodies 194-2 and 

248-8. Virulence appears to be associated with a particular configuration 

of a region of the glycoprotein which is located at the intersection of 

the epitopes recognized by these two monoclonal antibodies. Our results con

firm the role played by the glycoprotein in the neurovirulence of rabies 

virus. 

Penetration In the central nervous system of CVS or its AvO I avirulent 

derivative has been followed after intraocular inoculation of the virus. 

The most striking difference is that AvOI has lost its capability to in

vade the intraocular parasympathetic nerve endings. In addition AvOl but 

not CVS, is able to invade the lens. 

Various parameters of the immune response arising after intramuscular 

inoculation of CVS or AvOI have also been measured. The major difference 

is that interferon production and natural killer activity of splenocytes 

last for 2 or 3 days instead of few hours in the case of AvOI inoculated 

animals. 

INTRODUCTION 

Any attempt to understand the molecular basis of rabies virulence has 

been greatly hampered by the lack of avirulent mutants differing from a 

virulent strain by a single aminoacid substitution. Since our first dis

covery that it was possible to select avirulent mutants among survivors 
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to neutralization with appropriate monoclonal antibodies (1-3), it has been 

demonstrated that such mutants were indeed the result of a single point 

mutation on the glycoprotein (4). 

Systematic search for regions of the glycoprotein linked with virulence 

has been undertaken, using 9 monoclonal antibodies (kindly provided by Dr. 

T. Wiktor) which recognized 3 different antigenic sites (5). Results frow 

this study which are presented in part I demonstrated that virulence is 

associated with a special configuration of the region of the protein which 

is recognized by monoclonal antibodies n° 194-2 and 248-8. Mutations in 

sites I, II and IlIa do not affect virulence. 

Avirulent mutants have been used for in vivo study of host range spectrum, 

penetration and propagation of the virus in the organism as well as for 

investigation of the immune response. Comparison between virulent and avirulent 

infections are described in part II. 

MATERIALS AND METHODS 

Viruses and cells 

A 5-FU mutagenized stock of the CVS strain of rabies virus was used. 

Conditions of mutagenesis have been described elsewhere (6). The virus was 

multiplied in Baby Hamster Kidney (BHK-21) cells and titrated in Chicken 

Embryo Related (CER) cells (7) as already described (8). 

Vesicular Stomatitis Virus (VSV) Indiana serotype was grown in mouse 

fibroblast (L929) cells. 

BHK~21, CER and L929 cells were grown as already described (6). YAC-I 

cells were purchased from Flow Laboratories S.A. (France). They were grown 

in RPMI 1640 + HEPES supplemented with foetal calf serum (10 %), glutamine 

(30 mg/l) and antibiotics. House (R.2a) neuroblastoma cells U1NB), kindly 

provided by Dr. T.J. Wiktor (Wistar Institute, Philadelphia), were grown 

in Minimal Essential ~ledium (MEM) supplemented with foetal calf serum (10 7,), 

glutamine (30 mg/l) and antibiotics. All the cells were grown at 37°C in 

a 5 % CO2 atmosphere. 

Production of hybridomas 

Hybrid cultures from P3 x 63 Ag8 mouse myeloma cells and splenocytes 

from rabies immune mice were produced and characterized at the Wistar 

Institute (9). 

Selection of avirulent mutants 

The selection of mutants was performed according to Koprowski and 
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Wiktor (10). Briefly, 10 pI of an appropriate dilution of ascitic fluids 

was mixed with 100 pI of increasing dilutions of the mutagenized CVS stock. 

Survivors to neutralization were plated onto CER cells. After five days of 

incubation at 33°C, well isolated plaques were picked up and suspended in 

saline ~edium. After multiplication at 33°C in BHK-21 cells, the resistance 

to the monoclonal antibody was checked. If confirmed, the mutant was stored 

at -70°C. 

The virulent/avirulent phenotype was determined by intracerebral (IC) 

inoculation of five adult Swiss mice with I to 5 x 103 pfu of the mutants. 

Surviving mice were challenged 28 days later by IC inoculation of 40 LDSO 

of CVS virus. 

Reactivity towards monoclonal antibodies 

The reactivity of the viruses towards antinucleocapsid antibodies was 

measured as follows : Labtek slides of BHK-21 cells were infected with the 

virus at a moi of 5 or mock infected. After 18 hrs incubation at 37°C, cells 

were fixed with acetone for I hr at -20°C and washed. Ten pI of anti-N 

monoclonal antibody was then added. Cells were incubated for I hr at 37°C, 

washed twice with phosphate buffer (0.2 ~1, pH = 7.2) and incubated with 

10 pI of mouse anti IgG fluorescent antibody for I hr at 37°C. Preparations 

were washed several times with phosphate buffer and distilled water, and 

then observed in a fluorescence microscope. 

The reactivity of the viruses towards anti-glycoprotein antibodies was 

measured as follows: Three to 5 x 102 pfu of the virus in 100 pI MEl! + 0.1 % 

bovine serum albumin were incubated with 10 pI of appropriate anti-G mono

clonal antibody for 30 min. Survivors were plated onto confluent monolayers 

of CER cells. The plaques were counted after 5 days incubation at 33°C. 

Antibody titration 

Blood was taken from anesthesized mice in the axillary hollow, then kept 

overnight at 4°C and centrifugated. The sera were collected and frozen at 

-20°C. Before titration of antibody and interferon the sera were decomple

mented at 56°C for one half hour. Antibody titration was performed by the 

RFFIT method in cell culture modified for micro titration (II). 

Interferon titration 

Interferon was titrated in Balb/c sera and brain extracts by inhibition 

of the VSV cytopathic effect on L929 cells (12). 

Preparation of splenocyte suspension 

Mice were sacrificed by cervical dislocation and the spleens were removed. 
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After dissociation and decantation, the cells were washed twice. The sple

nocytes were counted, and their concentration was adjusted in RPHI 1640, 

HEPES, foetal calf serum (10 %), glutamine (30 mg/l), antibiotics. 

Infection of MNB cells by CVS 

For specific-cell-mediated-cytotoxicity experiments normal and CVS-infected 

MNB cells were used as target cells. Cells were infected in liquid medium 

at a moi of 5 to 10 pfu per cell. Twenty four and 48 hrs later, expression 

of the viral glycoprotein at the surface of the membranes was tested by 

immunofluorescence (antiglycoprotein conjugate, labelled with fluorescein 

isothiocyanate). 
b . b 51 La ell~ng y Na Cr 

YAC-I cells. 106 cells in 500 pI of RPHI, HEPES + foetal calf serum (10 i,) 
. . I . 51 ( ) were ~ncubated w~th 00 pC~ of Na Cr C.E.A. Saclay, France for I hr. The 

cells were washed 3 times and counted. 

MNB cells. Non-infected or 48 hour-infected MNB cells were labelled as 

follows : 5 x 106 cells in 500 pI of HEM + foetal calf serum (10 %) were 

incubated with 200 rCi of Na51 Cr for I hr. The cells were washed in ~lli~f 
then twice in RPM!, HEPES + foetal calf serum (10 %). 

Cellular-mediated cytotoxicity 

"Natural Killer" activity (13, 14) was assayed as follows : 104 YAC-I 

cells labelled with Na51 Cr were laid in wells of a microtitration plaque. 

106 Balb/c splenocytes were added, and the plaques were incubated overnipht 

at 37°C. After centrifugation for 10 min (200 g), the radiolabelline of 

100 pI of the supernatant from each well was counted. 

Specific cytotoxic activity was assayed according to Wiktor et al. (15). 

Briefly, 104 non-infected or CVS-infected ~ffiB (H.2a) cells were laid in 

the wells and the splenocyte suspension of A/J (H.2a) mice were added in 

effector/target cells ratios of 25 : I ; 50 : I and 100 : I. After a 16 hour

incubation at 37°C, the plaques were centrifugated and release of Na51 Cr 

was assayed as for "Natural Killer" activity. Spontaneous and detergent

induced release of Na51 Cr was also determined in each experiment. Spontaneous 

released of Na51 Cr was around 20 % for YAC-I cells, and 30-40 % for MNB 

cells. For each point, the rate of specific lysis was calculated as follows 

assayed release - spontaneous release x 100 

maximum release - spontaneous release 
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RESULTS 

Selection of avirulent and attenuated mutants of the CVS strain of rabies virus 

Nine neutralizing monoclonal antibodies were used to select 278 mutants 

resistant to neutralization. Results presented in table 1 indicate that the 

frequency of the different mutants in the mutagenized population ranges from 
-4 -3 3.3 x 10 to 2.8 x 10 . Mutants resistant to monoclonal antibody n° 220--8 

were selected from a non-mutagenized CVS clone, explaining their lower fre-

quency. 

One hundred and twelve mutants were IC injected to adult mice. Host mutants 

were fully pathogenic and ~illed the animals between day 7 and day 9, like 

CVS. Nine mutants had an altered pathogenicity; all were selected with mono

clonal antibodies nO 194-2 or 248-8. 

Some of these mutants were totally avirulent in adult mice whatever the 

inoculation route (Fig. I) while others were attenuated: they produced 

transient symptoms, leading only exceptionnally to death. 

100 A 

50 

B 

~ 50 

FIGURE I. Loss of virulence of AvOl (.) and Av02 (0) mutants in adult mice 

inoculated intracerebrally (A) or intramuscularly (B) compared to the patho

genicity of the parental CVS strain (+). 

They were called respectively AvO and AtO mutants (Av = Avirulent, 

At = Attenuated, 0 = Orsay). The AvO and AtO mutants were not functional Iv 

affected in cell cultures. They grew efficiently in BHK-21, CER cells and 



Specificity 

Nucleocapsid 

Glycoprotein 

Hybridoma 

Origin N° 

ERA 
CVS 
CVS 
ERA 
ERA 
ERA 
ERA 
CVS 
Kelef 
Kelef 
Kelef 
Mokola 
CVS 
CVS 
Kelef 
Kelef 
ERA 
ERA 
CVS 
CVS 
CVS 

cl2 
237-7 
222-2 
102-27 
103-17 
104-7 
120-2 
239-10 
377-10 
515-3 
590-2 
422-7 
231-22 
248-8 
507-1 
509-6 
162-3 
194-2 
220-8 
240-3 
719-3 
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Virus 

CVS AvO 1 Av02 HEP~ Virulent derivative 
of HEP:t 

+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 

+ 

+ 
+ 

+ 
+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 

+ 
+ 

+ 

+ 
+ 
+ 

+ 
+ 

+ 

+ 
+ 
+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 

Table 2. Reactivity of antinucleocapsid and antiglycoprotein antibodies 
against virulent and avirulent strains of rabies virus. 

~The reactivity of REP and its virulent derivative towards antinucleocapsid 
and anti glycoprotein antibodies was measured by radioimmunoassay, as described 
in Flamand et al. (17), using 200 ng of purified virus per assay. 

°ND, Not Done. 

Virus 

Anti-G 
monoclonal 
antibodies 

N° of mutants 

509-6 
101-1 
162-3 
220-8 
231-22 
719-3 
194-2 
248-8 
507-1 

CVS 
(Kelef) +0 

(ERA) + 
(ERA) + 
(CVS) + 
(CVS) + 
(CVS) + 
(ERA) + 
(CVS) + 

(Ke lef) + 

Avirulent Attenuated 
mutants mutants Other mutants 

+ + + + + 
+ + + + + 
+ + + + + 
+ + + + + 
+ + + + + 
+ + + + + 

+ 
+ 

+ + + + + 

7 2 10 8 

Table 3. Sensitivity to neutralizing monoclonal antibodies of mutants 
selected with antibodies nO 194-2 and 248-8. 

0+, Neutralization ; - no neutralization. 
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neuroblastoma (NS 20) cells ; They were not thermosensitive. They probably 

multiply in the nervous system since they killed suckling mice after IC 

inoculation. An immunofluorescence test on thin sections of the brain of 

the moribund animals with antinucleocapsid fluorescent antibody clearly 

demonstrate the multiplication of the virus in the central nervous system 

of young mice. 

SDS-polyacrylamide gel electrophoresis shows no difference in the migration 

of the structural proteins of AvO I , Av02 mutants and CVS. The reactivities 

of the nucleocapsid proteins of AvOl and Av02 towards anti-N monoclonal 

antibodies were compared to CVS by indirect immunofluorescent staining of 

infected, acetone-treated BHK-21 cells. The results show that the pattern 

of reactivity towards anti-N antibodies was similar in the three viruses 

(Table 2) indicating that the two mutants possess antigenic determinants 

similar to the CVS N protein. Both observations indicate that AvOl and 

Av02 retain the general characteristics of the CVS strain. 

The study of the reactivity of AvOI and Av02 towards anti-G neutralizing 

monoclonal antibodies shows that they were resistant to antibody nO 194-2 

in addition to antibody n° 248-8 used for their selection (Table 2). 

Avirulent and attenuated mutants selected with monoclonal antibody 

nO 194-2 (Table I) were also resistant to monoclonal antibody n° 248-8 

(Table 3). On the contrary, 18 mutants which were only neutralized by one 

of these two antibodies retained their pathogenicity for adult mice (Table 3). 

An analog situation was observed with the HEP strain of rabies virus which 

is avirulent in adult mice (16). It is possible to select a virulent deri

vative of HEP after one passage in suckling mice brain. Comparison between 

the reactivities of anti-G monoclonal antibodies against avirulent and virulent 

HEP indicates that the virulent derivative acquired the sensitivity to anti

bodies nO 194-2 and nO 248-8. No other difference could be detected (Table 2). 

Monoclonal antibodies n° 194-2 and n° 248-8 were used to select double 

resistant mutants from independant CVS clones. Injected to adult mice, these 

independant mutants exhibited an altered pathogenicity, demonstrating the 

efficiency of antibodies nO 194-2 and nO 248-8 to select avirulent mutants. 

Virulence seems to be associated with a special configuration of the 

antigenic site{s) recognized by these two monoclonal antibodies. Correlation 

between avirulence and resistance to specific anti-G monoclonal antibodies 

is not absolute; One mutant selected with antibody nO 194-2 was resistant 

to antibody nO 248-8 but its pathogenicity was unmodified. 
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The nine anti-G neutralizing monoclonal antibodies used in these expe

riments recognize three antigenic sites on the glycoprotein of the evs strain 

(5). Figure 2 presents the antigenic map of the glycoprotein, where ovals 

delineate epitopes recognized by the different monoclonal antibodies and 

crosses within ovals represent mutants resistant to the corresponding mo

noclonal antibodies. Our results indicate that the site of virulence is 

located within site nO III at the intersection of the epitopes recognized 

by monoclonal antibodies nO 194-2 and nO 248-8. 

501-1 

509-6 

SITE I SITE 2 

194--2 

SITE 3 

,~,--_site 

of 
virulence 

FIGURE 2. Localization of the site of the virulence. The antigenic map of the 

evs glycoprotein is done according to Lafon et al. (5). 

Immune response of animals injected with AvOI or CVS 

Various parameters of the immune response were investigated after intra-
5 muscular (UI) inoculation of 10 pfu of AvOI or evs to series of Balb/c 

adult mice. 

Production of circulating antibodies. Until day 7, where eVS-inoculated 

animals died, no difference could be detected in the titre of circulating 

antibodies (Fig. 3). This result is different from what was previously 

found in the case of Ie inoculation : the titre of circulating antibodies 

was much higher in the case of AvOl-inoculated animals. 
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579 14 zz 

FIGURE 3. Neutralizing antibodies titre of sera. 

Adult swiss mice were injected intramuscularly with lOS pfu of CVS (e--e) 
or AvOl (0·--0) (100 )11 of viral suspension in one of the hind feet). 
Results are expressed as the dilution of sera reducing to 50 % the number 
of rabies fluorescent focus in cell culture (using an antinucleocapsid -
fluorescein conjugate). 

Production of interferon. The production of interferon was assayed in 

the sera and in the brains. The injection of CVS and AvOI was followed by 

an early production of interferon in the sera within the first 8 hrs. 

This initial production lasted longer with AvOl than with CVS (Fig. 4). 

With CVS, a second period of production was detected between day 4 and 

day 7 while there was none with AvOl. At that time there was also a peak 

of interferon in the brain of animals inoculated with CVS, and to a lesser 

extent with AvOI. 

Cytotoxic activity of splenocytes. 

- ~~~!~E~!_~~!!~E~_~~!!:~~~~~!~~_~~!~!~~~~~!~_~f_~El~~~~~!~~. Assays 
of "Natural Killer" (NK) activity of splenocytes gave results similar to 

those of interferon production. In the first 24 hrs after 111 inoculation, 

an important NK activity was observed with AvOI : Again, this activity 

persisted longer than with CVS (Table 4). Correlatively with the second 



III 

c: 
::> 

...: 
c: 

211 

I , 
I 

I , 
I 

I , 
I 

I , 
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4 8· 24 48 n 144 24.0 
HOURS 

FIGURE 4. Interferon production. 
Interferon activity was assayed in CVS-injected mice sera (+--+) or on 
brain extracts (x ..... ,,) and in AvOI-injected mice sera (e--e) or brain 
extracts (0 .. .0). Interferon titres are expressed in terms of internatio
nal units. 

i, Cytotoxicity 
Time after 
infection CVS AvO 1 

(days) mean~ + SD (range) mean~ + SD (ranee) 

0 30.8 + 2.1 (28.5 - 32.6) 30.8 + 2.1 (28.5 - 32.6) 
1 49.4 + 1.2 (48.3 - 50.6) 60.7 + 3.3 (57.0 - 63.5) -2 38.8 + 3.1 (36.6 - 42.3) 49.8 + 4.3 (45.3 - 53.8) 
3 35.3 + 3.4 (31.9- 38.7) 42.3 + 2.2 (40.2 - 44.6) 
4 52.4 + 8.9 (45.3 - 62.3) 39.3 + 1.2 (38.5 - 40.7) 
6 30.5 + 3.5 (27.1 - 34.0) 29.7 + 2.8 (26.9 - 32.5) -8 22.4 + 3.2 (19.2 - 25.6) 27.3 + 3.8 (23.1 - 30.3) 

10 34.1 :!: 1.9 (32.7 - 36.3) 
12 33.7 + 1.1 (32.5 - 34.7) 
14 32.6 + 2.7 (30.7 - 34.5) 

Table 4. Kinetics of the NK activity in the course of CVS and AvOI infection. 

* Average of 3 values. 
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production of interferon, another period of increased NK activity was de

tected on days 4-5 in the CVS-injected mice. 

- !_~~E~E~~~~_~~E~~~E~_~!_~El~~~~~E~~. In preliminary experiments, 

susceptibility of normal and CVS-infected MNB cells to NK activity was 

determined. V~B cells were susceptible to NK activity, and the virus in

fection enhanced this susceptibility, leading to a situation where NK ac

tivity could be confused with T cytotoxic activity of splenocytes. In A/J 

mice, syngenic to ~mB cells, a lytic activity of the splenocytes of AvOl

injected mice was found. It was maximum at days 6 and 7 where no NK activi

ty could be detected (Fig. 5). Results obtained with splenocytes from 

CVS-inoculated animals were extremely variable probably because of the 

poor condition of the animals. 

50 

~ 

~ 
u 

~ 
~ 
~ 

~ 
~ 

E 
~ 
0 
Co 

50 

• a 
~ 
~ 

~ 
u 
~ 
~ 

day 

·=OL-__ ~~~~~ ______ ___ 

FIGURE 5. Specific cell-mediated cytotoxicity of splenocytes from AvOI
injected mice. 

Effector/target ratio D 25 50 100 
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Penetration of AvOI and CVS in the Central Nervous System (CNS) 

Both strains were inoculated into the anterior chamber of the eye 
5 (4.10 pfu). As the nerve connections between the eye and the CNS are 

relatively well-known the entry and subsequent propagation of the viruses 

can be studied in thin sections of the eye and brain stained with anti

nucleocapsid fluorescent antibodies. Since the fluorescence can be hardly 

detected in the infected cells before 16-18 hrs a bright fluorescence 

found at 24 hrs indicates the primary target cells for the virus. 

With CVS, a characteristic fluorescence has been found in the ciliary 

(Fig. 6a) and Gasser's ganglia at 24 and 48 hrs after inoculation indica

ting the intraocular parasympathetic and trigeminal endings as the prima

ry sites of penetration. 

On the contrary, the mutant AvOl has shown a strong affinity for the 

lens epithelium (Fig. 6b) but has lost the capacity to invade the parasyrr.

pathetic intraocular endings. The penetration of the trigeminal system 

was not impaired (Fig. 6c) but the slowly following intracerebral infec

tion was rather attenuated and cleared up after 8 days. 

Surprisingly, neither the CVS nor the AvOI infect primarily the intra

ocular adrenergic terminals (no fluorescence found in the superior cervi

cal ganglion) or the retina and the optic nerve (although a part of inocu

lum was constantly found in the posterior chamber of the eye). In the 

case of CVS, the retinal ganglion cells do become fluorescent but only 

very lately when the infection has disseminated throughout the brain. 

Despite the specific differences between both strains these results 

support the idea that the rabies viruses are conveyed by the retrograde 

axoplasmic transport. 

DISCUSSION 

We have demonstrated that appropriate anti-G neutralizing monoclonal 

antibodies allow an efficient selection of avirulent mutants of rabies 

virus. From 112 mutants which were studied, 10 were resistant to both 

antibodies : 194-2 and 248-8, 9 of which were attenuated or totally avi-

rulent. Using the same technique, 2 avirulent mutants of CVS and ERA 

strains of rabies virus have been isolated at the Wistar Institute (4) • 

The nucleotide sequence of the non-pathogenic mutants indicates that both 

were mutated at position 333 of the slycoprotein, an arginine being repla

ced by a glutamine or an isoleucine. He are now currently investigating 
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a 

b 

c 

FIGURE 6. Primary targets of AvO) and CVS after intraocular inoculation 
(Immunofluorescence). 

a) CVS : infected neurons in the ciliary ganglion, 24 hrs after inoculat5.on. 
b) AvO) : anterior epithelium of the lens, 24 hrs after inoculation. 
c) AvO) : infected neuron in the ganglion Gasseri, 48 hrs after inoculati.on . 

Bar : 20 fm. 
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which AA substitution corresponds to our attenuated and avirulent mutants, 

in order to relate a mutation to a particular phenotype. 

In addition we would like to investigate if other regions of the gly

coprotein are implicated in virulence. Continuation of this exploration 

necessitates the isolation of monoclonal antibodies which recognize other 

antigenic determinants of the protein. Several anti-G monoclonal antibodies 

have been already isolated in our laboratory and will be studied in the 

next future. 

Why are the mutants avirulent ? Direct study of penetration and propa

gation of the virus in the brain of infected rats demonstrate that the 

mutation completely modifies the host-range spectrum of the virus. Any

how it is likely that modification of penetration is not sufficient to 

explain the loss of virulence : nude and suckling mice died after inocu

lation of AvOl, although with different symptoms and after a longer incu

bation period. 

Intervention of the immune response is probably necessary for the sur

vival of animals inoculated with avirulent or attenuated viruses. The 

most striking difference concerns the production of interferon and Natu

ral Killer splenocytes which is strongly stimulated in AvOI-iniected ani

mals. Injection of mice with anti-interferon immunoglobulins should de

monstrate whether this stimulation is sufficient to explain the lack of 

pathogenicity. Why is production of interferon lasting more than 2 days 

in AvOI-inoculated animals, and less than 1 day in CVS-injected mice is 

also under investigation. Preliminary studies concerning in vitro sti

mulation of macrophages with AvOI or CVS showed no difference in the 

production of interferon by the infected cells. Continuous multiplication 

of the virus at the site of inoculation in AvOI (but not CVS)-infected 

animals could also explain this prolonged stimulation. 

Our hope is that careful comparison of the various aspects of an 

infection with a virulent strain and its avirulent derivatives could 

lead to a better understanding of the mechanism of viral pathogenicity. 
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The initial events in infection by influenza virus involve 

binding of virus to sialic acid residues of glycosylated membrane 

receptors, endocytosis, and fusion of the membranes of virus and 

endosome. Virus adsorption has been known for some time to be 

a property of the haemagglutinin glycoprotein (HA) of the virus 

membrane and the recent direct implication of HA in membrane 

fusion (1) confirms previous conclusions from a variety of 

observations that HA is also involved in this activity (2,3). 

As a consequence of these functions and of its location in the 

virus membrane, antibodies which affect HA neutralize virus 

infectivity and the frequent epidemics of influenza are caused 

by viruses with antigenically novel HAs. 

This article is a summary of recent results on the 

molecular basis of receptor binding, membrane fusion and antibody 

binding by the haemagglutinin of X-31 (H3N2) influenza virus. 

RECEPTOR BINDING 

The interaction of HA with sialic acid-containing receptors 

is known to vary in detailed specificity for different influenza 

viruses. A comparison of viruses of the H3 subtype has revealed 

at least three distinct specificities based on preferential 

binding to either one or both of the sequences NeuAca2-6Gal 

al-4GlcNAc- or NeuAca2-3Galal-3GalNAc- commonly found to 

terminate glycoprotein oligo saccharides linked to asparagine 

and to threonine or serine, respectively (4). Preferential 

217 
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Table 1. Correlation of receptor specificities in 
haemagglutination tests and amino acid substitutions at 
residue 226 in mutants of X-31 and A/Memphis/102/72 viruses. 

Virus 

x-3l 

X-3l (Horse serum 
selected) 

x-3l (Guinea pig serum 
selected) 

Ml/HSIO (Plaque selected 
in MOCK cells) 

Ml/HS7 

Ml/HS8 

Receptor specificity as 
judged by binding to 

NeuAca2-3Gal NeuAca2-6Gal 

+ 

+ 

+ 

+ 

+ + 

+ 

Amino acid at 226 

Leucine 

Glutamine 

Glutamine 

Leucine 

Methionine 

Glutamine 

binding to the NeuAca2-6Gal linkage was also found to correlate 

with high sensitivity to neutralization of infectivity by 

glycoprotein (y) inhibitors present in horse serum (5) and this 

sensitivity has allowed selection of receptor specific variants 

from X-31 virus. Thus while X-31 preferentially binds the 

NeuAca2-6Gal- linkage and is very sensitive to inhibition by 

horse serum, the selected mutants bind to NeuAca2-3Gal-

linkages and haemagglutination by them is insensitive to horse 

serum components. In addition to these viruses receptor specific 

variants of A/r,1emphis/102j72 (H3N2) were obtained after growth 

of virus in MDCK cells in the presence or absence of horse 

serum. The variants obtained have similar binding properties 

to the X-31 variants except for one virus which bound well to 

both NeuAca2-6Gal- and NeuAca2-3Gal- linkages. 

The amino acid sequences of the HAs of these viruses were 

deduced from the nucleotide sequences of their RNA genes. These 

were determined using dideoxynucleotide chain terminators (6) 

in a primer extension system containing total virus RNA 

mixtures, reverse transcriptase, and 5'_32P-labelled synthetic 

oligodeoxynucleotide primers (7). The results indicated single 

amino acid substitutions at residue 226 as a result of base 

changes in the triplet 754-756, CTG-Ieucine to CAG-glutamine 
or ATG-methionine, Table 1. Variants 1rlhich bound the 
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NeuAca2-6Gal- linkage contain leucine at position 226, those 

which bound NeuAca 2-3Gal- contain glutamine at 226 and the 

variant which bound both linkages contains methionine at 226. 

These observations on the modifications of sialic acid 

binding specificity as a consequence of amino acid substitutions 

at residue 226 directly support the tentative identification (8) 

of the sialic acid binding site as a surface pocket at the 

distal end of the molecule illustrated in the a-carbon tracing 

of the X-31 HA monomer shown in Fig. 1. This proposal was 

originally based on the presence of conserved tyrosine 98, 

histidine 183, glutamic acid 190, tryptophan 153, and leucine 

194 amino acid residues in this pocket. Amino acid 226 is in 

this site which is consistent with a direct role for this 

residue in receptor binding. 

I.ffiMBRANE FUSION 

Evidence that the HA is involved in influenza virus

mediated fusion includes the observations that post

translational cleavage of a precursor HA, HAO to HAl and HA2 

is required for both virus infectivity (9,10) and in vitro 

virus-mediated fusion (11,12) and that the hydrophobic amino

terminal sequence of HA2 is analogous to that of the amino 
terminus of the Fl component of Sendai virus fusion glyco

protein (13,14,15). Furthermore, the findings that the amino

terminal sequence of HA2 consists of 10 uncharged hydrophobic 

amino acids (13) and is the most highly conserved sequence in 

the haemagglutinin suggest that the terminal region may be 

directly involved in the membrane fusion reaction. Analysis of 

the three-dimensional structure (8) of bromelain-released HA 

which lacks the carboxyl-terminal hydrophobic region through 

which the complete HA is associated with the lipid membrane 

of the virus particle suggested that a conformational change 

is required before this can occur. In vitro membrane fusion 

and haemolysis mediated by influenza viruses are maximal at 

about pH 5.0 (16,17,18) a pH close to that in endosomes and 

we have observed that at this pH the conformation of HA is in 
fact different from that at neutrality. In studies of the 
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structure of bromelain released HA the observed consequences 

of this low pH structure transition are that the molecule 

acquires the ability to bind to lipid vesicles, to bind deter

gent, to aggregate in lipid and detergent-free solutions and 

it becomes susceptible to proteolysis (19). In studies to 

define the regions of the HA involved in membrane fusion 

activity we have observed that following incubation at pH 5.0 

aggregated X-31 HA is susceptible to tryptic digestion and 

the products obtained can be separated into aggregate and 

soluble fractions. The aggregate contains the HA2 glyco

polypeptide disulphide bonded to the 27 amino-terminal residues 

of HAl, and the self-association site. Aggregate prepared in 

this way was rendered soluble by digestion with thermolysin. 

Analyses of the products obtained indicate that incubation of 

the aggregate with 2% thermolysin for 90 minutes resulted in 

a decrease in the apparent molecular weight of HA2 of about 

2000 and that about 90% of the HA2 component was released from 

the aggregate as judged by sedimentation in sucrose density 

gradients. The amino-terminal sequence of HA2 solubilized in 

this way was found to be heterogeneous in agreement with 

polyacrylamide gel electrophoresis results which indicate 

more than one polypeptide product of thermolytic digestion. 

However, the identities of the predominant residues at each 

cycle of the sequence analysis indicate that the major amino 

acid sequences correspond to those beginning at residues 23 

and 27 of HA2, Fig. 1. These results suggest a direct involve

ment of the amino terminal region of HA2 in membrane fusion 

since the self association of BHA which is induced specifically 

at pH 5.0, the optimum pH for fusion, is reversed by modi

fication of the amino-terminus by thermolytic digestion. 

Furthermore similar experiments in which HA2 is released from 

its pH 5.0 induced association with lipid vesicles by 

thermolysin have indicated that soluble products of the same size 

as those obtained from aggregated BHA are produced. Further 

analyses of these products and the residues involved in lipid 

association are in progress. 
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ANTIBODY BINDING 

The results of studies of the amino acid sequences of HAs 

of natural and laboratory selected antigenic variants'of H3 

subtype influenza viruses led to the proposal that four or five 

regions of the HA interact with antibodies and undergo 

structural modification during antigenic drift. Evidence for 

three of these sites A, C and D included the location of 

specific amino acid alterations detected in the HAs of mono

clonal antibody selected variants (20,21) and we have extended 

these analyses to sites Band E. This is based on the amino 

acid substitutions listed and illustrated in Fig. 1. In studies 

on the structure of HA in the low pH conformation it has been 

observed that the antigenicity of the molecule is specifically 

modified in the antigenic sites designated Band D. Further

more it was observed that antibodies which bind to site B can 

be divided into two groups on the basis of their reaction with 

HA in the pH 5.0 conformation. Antibodies which recognize 

amino acids 157 and 193 which extend towards site A react with 

HA at both pH 7.0 and pH 5.0; antibodies which recognize 

residues 156, 158, 198 and 199 react only with HA at pH 7.0. 

This delineation of sequentially adjacent amino acid residues 

into different antibody binding sites and the locations of the 
sites in the molecule are similar to those described for viruses 

of the Hl subtype (22). 

The three monoclonal antibodies used to define site E all 

recognize amino acid 63 and variants selected by growing X-31 

in their presence contained asparagine instead of aspartic acid 

at 63. This substitution resulted in the formation of the 

glycosylation site -Asn63-Cys64-Thr65- and we have shown by 

analyzing the HAl polypeptides of the variants that carbo

hydrate side chains are attached at this site. lve have also 

observed by binding antibody to variant HA produced in the 

presence of tunicamycin that glycosylation at residue 63 is 

required to prevent antibody binding to the variants at this 

site, thus demonstrating a direct effect of glycosylation on 

antigenicity. 
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Initial considerations of the amino acid sequences of HAs 

of different antigenic subtypes indicated that oligosaccharide 

attachment sites are found in areas equivalent to the antibody 

binding sites of the H3 subtype HA. The suggestion was therefore 

made that oligosaccharide chains may alter the antigenic nature 

of these sites by sterically blocking access to the protein 

surface. We have analyzed the HAs of the H3 subtype with 

particular reference to the role of oligosaccharide side chains 

in antigenic variation and have made the two following obser

vations. 1) In A/Victoria/3/75 the attachment site at 81 is 

lost and new sites are gained at residues 63 and 126 (23). 

Assuming that oligosaccharide at 63 could occupy nearly the 

same location as that at 81 this change, tentatively labelled 

'E?' was considered antigenically neutral (24). A refined 

crystallographic model, however, indicates that the carbo

hydrate side chain at 81 extends parallel to the polypeptide 

chain at residues 119-124 in contact through N-acetyl gluco

samine residues with Glu 119, Phe 120 and Ile 121 and through 

mannose residues with Thr 122, Glu 123 and Gly 124. This 

orientation is not toward residue 63 and, therefore, the amino 

acid variations in region E may not be antigenically neutral. 

This conclusion is of course supported by the analyses of 

monoclonal antibody selected variants at amino acid 63 

described above. 2) Nucleotide sequence analyses of H3 

subtype viruses isolated in 1980, 1981 and 1982 indicate that 

changes at residue 124 in A/Belgium/2/81 and at 248 in 

A/Shanghai/31j80, A/Hong Kong/l/82 and A/Netherlands/246/82 

provide extra sites for glycosylation of these HAs. These 

residues are located in antigenic sites A and B respectively 

and in these recent H3 viruses it may be that three of the 

antibody binding sites, A, Band E are modified by glycosylation 

when compared with earlier H3 isolates. The epidemiological 

significance of these modifications and their effects on 

subsequent antigenic variation remains to be determined. 
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B 

FIGURE 1. Stereo drawing of the a-carbon tracing of a 
haemagglutinin monomer to show the antigenic sites A, B, C, 
D and E;~ the conserved residues of the sialic aCi.d binding 
pocket,~; residue 226 the residue fou,to vary with 
changes iI1 receptor binding specificity, ; the amino-
and carboxy-terminal residues of the HAl d HA2 glycopolypeptide 
components, Nl, Cl, N2 and C2; and the sites of thermolytic 
cleavage of HA aggregate at pH 5.0 which render the protein 
sOluble". The amino acids in sites Band E recognized by 
specific onoclonal antibodies are shown by~. 
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ON THE ROLE OF VIRAL ENVELOPE PROTEINS IN PATHOGENESIS 

PURNELL W. CHOPPIN 
The Rockefeller University, New York, New York 10021 

SUMMARY 

The paramyxovirus envelope contains two surface glycoproteins (HN 

and F) and an internal non-glycosylated protein (M). The F protein is 

involved in viral pathogenesis in three different ways, each related to 

its ability to cause membrane fusion, which mediates virus penetration, 

cell fusion, and hemolysis. 1. Membrane fusion is activated by a specific 

proteolytic cleavage yielding two polypeptides (F l and F2), and because 

this is accomplished by a host enzyme, the tropism and virulence of the 

virus is significantly determined by the F protein and its susceptibility 

to cleavage by a protease available in the host tissue. 2. In some virus

cell systems cell death has been shown to be due to the membrane-damaging 

effects of the F protein. 3. Lack of antibodies to F has been implicated 

in an immunopathological response in patients receiving formalin-inactivated 

measles virus vaccine. The membrane fusion reaction has been characterized 

using intact cells and liposomes as target membranes, and both intact virus 

and membranes reconstituted with purified F protein as the fusogenic agents. 

Requirements for fusion have been determined, including a conformational 

change in the F protein upon cleavage, the lipid composition of the target 

membrane, and the effect of pH. Extensive evidence has been obtained 

indicating that the N-terminus on Fl generated by the activating cleavage 

is involved in membrane fusion reaction, probably through a hydrophobic 

interaction with the target membrane. Synthetic oligopeptides with 

sequences that mimic this N-terminal region specifically inhibit membrane 

fusion, and thereby virus infectivity at the level of penetration. The 

oligopeptides have been found to act at the cell membrane, presumably 

competing with the Fl polypeptide for sites on the cell membrane. 

Lack of the expression of the M protein of measles virus is involved 

in the persistent infection leading to the chronic neurological disease 

226 
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subacute sclerosing panencephalitis (SSPE), and evidence has been obtained 

which suggests that there is a host restriction in the expression of this 

protein in brain cells. ~ vitro studies have provided structural evidence 

supporting the role of the M protein in virus assembly at the cell membrane. 

A new protein has been identified in cells infected with influenza B 

virus that has not been found with influenza A virus, the first instance 

of a protein unique for influenza B. The protein (NB) is glycosylated 

and is encoded in the same viral genome RNA segment as the viral neuraminidase 

(NA). A single mRNA codes for both proteins, with NB translated from the 

first initiation codon and NA translated from the second. 

INTRODUCTION 

Paramyxoviruses comprise a large group that includes parainfluenza 

virus types 1 to 5, mumps, measles, canine distemper, and Newcastle disease 

viruses. Our laboratory has for many years studied the structure, replication, 

and mechanisms of pathogenesis of these viruses, with emphasis on the 

structure and biological activities of the viral membrane proteins. These 

results and experimental methods are described in detail in a number of 

primary publications cited b~low, which represent the work of many 

individuals in our laboratory. The earlier studies have been reviewed 

previously (l,Z), and this work will be summarized briefly here, emphasizing 

the more recent results. 

Three proteins are associated with the membrane of paramyxoviruses, 

two glycoproteins (HN and F) that form spike-like projections from the 

viral membrane, and a non-glycosylated protein (M) associated with the 

inner surface of the lipid bilayer of the viral membrane (reviewed in 1,3). 

These proteins have been isolated and purified in biologically active form, 

and their functions identified (4-9). The HN protein has both receptor 

binding (hemagglutinating) and receptor-destroying (neuraminidase) activities. 

The F protein is involved in virus penetration and virus-induced cell fusion 

and hemolysis; it will be a major focus of this paper. The M protein has 

long been thought to play an important role in the assembly of the virus 

particle by budding from the plasma membrane (3,10,11). 

THE F PROTEIN 

Structure 

The F protein is synthesized as a biologically-inactive precursor protein 

(Fo) with a mol wt of ~ 65,000, which is cleaved by a host enzyme to yield 

two disulfide-bonded polypeptides (F l and Fz) with mol wts of ~ 50,000 
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and ~ 15,000, respectively (4-6,12-14). The Fl polypeptide has the 

C-terminus of Fo, which is anchored in the viral membrane, and the F2 

polypeptide contains the original N-terminus. The cleavage of Fo generates 

a new N-terminus on Fl (14). This N-terminus is highly hydrophobic (9, 

15,16); in Sendai virus there is a stretch of 25 uncharged amino acids. 

The sequence of this region is highly conserved among different paramyxo

viruses. As shown below, there are only 5 positions at which differences 

occur in the first 18 amino acids of the Fl polypeptide of Sendai, SV5, 

and Newcastle disease viruses (9,16), and in each case one hydrophobic 

amino acid is exchanged for another. 

Sendai Phe-Phe-Gly-Ala-Val-Ile-Gly-Thr-Ile-Ala-Leu-Gly-Val-Ala-Thr-Ala-Ala-Gln 

SV5 Phe-Ala-Gly-Val-Val-Ile-Gly-Leu-Ala-Ala-Leu-Gly-Val-Ala-Thr-Ala-Ala-Gln 

NDV Phe-Ile-Gly-Ala-Ile-Ile-Gly-Gly-Val-Ala-Leu-Gly-Val-Ala-Thr-Ala-Ala-Gln 

If a paramyxovirus is produced by cells that lack a suitable protease 

to cleave Fo, virions are produced that are non-infectious and cannot induce 

cell fusion or hemolysis (6,12,13). These functions, each of which involves 

fusion of the viral membrane with the cell membrane, can be activated by 

treatment of the virus in vitro with the appropriate protease, e.g., trypsin 

in the .case of wild type Sendai virus (6,12-14). The activities of the F 

protein involve fusion of membranes, and therefore F has no activity as an 

isolated protein, however if reconstituted into a membrane with lipid (17), 

the F protein can induce membrane fusion, provided a mechanism is present 

to deliver it to the target membrane. In the virus, this is provided by 

the HN protein, however it can be done with reconstituted membranes containing 

F protein with a lectin such as wheat germ agglutinin (17). 

The role of the F protein in pathogenesis 

Tropism, spread in the host, and virulence. It was found that some 

cells (e.g., MDBK cells or L cells in the case of Sendai virus) lack the 

appropriate protease to cleave the F protein (6,12,13) and activate virus 

penetration by fusion of its membrane with the cell membrane. Virus 

produced by such cells cannot undergo multiple cycle infection, spread in 

the host, and cause disease. These results indicated that the host range, 

tissue tropism, and virulence of the virus was dependent on the susceptibility 
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of the F protein to cleavage by an available host protease. This concept 

was substantiated by the isolation of mutants of Sendai virus .that required 

different proteases to cleave and activate F, and which consequently 

exhibited a different host range with respect to cultured cells and the 

chick embryo (13,18). Based on these results in cell culture and the chick 

embryo, we postulated that the pathogenesis of paramyxoviruses in these 

natural animal hosts would depend on the susceptibility of the F protein 

to cleavage by host enzymes, citing as possible examples virulent and 

avirulent strains of NDV (19). The importance of F protein cleavage in 

determining viral virulence was soon clearly demonstrated with NDV in 

chickens (20,21). 

The finding of proteolytic activation of the F protein, and that protease 

activation mutants occur~has other important implications in addition to 

elucidating the mechanism of viral penetration through viral and cell membrane 

fusion and demonstrating the role of the F protein in pathogenesis. These 

have been discussed previously (1,2) and will be only briefly mentioned. 

When a paramyxovirus is isolated from an infected individual in a laboratory 

host (cell culture, chick embryo, or animal) the F protein of the virus 

isolated must be cleaved by an enzyme present in that host. This may result 

in the selection of a virus that is not representative of the major virus 

population in the infected individual, and which may not be efficiently 

cleaved by the proteases available in the infected human or other natural 

host. Such variant selection may provide an explanation for the often 

observed rapid attenuation for humans of viruses by a single or few passages 

in the laboratory. We have also correlated the loss on serial passage on 

cells such as monkey kidney cells to support paramyxovirus replication with 

the loss of a specific activation protease (18). Finally, the generation 

in the laboratory of mutants activated by different proteases with different 

host ranges (13) raises the possibility that such mutants may arise in 

nature, and may explain the occasional infection of an organ or species 

not usually infected by wild type virus. 

Cell injury due to F protein action. Since the middle of the 19th 

century pathologists have noted that paramyxoviruses such as measles caused 

the formation of giant cells in infected tissues, and the finding of such 

cells has diagnostic significance in certain cases (22,23). Early studies 

with cultured cells indicated that cell fusion occurred in infected cells 

in vitro (24,25), and it was shown that concentrated, ultraviolet light-
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inactivated virus could induce cell fusion (25,26), and this activity was 

related to the ability of paramyxoviruses to cause hemolysis (25-28). As 

discussed above, these activities were subsequently shown to be associated 

with the F protein (6,12-14). One of the characteristics of many para

myxoviruses is their ability, in the appropriate host cell system, to 

cause persistent infection without cell death, and this property made it 

possible to evaluate the correlation between cell damage and the membrane 

fusing action of the virus. With the parainfluenza virus SV5, we found 

earlier that the killing of cells (e.g., the BHK2l line of hamster kidney 

cells) or the survival of cells (e.g., primary rhesus monkey kidney cells) 

in apparently normal condition without inhibition of cell metabolism, was 

dependent on the susceptibility or resistance of the plasma membrane to the 

fusing activity of the virus (30-32). The role of the membrane fusing 

activity of the F protein in early cell death of paramyxovirus-infected 

cells was subsequently demonstrated clearly in studies with a specific 

oligopeptide inhibitor of the action of the F protein (32). It was shown 

that measles virus infected cells which were prevented from fusing by the 

inhibitor survived for many days without cytopathology while producing 

virus, whereas infected cells not treated with the inhibitor fused and died 

within a day (32). Thus the direct action of the F protein on cell membranes 

is an important factor in cell death induced by paramyxoviruses. It should 

be recognized that other factors also playa role in cell injury by para

myxoviruses, and that the action of the F protein on cell membranes can 

lead to lysis and death before or in the absence of recognizable cell 

fusion, as exemplified by the hemolysis reaction. 

The role of the F protein in an immunopathological reaction. The 

ability to isolate the HN and F protein in biologically active form 

(4-6,17) made it possible to prepare monospecific antibodies and to evaluate 

the importance of immunity to each in the spread of infection in the host 

(33,34). As expected from the known activities of the protein, anti-HN 

antibodies inhibited hemagglutination and neuraminidase activities, and 

also neutralized infectivity in a conventional neutralization test in 

which virus and antibody were mixed before inoculation of cells. Anti-F 

antibody had no effect on hemagglutination or neuraminidase activity 

and neutralized the virus due to inhibition of penetration. However, 

an important finding was that if a cell in a population was infected 

before the virus came in contact with antibody, anti-HN antibody could 
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not inhibit the spread of infection. Even though such antibody could 

neutralize released virus in the medium, it could not prevent the spread 

of infection to adjacent cells due to the membrane fusing action of the F 

protein (33). On the other hand, anti-F antibody could neutralize both 

released virus, at the level of penetration, and prevent spread to adjacent 

cells through fusion of membranes. These results thus clearly demonstrated 

that for a paramyxovirus vaccine to be effective it must stimulate 

immunity to the F protein. In addition, when coupled with the work of 

Norrby and coworkers (35-37) indicating that formalin inactivates anti

genicity of the F protein of some paramyxoviruses, our results provided 

an explanation (33) for not only the failure of previous formalin inactivated 

vaccines, but also for the atypical and severe infections that occurred 

in some patients who received formalin-inactivated measles vaccine, a 

condition that was thoughtat the time to involve immunopathological reaction 

(38-40). Our hypothesis (33) to explain this atypical measles syndrome 

is as follows. The inactivated vaccine induces antibodies to the hemagglutinin 

protein and other internal viral proteins, but not to the F protein. When 

such individuals were subsequently exposed to the virus, some cells in 

the respiratory tract could be infected and the infection could spread 

to adjacent cells by membrane fusion due to the lack of immunity to F. 

As the infection spreads, viral antigens are produced and released, 

stimulating a secondary immune response to H and the other viral proteins 

except F. Thus, the situation would exist in which there is continuing 

production of viral antigens in the presence of a hyperimmune response 

to these antigens, a situation which sets the stage for a pathological 

immune reaction. It has been shown that patients with atypical measles 

have very high levels of antibodies to measles virus proteins (41). A 

similar explanation could apply to the severe respiratory infections that 

occurred in children receiving a formalin-inactivated respiratory 

syncytial (RSV) virus vaccine (42). 

The failure of these inactivated paramyxovirus vaccines in the 1960's 

effectively halted attempts to develop inactivated vaccines for these 

viruses, and no effective vaccine exists for parainfluenza viruses 1, 

2, and 3 and RSV. Now that there is an explanation for the previous 

failure of formalin inactivated vaccines, and it is known to what protein 

immunity must be developed, it appears appropriate to reopen the question 

of purified protein vaccines, possibly incorporated into lipid vesicles, 
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for these viruses (2,17,33). The potential use of recombinant DNA 

techniques to produce large quantities of viral proteins inexpensively 

provides another stimulus for reconsideration of purified paramyxovirus 

protein vaccines. 

The mechanism of action of the F protein 

Structure-activity relationships. The fact that the membrane fusion 

mediated by the F protein that is reflected in the biological properties 

of viral penetration, virus-induced cell fusion, and hemolysis is 

activated by the proteolytic cleavage that generates a new N-terminus 

on the Fl polypeptide (14) suggested that this N-terminus might be directly 

involved in the fusion reaction. This was supported by the findings that 

the primary structure in this region is highly conserved among different 

paramyxovirus type and mutants of Sendai virus that are cleaved by 

different proteases (9,16). This suggested a requirement for a specific 

amino acid sequence at the N-terminus. Furthermore, this N-terminal 

region of Fl is extremely hydrophobic, suggesting that a hydrophobic 

interaction could occur between this region of the protein and the target 

membrane (9,15,16,43,44). This could result in the Fl polypeptide 

facilitating fusion by bringing the bilayers of the cell and viral 

membrane together, since its N-terminus would be inserted in the cell 

membrane and its C-terminus anchored in the viral membrane. Further 

support for this hypothesis has been obtained by the demonstration of 

a conformational change in the F protein upon cleavage (44). This was 

shown by a change in the circular dichroism spectrum with an increase 

in a-helical content, and by an approximate doubling of the amount of 

the detergent Triton X-lOO bound to the cleaved protein as compared to 

the uncleaved protein (i.e., 67 vs 27 molecules of detergent per protein 

molecule), indicating an increased hydrophobicity compatible with exposure 

of the N-terminus of Fl' Following our demonstration of a conformational 

change in the F protein of Sendai virus a similar finding was obtained 

on the hemagglutinin protein of influenza virus in which cleavage and 

acid pH expose a hydrophobic region (45). 

The effect of pH on membrane fusion by paramyxoviruses. It should be 

emphasized that it has long been known that paramyxoviruses can cause 

cell fusion and hemolysis at membrane pH as well as over a wide pH 

range (pH 5-9). Thus acid pH is not required for fusion of paramyxoviruses 

with membranes as it is for Semliki forest virus, vesicular stomatitis 



virus, and influenza virus (46-48). With these viruses the evidence 

suggests that virus penetration is accomplished by fusion of the viral 

membrane with the cell membrane in an endocytic vesicle at acid pH, 

rather than by fusion at the plasma membrane as occurs with paramyxoviruses. 

It has been found in our laboratory that paramyxovirus fusion activity 

not only does not require acid pH, it is enhanced at alkaline pH (49). 

An irreversible enhancement of activity of the F protein was found upon 

exposure of Sendai virus to alkaline pH (optimum pH 9.0) followed by 

returning the virus to neutral pH before assaying cell fusing or hemolysing 

activities. The increased activity was correlated with an irreversible 

conformational change in the protein as shown by its circular dichroism 

spectrum (49). The results with different enveloped viruses suggest 

that a similar hydrophobic interaction could mediate the fusion of viral 

membranes with cell membranes with the variation among viruses in the 

site of membrane fusion being dependent on the pH at which the viral 

protein involved in membrane fusion acquires the conformation for fusion 

activity. 

LiEosomal membranes with defined comEosition as targets for F Erotein 

action. The compositional requirements of the target membrane for fusion 

by the F protein have been investigated (50) using unilamellar liposomes 

of defined composition for fusion by Sendai virus and two different methods 

to quantitate fusion, one involving proteolytic cleavage of viral proteins 

by prot~ase trapped within the liposomes, and the other based on centrifugal 

separation of fused and unfused liposomes. A Sendai virus mutant (pa-cl) 

with an uncleaved F, and therefore fusion inactive, provided an ideal 

control in these studies. Fusion of the virus with liposomes occurred 

in the absence of any membrane protein when ganglioside was incorporated 

in the membrane to serve as a virus receptor, and, to a lesser extent, 

in the absence of ganglioside. A definite requirement for fusion was 

the presence of cholesterol in the membrane, with an optimal mole fraction 

of cholesterol to phospholipid of 0.3-0.4. Cleavage of the F protein was 

found to be required for fusion of the virus with liposomes, just as it 

is required for fusion with cell membranes, indicating the appropriateness 

for membrane fusion studies of this model system with defined membrane 

components. The results obtained thus far are compatible with a hydro

phobic interaction between the cleaved F protein and the target membrane. 
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Specific inhibition of F protein action 

The findings summarized above suggested strongly that the N-terminal 

region of the Fl polypeptide was involved in membrane fusion. We therefore 

reasoned that it might be possible to inhibit specifically the action of 

the F protein with oligopeptides synthesized to mimic this region of the 

polypeptide. We were encouraged in this approach because we noted the 

similarity between the N-terminus of Fl and a peptide (carbobenzoxy-D

Phe-L-Phe-L-(N02) ARG) that had been found in an antiviral screening 

program to inhibit measles virus replication (51) and was later shown 

to interfere with cell fusion and hemolysis by measles (52) and SV5 (53). 

We therefore synthesized a large number of oligopeptides using the N

terminus of the Sendai virus Fl polypeptide as a model and varying a 

number of parameters, including the sequence and steric configuration of 

the amino acids and substitutions at the termini of the peptides. These 

oligopeptides were then tested for their ability to inhibit the fusion 

activity of the F protein, i.e., infectivity at the level of penetration, 

and cell fusion and hemolysis induced by measles, Sendai, SV5 and canine 

distemper viruses. Oligopeptides with the proper structure inhibited 

these activities by each of the viruses, however because measles virus 

was the most sensitive it was used in extensive structure-activity studies 

and dose response curves were determined using a plaque assay to quantitate 

inhibition of infectivity. These studies are described in detail elsewhere 

(16,54,55) and will be briefly discussed below. It should be emphasized 

that in these assays, the activity of the cleaved F protein is being 

inhibited, not the cleavage that activates the protein. The peptides are 

not protease inhibitors, but rather inhibitors of the membrane fusing 

activity of the protein. 

Our earlier studies with these oligopeptides (16,43,54) can be summarized 

as follows. Oligopeptides with the correct amino acid sequence are highly 

active, specific inhibitors. The longer the peptide, the greater its 

activity; the most active peptide examined to date is a heptapeptide with 

the sequence of the first 7 amino acids of the Sendai virus Fl N-terminus 

(50% effective concentration, 0.02 WM). A carbobenzoxy (Z) group on the 

N-terminal amino acid increased activity significantly, however other 

hydrophobic additions (e.g., a dansyl group) at the N-terminus also increased 

inhibitory activity as compared to oligopeptides with no modification of 

the N-terminus. The steric configuration of the N-terminal phenylalanine 



also significantly affected activity, e.g., Z-D-Phe-L-Gly was more active 

than Z-L-Phe-L-Phe-Gly. Esterification of the C-terminal amino acid 

decreased activity. Table 1 illustrates the 50% effective doses obtained 

with some of the many oligopeptides tested. 

Table 1. Inhibition by oligopeptides of plaque formation by measles virus 

Peptide 

Z-D-Phe-L-Phe-Gly-D-Ala-D-Val-D-Ile-Gly 

Z-D-Phe-L-Phe-Gly 

Z-D-Phe-L-Phe 

Z-D-Phe-L-Phe-Gly(chloromethylketone) 

Z-D-Phe-L-Phe-L-(Azido-Phe) 

Z-D-Phe-L-Phe-Gly(methyl ester) 

DNS-D-Phe-L-Phe-Gly 

Z-L-Phe-L-Ser 

Z-GlY-L-Phe-L-Phe 

D-Phe-L-Phe-Gly 

50% effective 

concentration 

0.02 

0.20 

28 

0.20 

0.28 

20 

0.34 

141 

530 

180 

Z indicates a carbobenzoxy group and DNS a dansyl group 

(~M) 

These results with a large number of different oligopeptides have 

clearly shown the importance of the correct amino acid sequence for 

maximum inhibitory activity. The effects of the substitutions at the 

termini of the oligopeptides may be related to the positioning of the 

inhibitor at its site of action. The carbobenzoxy or dansyl groups add 

hydrophobicity to the N-terminus, and esterification of the C-terminus 

decreases the polarity of the peptide; such changes could affect its 

orientation. The explanation for the greater activity of peptides with 

an N-terminal D-phenylalanine rather than the naturally occurring L

amino acid is also not clear. This could involve protection of the 

peptide from proteolytic activity, however this is probably not the only 

factor, because similar results were obtained in hemolysis assays, in 
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which proteolytic activity is less likely to be a factor than in plaque 

assays. Thus a steric effect on activity seems to be involved. 

The importance of the correct amino acid sequence for inhibitory 

activity was further demonstrated by the selection of a mutant of measles 

virus that is resistant to the action of a tripeptide (Z-D-Phe-L-Phe-L

(N0 2)Arg) by repeated passage of the virus in the presence of this peptide 

(16), but which remains sensitive to a peptide (Z-D-Phe-L-Phe-Gly) which 

differs only in the third amino acid. It is of interest that the sensitivity 

of this mutant to these oligopeptides resembles that of canine distemper 

virus, which, like measles virus, is a member of the morbillivirus subgroup 

of paramyxoviruses and is immunologically related to measles virus. 

These oligopeptides with specific antiviral activity do not appear 

to have significant toxic effects on the cells used in these studies. 

The cells survive for days with no detectable cytopathic changes and can 

multiply normally in the presence of the peptides in concentrations many 

fold higher than those causing inhibition of virus replication. 

The site of action of the oligopeptide inhibitors. To investigate 

the site of action of these oligopeptides several experimental approaches 

have been used (55). Oligopeptides have been synthesized with 3H or 

l25 I labels to determine their site of binding. Radioactively-labeled 

oligopeptides were reacted with purified virus, with mock-infected cells, 

or with infected cells at 4°C and, after washing, specific binding was 

calculated. Such studies suggested that the oligopeptides bind to the 

cell and not to the virus (55). The inhibitory action of the oligopeptides 

is reversible at 37°C; removal of the oligopeptides from the medium and 

washing the cells greatly reduces activity. To further investigate their 

site of action, an oligopeptide was synthesized with a chloromethylketone 

(CK) group attached to Z-D-Phe-L-Phe-Gly (abbreviated ZPPGCK). This 

oligopeptide binds irreversibly as do the protease inhibitors, N-p-tosyl

L-phenylalanine-chloromethylketone (TPCK) and N-p-tosyl-L-lysine-chloro

methylketode (TLCK), which can alkylate histidine, serine, methionine, 

or cysteine residues near the active sites of proteases. The oligopeptide 

with the chloromethylketone derivative (ZPPGCK) retained virus inhibitory 

activity. Whereas TPCK and TLCK, which were included as controls, had 

no activity. This irreversible inhibitor was used to investigate its site 

of action (55). Z-PPGCK was pre incubated with monkey erythrocytes (RBC) 

or purified measles virus and, after extensive washing, hemolysis assays 
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were performed. ZPPGCK irreversibly inhibited hemolysis when it was 

preincubated with RBC, or RBC plus virus, but not when it was preincubated 

with virus alone. These results provide further evidence that the oligo

peptides act on the cell and not on the virus. 

A third experiment to investigate the site of action of the peptides 

involved the use of an oligopeptide inhibitor containing an azido group 

as a photoaffinity probe, i.e., Z-D-Phe-L-Phe-(Azido)Phe (Z-APPP1) (55). 

RBC or virus were preincubated with this peptide, exposed to UV-light 

for various times, washed extensively, and hemolysis assays were then 

carried out. Pre-treatment of virus with Z-APPPl had no effect, but pre

treatment of RBC inhibited hemolysis. These studies with irreversible 

inhibitors indicate that the site of action of the oligopeptides is on 

the target cell membrane, not on the virus. The results suggest that the 

inhibitors compete with the N-terminus of the FI polypeptide for a site 

on the cell membrane, however the exact location and nature of this presumed 

"receptor" for the FI protein is under investigation. If such a receptor 

exists, there may be several related, but different, classes of receptors, 

because different oligopeptides inhibit different viruses to different 

extents and, as discussed above, resistant mutants of measles virus can 

be isolated which differ markedly in sensitivity to specific oligopeptides 

as compared to wild type virus. 

Significance of the oligopeptide inhibitors. Whether these inhibitors 

will have any use in the chemotherapy or chemoprophylaxis or virus infections 

in vivo is not yet clear. However, they provide an example of an important 

principle, i.e., that specific inhibitors of virus replication have been 

designed utilizing knowledge gained from basic research on the structure 

and biological function of individual virus proteins and evidence 

suggesting that a particular region of a viral protein was involved 

in activity. In this case, the step in virus replication that is inhibited 

is virus penetration, which occurs by fusion of the membrane of the virus 

with that of the cell. In addition to demonstrating that specific 

inhibition of viral functions other than viral enzymes can be designed 

on the basis of knowledge of the proteins, these studies have shed light on 

the mechanisms of virus penetration and virus-induced cell fusion and 

hemolysis, and membrane fusion in general. The availability of these 

inhibitors with specific probes attached is also facilitating further 

studies on the precise site and mechanism of action of viral proteins. 
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THE ROLE OF THE NON-GLYCOSYLATED MEMBRANE PROTEIN (M) OF MEASLES VIRUS 

IN SUBACUTE SCLEROSING PANENCEPHALITIS (SSPE) 

SSPE is a chronic fatal neurological disease caused by a persistent, 

abortive infection with measles virus (56-59). Isolation of the virus 

from the brains of patients with the disease has been possible only by 

co-cultivation of brain cells with cell lines, not by direct isolation 

of released infectious virus (58,59). Studies in many laboratories have 

attempted to define biochemical markers that would distinguish between 

SSPE isolates and wild type measles virus. Although some minor differences 

have been observed when comparing two given strains, no consistent bio

chemical difference has been found that allows an unequivocal distinction 

between SSPE and other measles virus strains. Thus the existence of 

specific mutants that cause SSPE has not been demonstrated. In addition, 

the epidemiological evidence suggests that there are not "SSPE strains" 

circulating in the population; there are not clusters of cases indicating 

that a certain population was infected with such a strain. 

In recent years much evidence has been accumulated in this laboratory 

and others that indicates that a lack of the expression of the M protein 

of the virus is involved in SSPE. In 1979 we found very high titers of 

antibodies to the other measles virus proteins in the serum and cerebro

spinal fluid of patients with SSPE, but in striking contrast, little or 

no antibody to the M protein (41). This was rapidly confirmed in other 

laboratories (60,61). Several possibilities for the lack of antibodies 

to M were considered initially (41), including lack of synthesis of M in 

brain cells, rapid degradation of M before it became available to the 

immune system, and a specific immunological defect in which M, but not 

the other viral proteins, was not recognized by the immune system. No 

evidence has been found to support the last possibility, and it was 

shown that the lack of antibody to M was not due simply to antigenic 

differences among SSPE strainsT an SSPE patient's serum failed to precipitate 

the M protein of the virus isolated from that patient's brain tissue. 

It has also shown that the same pattern of high titers of antibody to 

the other proteins but no antibody to M persisted over a period of 7 years 

in a single patient, indicating that this was not a feature confined to 

a certain stage of the disease (41, and subsequent follow-up of that patient). 

Additional evidence that the M protein was not expressed normally in 

SSPE brain cells was obtained in an explant culture of SSPE brain cells 
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in which the synthesis of the other virus proteins but not M was detected 

(62). Subsequently, a technique was developed to detect virus proteins 

directly in the brain, and no M protein could be detected in the brain 

of SSPE patients, although the other viral proteins were found (63). 

In addition, cell lines have been described that were derived by co

cultivation of brain cells from SSPE patients with cell lines in which 

the M protein was not detected but other measles virus proteins were 

found (61,64). 

The findings described above lead us to hypothesize that there was a 

host restriction of the synthesis or processing of the M protein in brain 

cells (2,63,65,66). It was suggested that this host control of M expression 

is not limited to the brains of SSPE patients, but is a property of 

certain cells on the brain. Several additional points support this 

hypothesis. It should be recalled that measles virus can be isolated 

only after co-cultivation of brain cells with other cells, indicating 

that the entire viral genome is present in the brain cells, but cannot 

be expressed until introduced into another cell; this in itself indicates 

host control. In addition, in cases of acute measles encephalitis, 

many unsuccessful attempts have been made to isolate virus from the 

brain, but the successful attempt involved co-cultivation (67), suggesting 

that in acute measles encephalitis also there is host restriction of 

virus replication. We have also examined the serum and CSF of a patient 

24 years after acute measles encephalitis at age 35. This patient had 

severe neurological deficits and very high antibody titers to all the 

other measles virus proteins but no antibody to M (66). This observation 

strongly suggests that measles virus genetic information was still being 

expressed in the patient's central nervous system many years after acute 

encephalitis, but that M was not being synthesized. In addition to 

supporting the concept of host-cell restriction in the brain, these 

results suggest that persistent infection of the nervous sytem with measles 

virus is not limited to the SSPE syndrome. Finally, in England acute 

severe measles virus infections are an important problem in immunosuppressed 

children, such as those with leukemia, and several cases have been examined 

in which acute encephalitis occurred and measles virus antigen and nucleo

capsid were observed in the brain, but the virus could not be isolated 

(68), suggesting again a restricted infection. In our view the most 

straightforward explanation for these observations is a host restriction 
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of measles virus replication by brain cells, and it is not necessary to 

evoke a mutant virus or a defect in the patient with SSPE. Whether a 

patient develops SSPE may be determined by the extent of the seeding of 

the brain with virus at the time of the initial infection and the state 

of the brain at that time. In the latter regard, it should be noted 

that SSPE patients frequently have had their acute measles infection 

before the age of 2, thus the stage of the development of the central 

nervous system could playa role. The explanation for the lack of 

expression of the M protein in brain cells is not yet clear, i.e., 

whether it is at the level of transcription of the mRNA for M, its 

translation, or rapid degradation of the protein after synthesis. These 

questions are now being approached in many laboratories. 

Whatever the explanation for the lack of M, its absence explains many 

of the features of SSPE (2,41,63,65). Because the M protein plays a 

primary role in the assembly of the virus at the plasma membrane (3,10, 

11), lack of M would be expected to result in an abortive infection in 

which no infectious virus is assembled, but viral nucleocapsids accumulate 

in the cytoplasm and the viral glycoproteins appear at the cell membrane 

to stimulate high levels of antibodies. These are the findings that 

characterize SSPE. 

Some recent evidence has been obtained with regard to the role of the 

M protein in the virus assembly process (69). It was suggested in 1971 

(3,10,11), that the M protein served as the recognition site at the plasma 

membrane between the viral nucleocapsid in the cytoplasm and the glyco

proteins in the membrane. Much evidence has been accumulated subsequently 

to support this hypothesis, including the association of M with nucleocapsid 

when virus is fractionated or the proteins are mixed in vitro (70,71), 

the finding of M on the inner surface of the plasma membrane (72), cross

linking of M and NP in cells (73), and failure of assembly of virus in 

cells infected with a mutant of Sendai virus with a lesion in the M 

protein (74). Recently purified M protein has been assembled in vitro 

into ordered structures (69), one of which consists of a sheet formed of 

strands of M protein subunits with a spacing of 7.2 nm. Tubular structures 

were also seen which appeared to be formed by rolling of the sheet into 

tubes in which the strand of subunits were inclined with a left-handed 

orientation. The arrangements and dimensions of these structures formed 

in vitro by M protein are strikingly similar to the ordered arrays seen 
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on the inner surface of the plasma membrane of infected cells that were 

thought to be M, although no direct evidence for this was available 

(75,76). These arrays of M protein formed in vitro have arrangements 

that are compatible with their interaction with the helical nucleocapsid 

of the virus (69). These results support the concept that ordered arrays 

of the M protein are involved in the assembly of the virus by budding 

from the cell membrane, providing specific recognition sites for the viral 

nucleocapsid at the cytoplasmic surface of the plasma membrane. 

A NEW INFLUENZA B VIRUS PROTEIN 

The nucleotide sequences of RNA segment 6 of influenza B virus. 

The sequences of RNA segments 4,6,7, and 8 of influenza B virus resemble 

those of influenza A virus at both the nucleotide and amino acid levels 

(77-81). Segment 6 in both viruses codes for the neuraminidase (NA) 

protein (82-84). The nucleotide sequence of the influenza B/Lee/40 NA 

gene differs from that of the other influenza virus genes in that its 

translation is initiated at the second AUG codon from the 5' end of the 

mRNA (81). The second usual feature of the influenza B RNA segment 6 

is that the first AUG codon, which is separated from the second by only 

4 nucleotides, is followed by an open reading frame coding for 100 amino 

acids that overlaps the NA reading frame by 292 nucleotides (81). This 

reading frame (designated NB) has not been found in influenza A NA genes. 

The NB protein. 

After finding this second open reading frame, we searched for a 

polypeptide product translated from it in infected cells. Such a protein 

would contain 100 amino acids with a mol wt of 11,242. The nucleotide 

sequence was used to select appropriate labeled amino acids, i.e., cysteine 

and isoleucine, to detect such a protein. The NB protein has been detected 

in infected cells (85). The deduced amino acid sequence contains four 

glycosylation sites, and the protein has been found to be glycosylated 

in infected cells. The amino acid sequence contains stretches of hydro

phobic amino acids at residues 1-16, 18-41, and 83-96, which might act 

as membrane insertion sites, however the two uncharged regions near the 

ends of the molecule contain potential glycosylation sites that would 

not be expected to be glycosylated if that region is inserted into a 

membrane. The NB protein has not been detected in virions. 

Sucrose gradient sedimentation analyses and analyses of the mRNA 

structure by Sl mapping and primer extension sequencing indicated that 
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the NB and NA proteins are translated from a single, bicistronic mRNA (85). 

A protein analogous to NB has not been found with influenza A virus, 

and this represents a major difference betwen the two virus types. The 

function of NB is at present unknown, however there are several biological 

differences between influenza A and B viruses. Genetic reassortment does 

not occur between influenza A and B viruses, and influenza B virus does 

not undergo the periodic major antigenic shifts as does influenza A 

virus, possibly due to a lack of an animal resevoir for influenza B 

virus to provide strains for recombination with human viruses. Influenza 

B virus may be a more "toxic" virus, e.g., the incidence of Reye's 

syndrome is greater after influenza B infection than influenza A. There 

is no evidence to implicate the NB protein in any of these aspects of 

influenza B virus replication and pathogenesis, but it is of great interest 

as the only protein unique to influenza B virus. 
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ON THE PATHOGENICITY OF AVIAN INFLUENZA VIRUSES 

RUDOLF ROTT, HANS-DIETER KLENK, and CHRISTOPH SCHOLTISSEK 

Institut fUr Virologie, Justus-Liebig-Universitat Giessen, 
Frankfurter Strasse 107, D-6300 Giessen, FRG 

INTRODUCTION 

Influenza A viruses cause different diseases in mammals 

and birds. While the clinical manifestations of influenza 

virus infection in mammals is virtually always a result of 

localized infection of the respiratory tract epithelium, the 

clinical disease in birds infected with highly pathogenic 

avian influenza viruses is commonly associated with systemic 

infection and death. The majority of avian influenza viruses, 

however, induce asymptomatic infection which is restricted 

to local sites in mucous membranes frequently in the gut and 

the respiratory tract. 

Our group in Giessen has concentrated in the last few 

years mainly on obtaining information about the prerequisites 

for avian influenza virus pathogenicity, whereby pathogenicity 

is defined as the capacity of a virus strain to cause overt 

disease. 

Avian influenza viruses occur with at least 13 different 

hemagglutinin (HA) subtypes and in many HA-neuraminidase com

binations (1,2). In addition to variability of the genes 

coding for HA and neuraminidase in one subtype, there are also 

considerable differences in base sequence homologies or oligo

nucleotide fingerprints of the other genes (references in 3). 

This suggests that avian influenza viruses arise in nature 

in a continuous process of segmented gene reassortment. 

Furthermore, these viruses show differences in their patho

genicity for chicken. Highly pathogenic virus strains exist 

among the H7 (Hav1) and H5 (Hav5) subtypes. So far as is 

known, virus strains of all the other subtypes are nonpatho-
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genic (4). Therefore, for studies on pathogenicity of influen

za viruses the avian system offers the advantages that a varie

ty of naturally occurring different virus strains can be used 

in their natural host. Furthermore, this virus-host system 

enables us also to analyze the contribution of the individual 

virus genes to pathogenicity. 

PROTEOLYTIC CLEAVAGE OF THE HEMAGGLUTININ AS A DETERMINANT 

FOR PATHOGENICITY 

The HA which is located as spike-like protrusions on the 

surface of influenza virus particles is of great significance 

for the uptake of virions by host cells and therefore for in

fectivity. It is responsible for the attachment of the virus 

to sialic acid containing receptors on the host cell and it is 

involved by acting in concert with the neuraminidase in virus 

penetration through fusion of the viral envelope with cellular 

membranes (references as in 5). The capacity for penetration 

depends on posttranslational proteolytic cleavage of the pre

cursor HA into the subunits HA1 and HA2 . Cellular proteases 

are involved in this activation reaction and, depending on 

the presence of an appropriate enzyme in a given cell, virus 

particles with cleaved or with uncleaved HA may be formed 

(references in 6). It has been claimed that neuraminidase 

alters the cleavability of HA (7). However, naturally oc

curring strains or our laboratory reassortants never show 

this effect, although both types of virus isolates contained 

different HA-neuraminidase combinations (8-10). 

It has become increasingly evident that the vast majority 

of influenza viruses have a very restricted host range for 

cells within an organism and for specific cell cultures. The 

reason for this is that, in the majority of cell types, the 

HA of most influenza viruses is not cleaved. In the case of 

natural isolates of avian influenza viruses, there is a 

strict correlation between susceptibility for proteolytic 

cleavage and pathogenicity. While the HA of pathogenic 

strains is cleaved in all cell types tested,the HA of non-
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pathogenic strainsis cleaved only in certain host cells (9). 

The differences in HA cleavability can be explained by the 

structural variation at the cleavage site of the HA molecule 

(Fig. 1). On the basis of amino acid sequence analyses it 

could be shown that with influenza viruses nonpathogenic for 

chickens a single arginine residue is eliminated at the site 

of the cleavage reaction (references in 11). In contrast, 

elucidation of the primary structure of HA of the highly patho

genic fowl plague virus revealed that HA1 and HA2 are linked 

by several arginine or lysine residues (12,13). This inter

vening sequence is also removed in the cleavage reaction. 

HAl • ~ HA2 
NH2-Gln- Ser- Arg- Gly- Leu-Phe-Gly- Ala -lle-COOH H10 

~ ~ 
N H2-[ Ser - Lys] [Arg - GI Y teu -Phe -Gly - Ala -lie - C 00 H 

Lys - Arg - Glu - Lys 

H7 

FIGURE 1. Part of the amino acid sequences around the 

cleavage site of H10 (Hav2) and H7 (Hav1) hemagglutinins. 

The Hl0 hemagglutinin is of the nonpathogenic A/chick/ 

Germany/49 strain (15) and H7 hemagglutinin is of the patho

genic A/FPV/Rostock strain (13). Arrows indicate the estab

lished C-termini of HAl and the NH 2-termini of HA 2 . 

That this presence or absence of arginine or lysine residues 

may be a common property of pathogenic influenza viruses, is 

suggested by recent observations. A series of pathogenic and 

nonpathogenic viruses, all of which carry HA of the same sero

type, were found to differ in HA cleavability. The loss of 

basic residues is paralleled by a shift in charge Which can 

be demonstrated by analysis of HA using isoelectric focusing. 

It was therefore of interest to find that the pathogenic 
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strains show a larger charge shift than the nonpathogenic 

strains (14). Thus, it appears that the size of the basic 

intervening sequence is an essential structural determinant 

for the susceptibility of HA to cleavage. 

Two enzymes are involved in this reaction. First a trypsin

like endoprotease cleaves the arginine-glycine linkage; sub

sequently, the arginine or the entire intervening basic pep

tide is removed by a carboxypeptidase B (15). It has long 

been assumed that the trypsin-like enzyme is of host origin, 

since the host cell determines whether or not cleavage occurs. 

There is evidence that differences exist in the enzymatic 

specificity involved in the cleavage of pathogenic and non

pathogenic viruses. It appears that HA of pathogenic strains 

is activated by a trypsin-like protease present in all host 

cells that requires a pair of basic amino acids at the clea

vage site. On the other hand, HA of the nonpathogenic strains, 

which is activated in a few host cells, is cleaved by an 

enzyme which can act at a single arginine (13). The caboxy

peptidase B is found in purified virus particles, but it 

appears also to be host cell-derived. This is indicated by 

a host-dependent variation of the isoelectric point of this 

enzyme (Garten, personal communication). 
It was interesting to find that endoproteases with speci

ficities different from those of trypsin, such as thermo

lysine or chymotrypsin, cleave but do not activate the hem

agglutinin. After treatment of HA with these enzymes the 

cleavage site is shifted, but only by one or three amino 

acids towards the carboxy ~nal direction. From these 

findings one can conclude that a specific structure at either 

the carboxy t.erminus of HA1 or the amino terminus of HA2 is 

necessary for activity (15). The finding that elimination of 

the arginine can be prevented by inhibitors of carboxypepti

dase B, and that this treatment does not influence activity 

of HA, indicate that a specific structure at the amino ter

minus of HA2 is required for the fusing capacity of HA 

(Garten, personal communication). 
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The findings discussed so far demonstrate that activation 

of HA requires cleavage of a specific bond and that the amino 

acid sequence of the connecting peptide between HA1 and HA2 

determines the range of cells in which cleavage can occur. 

Since pathogenic strains contain HA which is activated in a 

broad spectrum of different host cells, these viruses are able 

to undergo multiple cycle replication and spread in the host 

organism. In contrast, spread of nonpathogenic virus is in

hibited as soon as the virus infects cells which do not possess 

appropriate HA activating enzymes. 

This hypothesis could be confirmed convincingly using the 

chicken chorioallantoic membrane as a model organ system in 

studies with influenza viruses pathogenic or nonpathogenic for 

the chicken. It was found that the hemagglutinin of the patho

genic strains was activated in all three germinal layers 

(the endoderm, the mesoderm, and the ectoderm), whereas the 

hemagglutinin of the nonpathogenic viruses was cleaved only 

in the endodermal cells .. Accordingly, there are differences 

between the pathogenic and the nonpathogenic viruses in their 

spread through the membrane as indicated by immune histology. 

Multiplication of nonpathogenic strains was restricted to the 

cell layer which was inoculated. Spread of newly synthesized 

virus was inhibited as soon as the virus reached the barrier 

of nonpermissive mesodermal cells. On the other hand, the 

pathogenic virus spread through the whole membrane and gained 

entrance into the blood vessels regardless of the route of 

infection (16). 

A similar mechanism could be shown in the course of in

fection of the mature avian organism. Pathogenic as well as 

nonpathogenic avian influenza viruses are produced in in

fectious form, that is with a cleaved hemagglutinin, in epi

thelial cells which line the respiratory- and intestinal tract 

of the bird. Spread of nonpathogenic viruses is inhibited as 

soon as the virus reaches the lamina propria which is non

permissive for these viruses. Only the very few pathogenic 

avian influenza viruses, which possess a cleavable hemagglu

tinin, may pass this barrier. The resulting generalized 
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infection leads to the lethal disease (9,17). 

Our results support the concept that differences in patho

genicity are the result of structural variations in the hem

agglutinin. The available evidence indicates that these struc

tural variations are confined to the cleavage site, i.e. to 

a small, but functionally important part of the molecule. 

GENE CONSTELLATION AND PATHOGENICITY 

In contrast to natural influenza virus isolates, reassor

tants obtained by a mixed infection in vitro have revealed 

that in addition to HA an appropriate gene constellation is 

important for pathogenicity. Experiments on replacement of 

RNA segments by reassortment have shown that the source from 

which the RNA segment is derived, as well as the RNA seg

ment which is exchanged, are important for pathogenicity. 

Investigations with a large number of different reassortants 

lead to the following conclusion: 1) There is no general rule 

which RNA segment(s) has to be replaced in order to increase 

or lower pathogenicity. 2) The more RNA segments of patho

genic strains that are replaced by nonpathogenic strains, 

the higher is the probability of obtaining nonpathogenic re
assortants. 3) Especially important for pathogenic proper

ties is the gene constellation of the polymerase complex, 

i.e. the genes coding for the three P proteins and the NP 

protein (references in 18). 
Comparing the results obtained with influenza virus reas

sortants isolated in vitro, and those obtained from naturally 

occurring avian influenza viruses, there is ample evidence 

that in nature such avian influenza viruses are selected 

whose genomes possess an optimal composition. If in addition 

to the optimally functioning genome, the viruses possess a 

hemagglutinin which is cleaved in many different host cells, 

thereby becoming activated, the viruses are truly pathogenic 

(references in 19). Evidently, a major factor for this selec

tion is the body temperature of the bird at 41 0 C, since only 

pathogenic reassortants grow efficiently at this elevated 
temperature. As a consequence of double infection in vitro 



with two different influenza viruses at the elevated tempera

ture, reassortants are selected which are exclusively patho

genic for the chicken. If on the other hand, mixed infe~tion 

is performed at 370 C, most progeny are nonpathogenic (10). 

Preliminary studies on the temperature sensitive block of the 

nonpathogenic reassortants indicate that growth inhibition at 

41 0 C can occur at different levels within the multiplication 

cycle (unpublished results) • 

In view of these findings one may suspect that in vitro 

produced nonpathogenic reassortants are temperature-sensitive 

because of missmatching of the individual viral components, 

especially of the polymerase complex. If this assumption is 

correct, it should be possible to convert the appropriate 

genes by mutation and selection to allow function at the 

body temperature of the bird. To achieve this goal we (20) 

passaged nonpathogenic reassortants serially at high multi

plicities (von Magnus passages) at 41 0 C. It has been shown 

by others (references in 21) that, under these experimental 

conditions, deletions occur preferentially on the genes 

coding for the polymerase complex. 

As can be seen from Fig. 2, the infectivity declined 

rapidly as expected under these conditions. However, with 

most reassortants tested, the infectivity thereafter in

creased with further passages, the number of which depended 

on the reassortants used and varied from experiment to ex

periment. Most interestingly, all isolates obtained after 

von Magnus passages at 41 0 C were pathogenic for chicken al

though the degree of pathogenicity varied. After intramus

cular inoculation, some isolates killed the birds two to 

three days after infection like the highly pathogenic fowl 

plague virus. With some isolates, chickens died only after 

a prolonged incubation or became sick, but did not die in a 

14-day period of observation (Table 1). 

When the von Magnus passages were carried out at 370 C 

only one of ten isolates could be obtained in which patho

genicity was reactivated. The reason for this inefficiency 

presumably is that there is no selective pressure at 370 C 
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FIGURE 2. Behavior of infectivity of different influenza 

virus reassortants during von Magnus passages at 370 C (4) 

or 41 0 C (0). 
The "0" von Magnus passage represents the infectivity titer 

of the input virus which was prepared at 37 0 C. For detail 

see (20). 

and a mutant with new properties has no chance of overgrowing 

the original parental type. 
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Table 1. Pathogenicity for chicken of influenza virus reas

sortants before and after von Magnus passages. 

Reassortantsa Gene constellationb 

FTl TTFFTTTF 

FT3 FTTFFTFT 

FT15 FTFFTTTT 

FT17 TTFFTTTF 

FT22 FTTTTFTT 

FT23 FFTFFFFF 

FT24 FFTFFFFF 

FS FSFFFSFF 

FE FFFFEEFF 

FN FFNFFNNN 

PathogenicityC 

before after 
von Magnus 
passages at 

37 0 C 41 0 C 

+(4) 

+ -
:!: 
+(6) 

+(2) 

+(7) +(2) 

+(3) 

+(5) 

+(7) 

+ -

a The reassortants were obtained after mixed infections with 

the parent viruses F = A/fowl plague/Rostock/34 (R7Nl), 

T = A/turkey/England/63 (R7N3), N = A/chick/Germany/N/49 

(Rl0N7), S = A/swine/1976/31 (R1Nl), and E=A/equine/l/63 

(R3N8). 

b The letters indicate the parental source of the genes and 

are arranged according the electrophoretic migration rates of 

the RNA of A/fowl plague/Rostock. The order designates the 

genes in the following sequence: PB1, PB2, PA, RA, NP, NA, M, 

and NS (3). 

cChickens die (+) after infection (No. of days), or become sick 

(:!:), or showed no signs of illness (-) during a 14-day obser

vation period. 

For detail see (20). 
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CONCLUSIONS 

In the course of these investigations, it became obvious 

that pathogenicity of avian influenza viruses depends on an 

otpimal gene constellation which permits virus replication in 

the bird. The individual combination of genes which achieves 

this pathogenic constellation is not unique and is not re

stricted to any particular RNA segment in the virus genome. 

The reassortment of any possible combination which guarantees 

a rapid replication of the virus in the host organism will 

exhibit the best chance of being pathogenic. These events 

must regularly occur in natural infection. The experiments 

using high multiplicity passages under selection at 41 0 C 

show the dynamic response at the biological level of the 

genetic system composed of the eight influenza virus genes. 

There is one specific restriction on pathogenicity, how

ever, which can be defined with certainty: in order to become 

pathogenic (i.e. to induce a systemic infection), a virus 

strain must have a hemagglutinin which is cleavable in a 

broad range of different host cells. Such a situation permits 

rapid production of a great many virus particles which can 

flood the host organism before defense mechanisms, in parti

cular a potent immune response, can block the spread of the 

virus. If a certain HA gene product is only cleaved in a 

restricted number of cell types, the infection will be con

fined to localized areas in the bird. This type of infection 

is likely to be clinically inapparent. 
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RICHARD M. KINNEyl, and JAMES H. STRAUSS2 
lDivision of Vector-Borne Viral Diseases, Centers for Disease Control, 
Fort Collins, Colorado, USA and 2Division of Biology, California 
Institute of Technology, Pasadena, California, USA 

SU~lMRY 

TI"e VEE virus particle contains a ssRNA genome enclosed in an 

icosahedral capsid and an envelope containing two glycoproteins, E2 

(561< daltons, gp~6) and E1 (50k daltons, gp50). The amino terminal 

sequences of the envelope proteins have been determined and compared 

with data for other alphaviruses. The alphavirus glycoproteins 

share regions of homology, particularly in the conservation of 

proline and cysteine residues, implying that the three dimensional 

conformation is conserved. Deletions and amino acid replacements 

can occur at most locations with the alphavirus glycoproteins 

i ndicati ng that vari ati on withi n the protei ns can be accommodated 

"lithout destroying biological function. Tryptic map analysis of the 

two virus glycoproteins shows differing degrees of diversity within 
the VEE complex, the larger protein i-eing the more variable. Viral 

neutralization (N) and hemagglutination inhibition (HAI) 

determinants have been placed on the gp56 VEE/TC-83 protein using 

monoclonal antibody to purified proteins. Antigenic analysis 

indicates the presence of at least three antigenic epitopes on gp56 

and four on gp50. Biological functions of N and HAl are primarily 

associated "lith gp5FC , the critical N site. .!!l vivo protection 

from virus infection is provided by passive immunization with 

antisera to gp56 and gp50 as ,,'ell as highly avid monoclonal 

antibodies to gp56C, gp50b, gp50C, and gp50d• Small amounts 

of gp56C antibodies were needed to provide protection, whereas 

less avid antii'odies to other determinants on gp56 and gp50 were 

less protective. Protection from VEE virus infection appears to be 

determi ned by the specificity of antibody to the vi ri on glycoprotei n 

epitope, avidity of the antibody and the ability of the antibody to 

react with antigenic epitopes proximal to the critical N site. 

257 



258 

1. INTRODUCTION 
Venezuelan equine encephalitis (VEE) virus was first isolated in 

1938 by Kubes and Rios (1) from the brain of a horse which died 

during an epizootic of a previously unrecognized disease in 

Venezuela. VEE-related viruses were subsequently isolated during 

t~e period of 1943-1963 in Venezuela, Colombia, Peru, Trinidad, 

Brazil, Surinam, Argentina, Panama, Mexico, and the United States 

(2) • Shope et ~. (3) fi rst defi ned the vi ru ses in the VEE comp 1 ex 

t-y showing serological relationships between classical VEE, ~lucambo, 

and Pixuna viruses. Young and Johnson (2) serologically 

characterized a variety of VEE isolates and proposed that the 

complex t>e divided into four subtypes (I, II, III, and IV). Viruses 

in subtype I were divided into five variants designated IA through 

IE. During 1069-1~71 a VEE epizootic-epidemic occurred in South 

America, Central America, and the United States involving a subtype 

lAB virus which caused high mortality among equines and human 

d i sea se (4). 

Venezuelan equine encephalitis viruses are alpha-togaviruses 

w~ic~ contain a positive strand rit>onucleic acid genome enclosed in 

an icosa~edral nucleocapsid. The virion has an envelope which 

contains blO glycoproteins: E2 of 5F,000 daltons (gp56) and E1 of 

~O,OOO daltons (gp50) (5,6). Viral neutralization (N) and 
hemagglutiration (HA) sites have been placed on E2 by the use of 

monospecific rabtdt antisera and monoclonal antibodies specific for 
purified viral structural proteins (7-10). Only anti-E2 antisera 

neutralized virus infectivity or blocked virus hemagglutination. 
The E2 envelope glycoprotein, therefore, possibly plays a central 

role in eliciting a protective immune response following either 

immunization or natural infection ~Iith VEE virus (11). 

In this report, the biochemical and immunological 

c~aracterization of t~e VEE E1 and E2 envelope glycoproteins ~,;ll t-e 

presented, and the function of t~ese proteins in providing 

protective imrlUrdty t'ill be discussed. 
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2. ~10LECULAR WEIGHT COMPARISONS 

2.1. Antigenic analysis of the VEE virus structural proteins in the 

Venezuelar encephalitis complex of alphaviruses using polyclonal 

antisera 

2.1.1. Structural proteins. Young and Johnson (2) serologically 

classified Venezuelan equine encephalitis (VEE) viruses t-y kinetic 

HAl into four suI-types (I to IV), with subtype I exhibiting five 

antigenic variants (IA to IE; Table 1). The serological 

reactivities demonstrated in HAl and N indicate that the antigenic 

determinonts responsible for type-specificity and induction of host 

protective immunity are located on the two glycoproteins present on 

the surface of the virus particle (7-14). 

TABLE 1. Venezuelan equine encephalitis complex viruses. Antigenic 
classification, geographic origin, and year of isolation. 

Prototype 
Vi rus 

Antigenic 
Classificatio~ 

Tri ni dad donkey 
TC-P,3!Y 
PTF-3° 
P67f 
381'0 
Mena II 
Everglades Fe3-7c 
Mucamho BeAn P, 
Pixuna BeAr 3~6d5 

I-A 
I-A 
I-B 
I-C 
I-D 
I-E 
II 
III 
IV 

Ori gi n 

Trinidad 

Guatemala 
Venezuela 
Panama 
Panama 
U.S.A. (Florida) 
Brazil 
Brazi 1 

Year 
Isolated 

1943 

1969 
1963 
1961 
1962 
1~63 
1954 
1961 

2/ Cl assification hased on the kinetic hemagglutination-inhit-ition 
studies of Young and Johnson (2). 

£I Vaccine strain derived from Trinidad donkey strain. 

Tl'e molecular weights of the structural proteins of each VEE 

prototype virus were determined by electrophoresis of dissociated 

virus on discontinuous polyacrylamide gels (8,9,171 (Fig. 11. Two 

envelope glycoproteins and a capsid protein are well resolved for 

most of the viruses (Fig. 1). The two envelope glycoproteins of 

subtype IV, Pixuna virus, migrated similarly but were separable from 

each other. Molecular weights of the structural proteins for each 
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of the viruses were detennined (Table 2). Nucleocapsid proteins of 

all strains were estimated to have molecular weights of 35x103 

daltons and the E1 envelope glycoproteins 51x103 daltons. More 

size variation was observed in the molecular ~Ieights of the larger 

E? glycoproteins of the different VEE subtypes (53 - 56 x 103 daltons). 

ABC E F 6 H 

FIGURE l' Polyacrylamide gel electrophoresis of proteins purified 
from [HJ leucine-labelled VEE complex viruses. (a) TC-83, (b) 
PTF-39, (c) P676, (d) 3880, (e) Mena II, (f) Everglades Fe3-7c, (9) 
Mucamho BeAn 8, and (h) Pixuna BeAr 35645. 

To determine the hiological functions and antigenic 

specificities of VEE virus envelope glycoproteins, purified virus 

~/as solubil ized ~dth a nonionic detergent and the tl'lO glycoproteins 

separated hy isoelectric focusing (8,9,10,17; Fig. 2). Typical 

isoelectric focusing profiles of all VEE virus glycoproteins 

reveal ed blo peal's of radi oacti vity. The E1 glycoprotei ns focused 

l'Iith an approximate isoelectric point of 7.0 and the E2 glycoprotein 

~'ith a pI of 9.0. 
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TABLE 2. Molecular weigl'lts of tl'le structural proteins of prototype 
VEE complex viruses determined ~y SDS-PAGE. 

Prototype Estimated mol. wt. (daltons x 103): 
Virus E2 E1 Capsid 

TC-83 56 50 35 
PTF-3° 56 51 35 
P676 54 51 35 
3880 54 51 35 
Mena II 54 50 35 
Everglades Fe3-7c 56 50 35 
Mucambo BeAn 8 56 51 35 
Pixun~/ BeAr 35645 52 50 35 

~/ Pixuna virus often shows a minor band at 57 x 103 daltons. 

(From France et ~., 8; by permission of Journal of General 
Virology.) 

12 
N 

II b 10 

)( 9 

EIO 8 
~ 7 '0 0 :I: - 6 
CP 
E 
I en 4 

: 5 3 

2 

10 20 30 40 50 

FRACTION NUMBER 

FIGURE 2. Isoelectric focusing of TC-83 glycoproteins. Purified, 
radioactive TC-83 virus was solubilized with Zwittergent, the 
nucleocapsid was removed by pelleting, and tl'le glycoproteins 
separated in a pH 5-11 gradient. El (gp50) focused at pH 6.4, and 
E2 (gp56) focused at pH 9.0. 3H_ leucine 1 abeled protein (closed 
circle); pH gradient (open circle). (From Roehrig et~., 10; t>y 
permission of Virology.) 
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2.1.2. Antigenic and t>iological analysis. Antigenic and 

!:-iological analysis of the purified glycoproteins was undertaken by 

preparing subunit antisera to each of the purified glycoproteins in 

rabbits (8,~,15; Table 3). Antiserum to the E1 glycoproteins of VEE 

virus reacted by radioiMMunoassay and complement fixation with 

purified virus t>ut did not neutralize virus or prevent viral 

agglutination of goose erytrrocytes. The E2 antiserum neutralized 

virus and prevented virus agglutination of goose erythrocytes. 

TABLE 3. Biological and immunochemical functions of VEE envelope 
glycoproteins. 

Test 

RadioimMunoassay 
Complement fixation 
Neutralization 
Hemagglutination 

i nri t>iti on 

---- Antisera to: ----
E1 E2 

25600 
128 

20 

20 

25600 
64 
f~O 

1280 

VEE viruses representing subtypes I through IV and variants IA 

to IE were cross tested with tt"le subunit antisera in the HAl test 

(Tabl"e 4). Antisera to virus E2 glycoproteins reacted specifically 

in tt"le HAl test with those viruses which had previously been 

determined to re distinct in the kinetic HAl test (2). Subtype IB 

virus, PTF-39, reacted to equal titer with antisera to IA virus. 

The E2 anti-serum to IB virus was specific. Antisera to ID virus E2 

glycoprotein reacted at equal titer with subtype 1 varieties A, B, 

and C suggesting a broadly reactive determinant is present in the 

hemaggluti ni n of sut-type ID. 

Virus testing with E2 subunit anti-serum confirmed the serologic 

relationships among the VEE viruses wt"lich had been established by 

HAl (Table 5). Subunit antiserum to the PTF-39 E2 glycoprotein was 

1 ess specific by N than it was by HAl testi ng; however, the ID 

antisera to 3880 was more specific in the N test. The type II 

virus, Everglades, cross reacted to a significant extent with the 

antisera to type lAB viruses in both the N and HAl tests suggesting 
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that these viruses share antigenic epitopes involved in both 

neutralization and agglutination to red blood cells. 

On the basis of these serological results, it is clear that the 

E2 glycoprotei n of VEE vi rus contai ns the bi 01 ogi cally important 

critical N antigenic site responsihle for VEE serologis specificity 

and eliciting protective host immunity (7-9). The VEE El 

glycoprotei ns contai n compl ex reactive anti geni c determi nants which 

do not appear to J:-e directly involved in the biological assays of N 

or HAl nor are they directly involved in the host protective immune 

response (15). 

TABLE 4. Results of cross-testing VEE complex viruses by 
bemaggl uti nati on-inhibition usi ng anti sera prepared agai nst the E2 
glycoprotein. 

--------- Antisera to E2 Glycoprotein of: ---------
Virus TRO PTF-3~ P676 3SS0 Mena II EVE MUC PIX 

TC-S3 ( I -A)~ 204So!v' 320 320 12S0 40 40 40 NOY 
PTF-39 (I-B) 2<M8IT 2560 320 2560 20 SO 40 NO 
P676 (I -C) 12110 640 5120 12S0 NO 20 20 10 
38110 (I-O) 320 160 --so 12S0 SO 40 40 NO 
Mena II (I -E) 160 SO SO ----sIT 12S0 160 80 NO 
Everglades 

Fe3-7c (I I) 1280 320 40 40 20 2560 20 20 
Hucamho 

BeAn S (III) 20 20 NO 40 40 40 640 SO 
Pixuna BeAr 

356115 (IV) 20 20 20 20 20 NO 40 204S0 

al Sbort-incubation hemagglutination-inhibition subtype (2). 
bl Reciprocal of highest antiserum dilution exhibiting total 
- inhiJ:-ition of 4 to 8 units of bemagglutinin. 
£.! NO - Not netermi ned. 

(From Kinney and Trent, 9; J:-y permission of Journal of General 
Virology. ) 

2.2. Structural analysis of VEE virus envelope glycoproteins 

2.2.1. Tryptic peptides. Serologic analysis of the 

glycoproteins strongly suggested that the antigenic and, therefore, 

primary structure of the VEE virus El proteins are highly conserved 

(15). To determine the relationship between the primary amino acid 
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TABLE 5. Results of cross-testing VEE complex vi ruses by N usi ng 
antisera prepared against the E2 glycoprotein. 

---------- Antisera to glycoprotein of: ----------
PTF- Mena 

Virus TRO 39 P676 3880 II EVE MUC PIX 

TC-83 (I-A)Y 10240Q/ 320 160 320 40 40 80 N00 
PTF-3~ (I-B) ~ 640 160 320 20 20 40 NO 
P676 (I-C) 2560 640 20480 320 10 40 160 10 
3880 (1-0) 80 80 --mY 1280 80 10 40 NO 
~lena II (I -E) 10 10 NO -mY 640 NO 80 NO 
EVE FE 3-7C (I I) 370 640 40 10 10 5120 NO NO 
MUC BeAn 8 (III) NO 10 10 40 40 10 1280 80 
PIX BeAr 

351>45 (IV) NO NO NO 10 NO NO 80 20480 

~I Short-incubation hemagglutination-inhibition subtype (2). 

bl Reciprocal of highest antiserum dilution (titer) whic~ inhibited 
- 80 percent or more of the p.f.u. used in the test. 

~I NO - not done. 

(From Kinney and Trent, 9; by pennission of Journal of General 
Virology. ) 

sequence of various VEE virus subtypes, virion structural proteins 

~iere purifi ed, di gested with trypsi n, and mapped by hi gh-performance 

liquid chromatography (HPLC) (17; Fig. 3). Tryptic maps of El, E2, 

and C proteins of VEE IA virus revealed that the primary amino acid 

sequence structure of glycoproteins El and E2 were more similar to 

each ot~er than they were to the capsid protein. 

The HPLC tryptic map ana lysi s of the E1 glycoprotei ns of VEE 

vi ruses representi ng each of the suhtypes revealed that the tryptic 

peptides of IB, IC, and ID viruses were identical to those of IA 

virus (Table 6). Tryptic peptide maps of the E1 glycoproteins of IE, 

suhtype III, and suhtype IV viruses were very different from those of 

IA and from each other. T~e E1 glycoprotein tryptic maps of 

Evergl ades vi ru s, suhtype II, differed from t~at of IA by only four 

tryptic peptides. 
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FIGURE 31 Tryptic maps of the purified structurftl proteins of Te-83 
virus [4eJ. Lysine (open circles) and [HJ lysine- (closed 
circles) labeled E1 envelope glycoprotein (A), E2 envelope 
glycoprotein (8), or capsid protein (e) were codigested with 
trypsi n, and the resulti ng fragments were resol ved by 
microprocessor-controlled hig~ pressure liquid performance (HPLe). 
Fractions were collected every 0.5 min directly into scintillation 
vials, and the total radioactivity per fraction was determined. 
Percent 8 = percentage of acetonitrile in the mobile phase, which 
consisted of varying proportions of acetonitrile and sodium 
phosphate buffer (100 mM monosodium phosphate brought to pH 2.1 with 
p~osphoric acid, 210 mM final phosp~ate concentration). (From 
Kinney and Trent, 17; ~y permission of Virology.) 
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TABLE 6. Tryptic peptide map analysis of VEE virus structural 
proteins by hig~ performance chromatograp~y. 

Peaks Different From 
--Similarity Ratio--~/ Antigenic -- IA Vi rus TC-83 --

Virus SUhtype Capsid El E2 Capsi d E1 E2 

TC-83 IA a a a 100 100 100 
PTF-39 IB 2 a 1 96 100 98 
P676 IC 2 a 8 96 100 86 
3880 ID a a 6 100 100 88 
Mena II IE 8 18 14 84 63 72 
Everglades II 6 4 9 88 ~2 82 
Mucam!>CI III ~ 16 24 79 58 52 
Pi xuna IV ~ 14 24 79 65 51 

!I 100 x (total ~H peaks + total ~:C pea~s) - (number of different 
peaks)/total H peaks + total C peaks. 

(From Kinney and Trent, 15; by permission of Virology.) 

Tile HPLC elution profiles of tryptic digests of the E2 

glycoproteins of VEE viruses IA and IB viruses were similar, showing 

only one peptide difference (Table 6). The HPLC profiles of the E2 

pepti des of IC and ID vi ruses sllowed ei gf1t and si x differences from 

that of IA virus, respectively. Digests of subtype IE contained at 

1 east 14 tryptic pepti des which ~/ere different from the IA vi rus. 

Analysis of E2 glycoproteins of subtype II, III, and IV viruses 

hy tryptic peptide mapping revealed that subtype II virus E2 sllared 

many more pepti des with IA than did either subtype I II or IV. The 

tryptic maps of type III and IV virus E2 glycoproteins were very 

distinct, containing very few peptides ~/hich eluted in coincidence 

with IA or each other (Table 6). 

The nucleocapsid proteins of lA, IB, IC and ID viruses produced 

essentially identical tryptic peptide digestion products (Table 6). 

In contrast, the nucleocapsid tryptic peptide profiles of IE virus 

Mena II, Everglades virus subtype II, Mucambo subtype III and 

subtype IV virus Pixuna differed from that of IA virus by six to 

nine peptides (Table 6). 

2.2.2. Amino-terminal sequence analysis. The amino-terminal 

amino acid sequence of the envelope glycoproteins of VEE and eastern 

encephalitis viruses were determined using a microsequenator 
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automated Edman degradation (16). The ami no termi nal sequences of 
tt-ese viruses were compared to data published for Sindbis (19,20), 
Semlild Forest (21), and WEE viruses (22) (Fig. 4). As expected, 
t~ere are no glycosylation sites or extensive hydrophobic regions in 
these portions of the VEE or other alphavirus glycoproteins. The 
extent of t-omology in the N-terminal sequences of WEE, Sindbis, VEE, 
EEE, and SFV vi ruses is very striki ng (Fig. 4). A 1 though numerous 
amino acid chapges have occurred in both El and E2 alphavirus 
glycoproteins, comparison of the sequence data shows that the 
proteins share regions and features of homology. Particular'y 
striking is the conservation of cysteine residues involved in 
di sulfi de bri dges whi ch 1 ink di stal regi ons of polypepti des. Thei r 
conservation implies that the overall three-dimensional conformation 
of the alphavirus glycoproteins is conserved. Of particular 
interest are the first few amino-acid residues of El and E2, because 
tt-ese are generated t-y proteolytic cleavage during the processing of 
the precursor polyprotein (23). The N-terminal amino acid sequences 
of El of tt-e six viruses are not identical, although the differences 
observed are largely conservative. The first three N-terminal 
residues of the El glycoproteins of all seven viruses are tyrosine 
or phenYlalanine, glutamic acid and histidine. Conservation of 
these N-terminal amino acids may indicate an important role in virus 
maturation or biological function. The aromatic amino acids, 
tyrosine or phenylalanine, have been conserved in several positions 
in E1 and E2 as have been proline and cysteine. Although all amino 
acid residues contribute to protein conformation, proline or 
cysteine residues confer major alterations in conformation. 
Antigenic reactive sites in native proteins can occur at bends in 
the polypeptide chain and antigenic reactivity is altered by 
conformational changes (24). The significance of these conserved or 
altered sequences in the antigenic and biological function of 
a 1 phavi rlls glycoprotei ns must awai t further characteri zati on. 

The serologically-related SIN and WEE viruses show considerable 
homology in both E1 and E2 envelope glycoproteins. The E2 protein 
of these two alphaviruses has undergone a deletion of three amino 
acid codons at positions 8, 9, and 10 (Fig. 4). 
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YEHATTMR?QAGIS~NTIVN~A~YA~LPISITPTKIKLIPTPN~EYVT~HYKTGV??PTY 
YEHATTMPSQAGISYNTIVNRA?YAPLPISIT?TKIIL 
YEHATTVPNVPQIPYKALVERAGYAPLNLEITVMSSEVLPSTNQEYITCKFTTVVPSPKI 
FEHATTVPNVPGIPYKALVERAGYAPLNLEITVVSSELTPSTNKEYVTCKFTTVIPSPQV 
YEHSTVMPNVVGFPYKAHIERPGYSPLTLQMQVVETSLEPTLNLEYITCEYKTVVPSPYV 
YEHTAVMPNKVGIPYKALVERPGYAPVHLQIQLVNTRIIPITNLEYI?CK 

STEELFKEYKLTRPYMAR~IR~AVG_S~HT~IAIEAVK STEELFNEYKLTRPYMARCPRCA?W-SPHYP?M 
SVIDDFT---LTSPYLGTCSYCHHTEPCFSPVKIEQVWDEADDNTIRIQTSAQFGYDQSG 
SITDDFT---LTSPYLGFCPYCRHSAPCFSPIKIENVWDESDDGTIRIQVSAQFGYNQAG 
SVSQHFNVYKATRPYIAYCADCGAGHSCHSPVAIEAVRSEATDGMLKIQFSAQIGIDKSD 
DLDTHFTQYKLARPYIADCPNCMHS 

FIGURE 4. N-termi na 1 ami no aci d sequences of the El and E2 envelope 
glycoproteins of Venezuelan equine encephalitis viruses, strains 
Trinidad donkey (TRD) and TC-83, western equine encephalitis (WEE) 
virus, Sindbis (SIN) virus, Semliki Forest (SF) virus, and eastern 
equine encephalitis (EEE) virus, strain Ten Broeck. The single 
letter amino acid code is used: A, Ala; C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; 
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. 

The N-termi nal sequences of the E1 glycoprotei ns of VEE TRD and 

TC-83 viruses are nearly identical, exhibiting differences at only 

two positions; arginine and lysine of TRD have been substituted with 

proline and isoleucine at positions 8 and 37, respectively, in TC-83 

virus. Although a lysine su~stitution has occurred in the El 

protein, no differences in the tryptic peptide maps of TRD and TC-83 

E1 polypeptides have ~een detected (25). The E2 proteins of these 

two VEE viruses show more variability. Amino acids lysine (position 

7) and isoleucine, position 20 in TRD have been substituted with 

asparagine (N) and proline (P), respectively, in TC-83. It appears 

that a glycine at position 25, cysteine at position 28, and 

threonine at position 30 in TRD have been substituted with proline, 

proline, and tyrosine respectively, in TC-83 virus. One or more of 

these differences nay in part t-e responsi bl e for the differences 

observed in the tryptic peptide maps of the E2 glycoproteins of TRD 

and TC-~3 viruses (25). 
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2.3. Detailed antigenic characterization of VEE glycoproteins using 

monoclonal antibodies 
2.3.1. Mapping antigenic epitopes. The antigenic structure of 

the gp56 (E2) and gp50 (E1) envelope glycoproteins of VEE virus has 

been mapped using monoclonal antibodies. From these studies we have 
been able to characterize the evolutionary antigenic drift among tt>e 

VEE viruses, identify the critical antigenic sites involved with 
in vitro Nand HA, and determine the epitopes responsible for 
eliciting a protective immune response (9). 

Tt>e specificity of the monoclonal antibodies was determined 
using purified VEE structural proteins in their native configuration 

in an ELISA or protein A radioimmune precipitation. The class, 
subclass, and idiotype of each antibody was also determined. The 
characteristics of some of the monoclonal antibodies which were 

sel ected for further analysi s are shown in Table 7. Most of the 

monoclonal antibodies isolated reacted with either gp50 or gp56 and 

were IgG subclass y 2A. 
2.3.2. Antigenic epitopes on VEE virus envelope glycoproteins. 

To understand the antigenic drift occurring within the surface 

glycoproteins of VEE alphaviruses, the binding characteristics of 
selected monoclonal antibodies with viruses in the VEE complex were 
analyzed by ELISA (Table 8). 

Monoclonal antibodies to TC-83 virus glycoprotein could be 
clustered into one of seven distinct reactivity groups. Based on 
their cross-reactivity patterns, monoclonal antibodies binding with 
gp56 could he divided into at least three antigenic epitopes and 
those reacting with gp56 divided into four separate antigenic 
epitopes. Monoclonal antibodies specific for gp50d also reacted 
with Sindbis, eastern equine encephalitis, and Semliki Forest 
alphaviruses (data not shown). This suggested that less antigenic 
drift had occurred in the gp50 glycoprotein as indicated by the 
presence of a hroadly cross-reactive epitope (10,14, unpublished 
data ). 

Monoclonal antibodies representing each of the gp50 and gp56 

epitopes were tested for thei r abi 1 i ty to neutral i ze TC-83 vi rus 
infectivity or to inhibit virus mediated agglutination of goose 
erythrocytes (Table 9). Only those antibodies specific for the 
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c gp56 epitope neutralized virus infectivity or inhibited 
~emagglutination to high titer indicating that this epitope is 
responsible for in vitro l'Iiological functions of Nand HA. Epitope 
gp50b also demonstrated HA and N activity, but to very low titer. 
These results indicate that the neutralization and hemagglutination 
sites on the VEE/TC-83 envelope glycoprotein gp56 must be equivalent. 

TABLE 7. Characteristics of some TC-83 monoclonal antibodies. 

Clone Specificity Class Subclass 

gp50 IgG y1A 
3B2A-9 gp50 IgG y2A 
3B4C-4 gp56 IgG y1 
3B6A-10 gp50 IgG y2A 
3A30-~ gp56 IgG y2A 
3A20-10 gp56 IgM No.Y 
5B6A-f; gp50 IgG y2A 
1AlD-4 gp56 IgG y2A 
3B1A-5 gp50 IgM NO!.! 
1B2B-4 gp50 IgG y2A 
1B1C-1 gp50 IgG y2A 
5B40-3 gp56 IgG y2A 
4A1C-3 gp5f; IgG y2A 

21 NO - not determined. 

TABLE 8. Epitopes on gp50 and gp56 VEE vi rus glycoprotei ns determi ned 
wit~ representative anti-TC-83 virus monoclonal antibodies using ELISA. 

Representa- Reaction of Monoclonal 
tive Hybrid ----- Antibody With Virus Subtype -----
Cell Line Epitope IA IA 1B 1C 10 IE 2 3 4 

5B40 gp56a + 
2A4B-12 gp56b + + + 
3B4C-4 gp56C + + + + + + 
3B20-5 gp50a + + + :I: + 
3B2A-9 gp50b + + + + + + 
5B6A-6 gp50C + + + + + + + + 
3A5B-1 gp50d + + + + + + + + + 

Epitopes shared 
with TC-83 virus 7 6 6 4-5 5 2 4 2 1 

(From Roehrig et !l., 10; by permi ssi on of Vi rol ogy. ) 
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TABLE 9. Biological reactivities of anti-TC-~3 monoclonal antibodies. 

Titer of Ascitic Flui~/ 
Antibody 

Source Epitope HAl N 

5B4D-f gp5fia dO dO 
2A4B-12 gp5fib dO dO 
3B4C-4 gp!'6c 2 x 106 2 x 186 
3B2D-5 gp50a dO <1 
3B2A-9 gp50b 160 160 
5B6A-6 gp50C dO <10 
3AIC-12 gp50d dO dO 

a/ Ascites contained 7 mg/ml antibody. HAl was done 
- against 4 HA units of antigen. Neutralization tests 

were performed with 60 plaque-forming units/test and 
70 percent plaque reduction endpoints. 

(From Roehrig et .!!.. •• 10; by permission of Virology.) 

To determine tbe biological cross-reactivity of the gp50b and 

gp56C epitopes. HAl and N endpoint titrations were done using 

members of t ... e VEE complex of alphaviruses (Table 10). Monoclonal 

antibody to IA epitope gp56C demonstrated HAl activity ~lith VEE 

virus suhtypes IA. lB. and IC. Virus subtypes ID and type II 

reacted with the IA gp56C antihody at lower titer; other subtypes 

were not reactive ~';th this antihody. Antit-ody to the gp50b 

epitope did not react with the viruses in the HAl test. The 

infectivity of IA. lB. and IC viruses ~Ias neutralized to equal titer 
by the IA gp56C monoclonal antibody; however. ID and subtype II 

viruses were less efficiently N by this antibody. Subtype IE. III. 

and IV viruses were not N in vitro by this antibody. Antibody to 

the gp50b epitope did not efficiently N any of the viruses. 

2.3.3. Spatial arrangement of epitopes on E2 (gp56) and El 

(gp50) glycoprotei ns. Competitive bi ndi ng assays ~Jere done to 

determine the spatial arrangement of the antigenically defined 

epitopes. Competition was determined by comparing conjugate

hinding-inhibition using immune and nonimmune ascites to inhibit the 

"inding of various highly avid monoclonal antibodies (9) (Table 

11). Competitive inhibition patterns indicated a close spatial 
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TABLE 10. Cross-reactivity of hemagglutinin and neutralization 
epitopes de~ermined with monoclonal antibodies 3B4C-4 (gp56C) and 
3B2A-9 (gpfiO). 

---- HAIti 
TITERS OF ASCITE~/ 

~J£/ ----
Subtype gp56C gp50 b gp56C gp50 b 

1A (TC-83) 1 x 106 110 1 x 105 10 
106 1 x 10~ 1A (Trd) 1 x 
106 

80 dO 
1B 
Ie 
1D 
IE 
2 
3 
4 

y 

S./ 

1 x 160 1 x 10- 10 
1 x 106 160 1 x 105 10 
3 x 104 40 100 dO 

dO 40 10 dO 
160 80 1 x 104 10 
dO dO 10 10 
dO 40 dO dO 

Ascites contained 7 mg/ml in the HAl test and 0.7 mg/ml in 
tbe N test. 

HAl was done against 4 HA units of antigen. 

N test was done by plaque assay with 20-60 plaque-forming 
units (PFU)/test and 70 percent plaque reduction endpoints. 

(From Roehrig, et ~., 10; by permission of Virology.) 

arrangement between most of tpe epitopes. Competition between gp56 

epitoPes a and c, and a and b, t'>ut not band c indicates that 

gp56" and gp56C are most probably located on opposite sides to 
a gp56. Similarly, competition t'>etween gp50 epitopes t'> and c, and 

c d 
" and d, but not c and d suggests that gp56 and gp50 are 

proba"ly located on sides opposite to the gp50t'> epitope. 

Cross-competiti on between gp50 b and gp56C Monoclones was 

also observed (Table 11). nese results could indicate that either 

these two epitopes are located proximal to each other withi n the 

glycoprotei n spike structure or sha re ami no aci d sequences 

responsi bl e for anti geni c cross-reacti vity. Because monoclonal 

antibodies directed against gp50" and gp56C ~lill not precipitate 

purified isolaterl heterologous proteins; therefore, it is unlikely 

that sequence identities exist in gp56 and gp50 which would give 

antigenic romologies. 
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TABLE 11. Competitive ~inding assay mapping of gp56 and gp50 
epitopes using representative monoclonal antibodies. 

Epitope 
Specificity Qf 

Compet i torY 

Competition Reaction with En~me-Conjugated 
------------- ~lonocl onal Anti!lody ------------

3A3D-9 384C-4 3B2D-5 382A-9 586A-6 3A58-1 

Controls 
Anti-VEE MHIAF + 
Control MHIAF 
Tissue culture media 

Anti -gp56a 
3A3D-9 

Anti -gp56~ 
2A48-12 

Anti _gp56C 

384C-4 

Anti -gp50a 
382D-5 

Anti -gp50 b 
382A-9 

Anti-gp50C 
586A-6 

Anti-gp50d 
3A58-1 

+ 

+ 

+ 

+ + + + + 

+ 

+ + 

+ 

+ + + + 

+ + 

+ + 

All competing anti~odies were purified from ascitic fluids and 
stan~ardized to 1 mg/ml concentration. 

(From Roehrig et ~., 10; by permission of Virology.) 

A rypothetical diagram of the organization of the antigenic 

epitopes on gp50 and gp56 within the viral surface spike structure 

is sho~m in Figure 5. 

2.4. VEE glycoprotein epitopes involved in protective immunity 

2.4.1. Passive protection. The availability of monoclonal 

antibodies with known specificities has provided an unique 

opportunity to investigate virus disease processes and the role of 

the hum(lral response in protective immunity. Three-week-old mice 



274 

FIGURE 5. Hypothetical topological arrangement of the gp50 and gp56 
antigenic epitopes on the virion spike based'on competitive binding 
assays between monoclonal antibodies to these glycoprotein 
epitopes. (From Mathews and Roehrig, 11; by permission of Journal 
of Immunology.) 

~/ere passively immunized with various concentrations of monoclonal 

antibody to the critical N site gp56C and then challenged with 
increasing concentrations of virulent VEE virus (Table 12). Studies 

on clearance of passively administered monoclonal antibody in mice 

demonstrated t~at antibody was not cleared during the period of 
virus challenge (11). At concentrations of 5 and 20 ~g of antibody 

to epitope gp56C, most of the animals survived challenge with 

lower doses of viruses. Approximately 50 percent of the animals 

survived challenge with 10 million LD50 of virus when given as 

little as 5 ~g of gp56C antibodies. Only 20 percent of those 

given 0.5 ~g of antibody survived challenge with 100 LD50 • These 

results do not fit a typical dose response curve. 

To determine whether the protection observed in animal s 

passively immunized with monoclonal antibody was due to the passive 

antibody, and not the hosts own immune response, 3-week-old animals 

were immunosuppressed with cyclophosphamide (Table 13). Mice were 
treated with cyclop~osphamide. passively immunized with 10 ~g of 
monoclonal antibody to VEE virus epitope gp56C, and then challenged 
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with virulent virus. All animals were protected ~y the passive 

antibody. No survivors were observed among the cyclophosphamide
treated virus-infected animals or virus-infected control group. 

TABLE 12. "In vivo" titration in 3-week-old mice of the protective 
capa~ility oT passively administered antibody against various VEE 
virus doses. 

Passive~ 
Anti~ody (l1g) 

I.P. L050 of VEE Virus Challenge ------
103 104 105 lOb 107 

20 
5 
1 
0.5 

PBS 

10/10.£1 
10/10 
2/10 
0/10 
0/10 

10/10 
9/10 
1/10 
0/10 
0/10 

9/10 
9/10 
0/10 
0/10 
0/10 

a/ Anti -gp56C (3B4C-4) was used as the 
- given 24 hr before virus challenge. 
~/ Survivors/total mice inoculated. 

8/10 5/10 6/10 
9/10 8/10 7/10 
0/10 0/10 0/10 
0/10 0/10 0/10 
0/10 0/10 0/10 

passi ve anti body source 

- (FroM ~1athews and Roehrig, 11; by permission of Journal of 
Immunology. ) 

TABLE 13. Effect of cyclophosphamide treatment on the immune 
response and in passive protection. 

-- Antibody at Oay 5 --
Post-Infectio~/ Immunosuppressive 

Treatment Survivors ELISA HAl 

CyclophQsphamideQ/ + PBS 
+ Vl rus 

0/10 £/ NO.!!.! NO 

PBS + virus control 0/10 NO NO 

Cyclnphosphamide + anti- 10/10 + + 
gp56C + virus 

Anti -gp50C + virus 10/10 + + 

a/ 20 I1g antibody inoculated 24 hr before challenge. 
b/ 400 mg/kg cyclophosphamide given i.v. 48 hr before i.p. 
- inoculation of 100 i.p. L050 VEE virus. 
c/ Survivors/total mice inoculated. 
d/ NO - not done. 

N 

NO 

NO 

NO 

NO 

- (From Mathews and Roehrig, 11; by pennission of Journal of 
Immunology. ) 
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Animals wl'oich had received passive antibody had no measurable 

heterotypic antibody on the 5th day postinfection indicating that 

the host I s humoral response was mi nimal duri ng the fi rst 5 days of 

infection. This indicated that passive antibody to the critical 

neutralizing site gp56C had protected the animals from disease. 

Monoclonal antibodies to six of the seven VEE glycoprotein 

antigenic epitopes were used in passive immunization studies to 

determine which of the other epitopes might be involved and the role 

of antibody avidity in providing in vivo protection (Table 14). 

Antibody to gp50a did not protect mice when given as much as 100 

IIg of antit-ody protein. Only highly avid antit-ody to the critical 

neutralization site gp56C produced by clone 3B4C-4 protected 

in vivo alt,",ough both 3B4C-4 and 4AIC-3 antibodies neutralized VEE 

virus in vitro. These two gp56C antibodies have different binding 

avidities. Previous studies with VEE glycoproteins indicated that 

gp50 plays no role in in vitro neutralization, nor does it induce 

protective immunity (26). .!.!!. vivo passive immunization with 

monoclonal antibodies to gp50 support this idea; however, the highly 

avi d antibody 3B2A-9 to gp50b protected mi ce at anti body 

concentrations similar to that which were observed for gp56c • Two 

other highly avid anti-gp50 antibodies (5B6A-6 and 3A5B-1) protected 

40 and 80 percent of the mice when they were passively administered 

100 IIg of antibody. There was no isotype correlation with 

protection as both 19G1 and 19G2A subclass antibodies protected mice. 

To further define the role of gp50 in the host immune response, 

3-week-old mice were passively given polyvalent rabbit subunit 

antibody to VEE virus gp50 and gp56 proteins. Separate groups of 

mice were given antibody to gp50 and gp56 glycoproteins and 

challenged with 1,000 LD50 of virus. None of the animals 

receiving gp56 antibody died and 80 percent of the mice receivil"g 

anti-gp50 antibodies survived the virus challenge. 

2.4.2. Dynamics of virus replication and humoral immune 

response in passively immunized animals. Although mice passively 

protected did not develop overt symptoms of disease, the spleen, 

brain, and serum were tested for the presence of virus during the 

first 5 days following virus inoculation and on the 17th day 

(Fig. 6). The control group of mice was administered virus but no 
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TABLE 14. Evaluation of TC-83 anti-epitope monoclonal antibodies in 
passive protection. 

Hybri d ~g Anti body 
Cell Subclass 

KE./ 
Inoculated i.v.2! 

Line of Antibody Epitope 100 SO 10 

5B40-6 IgG 2A gpS6a 10.1 0/10£/ 0/10 0/10 
3B4C-4 IgG 1 gpS6C 11.1 10/10 10/10 10/10 
4A1C-3 IgG 2A gpS6C 8.2 0/10 0/10 0/10 
3B20-S IgG 2A gpSoa 10.1 0/10 1/10 O/lD 
3B2A-9 IgG 2A gpSOb 10.1 10/10 10/10 4/10 
3B6A-10 IgG 2A gpSOb 9.2 0/10 0/10 0/10 
SB6A-6 IgG 2A gpSOC l1.S 4/10 0/10 0/10 
3A5B-1 IgG 1 gpSOd 11.1 8/10 0/10 0/10 

a/ Animals were inoculated with antibody 24 hr prior to challenge 
- with 100 i .p. LOSO VEE virus. Results expressed as surviving 

animal s. 

Q/ Log binding constant (M-1) 

£./ Survivors/total 

(From Mathews and Roehrig, 11; by permission of Journal of 
Immunology. ) 

E 9 
SPLEEN SERUM 

'" 
BRAIN 

o 8 

Hi-+ ~ 
..... 7 

~ 
::;) 
... 6 6 
Q. 

~ 

24 4 4 

g 3 

oJ 2 

4 17 4 17 

DAYS POST-INFECTION 

FIGURE 6. Viremia studies with VE (TRO) virus in various tissues in 
3-week-old NIH white S~Jiss mice. Triangle, control mice; closed 
circles, mice given 20 ~g of anti-gpS6C 24 hr before virus 
challenge; open circles, mice given 40 ~g of anti-gpSOb 24 hr 
before vi rlls chall enge. N = 10 at each day. Poi nts represent mean 
and standard deviation. (From Mathews and Roehrig, 11; by 
permission of the Journal of Immunology.) 

4 17 
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passive antibody. In the control group, level s of virus in the 

spleen and serum peaked 1-2 days after infection; virus in the brain 

was highest in titer 3-S days post-infection. Tissues of most of 

tl'e mice given protective levels of anti-gpS6C (3B4C-4) and 

anti-gpSOb (3B2A-9) monoclonal antibodies and then challenged with 

100 IPLD SO of TRD virus did not have any detectable virus. 

Occasionally, however, there vias 104 PFU/0.2 ml of virus present 

in the tissues of some mice which showed no overt signs of illness. 

The amount of passive antibody which was administered apparently did 

not neutralize all of the virus in the inoculum but limited the 

degree and rapidity of virus repl ication in the host. All of the 

animals which were given gpS6C antibody were devoid of virus on 

the 17th day following the infection. 

Mice initially given gpS6C antibody and challenged with TRD 

virus ~/ere screened for anti-VEE ontibody 2S days post-inoculation 

and given a secondary virus challenge. All of these animals 

survived the secondary virus challenge. Antibody levels were 

considerably higher in the passively immunized animals which were 

given the secondary virus challenge than they were in the control 

group which had been given passive antibody on day 1 but no primary 

virus challenge. Residual passive antibody, therefore, could not 

account for endpoint ELISA titers of lxl03 to lxl04 which were 

observed. Animals which were given large amounts of passive 

antibody appeared to have residual passive antibody which prevented 

virus replication so that no immune response occurred following 

secondary challenge. Therefore, unless high concentrations of 

passive antihody are administered to ahrogate virus replication, 

secondary challenge results in limited virus replication, and the 

animals respond immunologically to the antibody restricted infection. 

2.4.3. Challenge with other subtypes of VEE virus. Mice given 

protective amounts of monoclonal antibodies to gpSOb and gpS6C 

epitopes ~rere challenged with 100 LDSO of VEE viruses representing 

subtypes IA througl' E and subtype II (Table IS). The l!!. vitro ELISA 

binding values and N test cross reactivities of the gpS6C antibody 

corre 1 ated well wi th the protecti ve effecti veness of thi s gp S6c 

antihody. Anti-gpSOb antibody did not neutralize virus .:!!!. vitro. 
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However, all of the passively immunized animals challenged with lA, 

IB, or IC viruses survived the challenge. Epitope gp50b protected 

animals also survived challenge by more distantly related VEE 

viruses 3880 (ID) and Mena II (IE). Animals challenged with 

Everglades virus (Fe3-7c) were not protected by antibody to IA 

epitope gp50b• Mice given passive antibody to gp56C were 

protected from challenge by viruses of subtypes lA, IB, IC, and 

subtype II virus Fe3-7c. Antibody to the critical neutral i zation 

site gp56C di d protect 50 percent of the animal s from di sease when 

challenged with ID virus but did not protect the animals when 

infected with Mena II virus (IE). 

TABLE 15. Cross-protection of 3-week-old mice by passive transfer 
of monoclQnal antihody follo~led l'ly challenge with various VEE 
subtypes.~ 

Virus Challenge Virus 
ELISA~/ 

Survivors/ PBS Control 
(100 i .p.LD50) Subtype N Totals/ Survivors 

Trd 
PTF-39 
P676 
3880 
Mena I I 
Fe3-7c 

Trd 
PTF-39 
P676 
3880 
Mena II 
Fe3-7c 

~/ 

----- Anti-gp56C -----

(20 PFU)E/ IA 77 105 10/10 0/10 
(16 PFU) IB 81 105 10/10 0/10 

(100 PFU) IC 70 105 9/10 0/10 
(1 PFU) 10 80 102 5/10 0/10 

(106 PFU) IE 19 10 0/10 0/10 
(330 PFU) II 86 104 10/10 0/10 

----- Anti-gp50b -----

(20 PFU) 77 dO 10/10 
(16 PFU) 78 10 10/10 

(100 PFU) 66 10 10/10 
(~ PFU) 86 dO 8/10 

(10 PFU) 19 dO 4/10 
(330 PFU) 55 10 0/10 

Passive immunization with 10 IIg of either anti-gp56C 

(3B4C-4) or anti-gp50h (3B2A-9) antibody per mouse. 
ELISA values indicate percent of cross-reactivities where 
TC-83 reactivity = 100 percent. Cross-reactivities greater 
than 50 percent indicte relatedness to the TC-83 antigen. 
PFU=plaque forming units in Vero cell culture per 100 i.p. LD50. 

(From Mathews and Roehrig, 11; by permission of Journal of 
ImmuTlol ogy. ) 
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3. DISCUSSION 

The results presented in this report indicate that we have been 

a"le to assign specific "iological and irmnunological functions to 

the VEE virus envelope glycoproteins. The N-terminal sequence data 

froM t .. e VEE glycoproteins have allowed us to make some limited 

compari sons with the correspondi ng protei ns of SIN, SFV, EEE, and 

WEE alphavi ruses (19-22). In particul ar, the cystei ne residues at 

the N-termini of the alphavirus gp56 glycoprotein are invariant. 

The degree of homology in the amino acid sequence at the N-terminal 

of both glycoproteins lends support to the concept that the 

alphaviruses have descended from a common ancestor (22). The 

pattern of amino acid substitutions in the envelope proteins of the 

five alphaviruses provides evidence that SIN and WEE viruses arose 

from a common irmnediate ancestor, whereas SFV, EEE, and the VEE 

vi ruses evol ved from a common ancestor but through a different 

lineage leading to the emergence of distinct virus complexes. Amino 

acid and nucleotide sequence homologies are in agreement with 

immunological studies of antigenic relationships (25). The VEE 

vi rus serologic subtypes I through IV appear to have evol ved from a 

distant common ancestor with the vari ants I-A, I-B, I-C, and I-D 

representi ng descendents from a more recently evolved a ncestor from 

which suMype II, Everglades virus "as emerged. Mena II, variants 

I-E is the most divergent of the VEE subtype I species. 

Attempts to assess the relationships of alphaviruses at the 

nucleic acid hybridization (2~,30) or RNase T1 oligonucleotide map 

level (15,29,31) have been relatively uninformative probably due to 

the dege~eracy of the genetic code. Thus, additional protein 

sequence information obtained from cloned viral cDNA will be 

necessary before the evolution and antigenic relatedness of the 

alphaviruses will be fully understood. 

The envelope gp50 and gp56 glycoproteins of VEE viruses contain 

at least four and three epitopes respectively. Our data indicate 

that the 9p50b and gp56C epitopes are closely associated within 

the intact virion spike. This proximal association of antigenic 

sites could explain the ability of anti-gp50b non-neutralizing 

antibody to inefficiently neutralize viral infectivity and block 

agglutination of red blood cells. 



281 

The site-specific N and HAl epitope gp56C is equivalent for 

sut>type I varieties A, B, and C. The reactivity of ID virus with 

the IA epitope in the HAl test is less, and the vi rus is not 

neutral i zed by gp56C anti body Thi s indicates that the N and HAl 

sites on ID virus are not identical. Everglades virus is 

neutralized by antiserum to the IA epitope gp56C, t>ut this 

antibody does not ~locfr I'emagglutination of Everglades virus. This 

situation is a reversal of that ot>served with 10 virus indicating 

that Ue HA ard N sites on su~type II virus are split and not 

antigenically identical as they are for the lA, B, and C viruses. 

Only highly avid antibody to the critical jJ! vitro N and HAl 

epitope gp56C protects animal s from challenge with virulent VEE IA 

virus. However, highly avid antibody to the gp50b epitope, which 

is located proximal to the gp5{ epitope was nearly as effective 

in providing in vivo protection. Thus, both epitope specificity and 

antibody avidity are important in determining in vivo protection. 

Low-avi dity antibodies to the critical neutralhation site gp56 b 

or the proximal gp50 b provided little protection.i!! vivo. 

The passive administration of high titer antibody prior to 

infection prevented activation of the host own immune response to 

VEE virus. HE' postulate that this passive immunization provided 

antibody which could complex with virus with subsequent aggregation 

of vi rus particles, since the hi gh-avidity anti _gp56C 

antibody-virus dose relationship was asymmetrical (32-34). Upon 

secondary virus challenge, the residual passive antibody modulated 

vi rus repl i cati on long enoug" for Ue host I s o~m immune system to 

respond. 

Monoclonal antibody to SIN virus gp53 (E1) which contains the HA 

but not N determinant has been observed to have N activity 

suggesting a proximal relationship between the N epitope on gp56 

(E2) and the HA site on the gp50 protein (34). Schmaljohn et~. 

(35) have recently reported that non-neutralizing antibodies to SIN 

virus gp50 protein protected mice from virus challenge; hO~lever, no 

epitope assignments were described, and the amount of antibody 

administered was not reported. We have also found t"at 

administration of large doses of antibody to gp56 (E2) epitopes 

other than to the critical N site gp56C will protect. In our 
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study the anti-gp50 b antibody did bind to virus and protect 

animals frol'l ~ vivo virus c~allenge although this antibody did not 

N ~ vitro. Subtype ID virus, which binds IA gp56C antibody in 

t~e HAl test but is not N in vitro by these antibodies, is not 

efficiently N in vivo by gp50b antibody as are variants lA, IB, 

anc1 IC. ThUS, it appears that antibody to the a1phavirus 

~emagg1 uti ni n may be i nvo1 ved in provi di ng protective immuni ty only 

~'~en the critical N site and HA site are proximal to each other on 

the glycoprotei n spi ke. 

Currently we are cloning and sequencing the 42S genome of VEE 

strai I"S TRD, TC-83, and F e3-7c. nese experiments shou1 d provi de 

c1 earer ins i g~t into the geneti c vari ati on of the VEE comp1 ex and 

Ue molecular basis for chal"ges in virus virulence. We are also 

using l'lonoc1ona1 antibodies specific for t~e various VEE subtypes to 

define antigenic drift within the VEE complex and its effect on 

resi stance and recovery from vi rus di sease. These studi es shou1 d 

aid us in developing more effective disease control measures through 

the production of synthetic vaccines and improved rapid viral 

diagnosis for this important viral pathogen. 
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ISOLATION AND CHARACTERIZATION OF THE VIRAL RNA DEPENDENT 
RNA POLYMERASES FROM CELLS INFEC'rED WI'rH EI'rHER THE MAHONEY 
OR SABIN AT'I'ENllA'rED( LSc, 2ab) STRAINS OF POLIOVIRUS TYPE I 

JAMES 8. FLANEGAN AND CONCEP'rA A. CLIFFORD 
Department of Immunology and Medical Microbiology 
University of Florida; Gainesville, Florida 32610;USA. 

Summary 
The poliovirus RNA-dependent RNA polymerase was 

isolated from cells infected with either the Sabin 
(LSC,2ab) or Mahoney strains of type 1 poliovirus. Both 
polymerases had similar levels of activity on all templates 
tested. Increasing the reaction temperature decreased the 
activity of both polymerases. No significant difference was 
found in the temperature sensitivity of the two enzymes. 
The size of the product RNA was measured by electrophoresis 
in CH HgOH-agarose gels. Both enzymes were shown to 
synth~size full-sized product RNA and to have similar 
elongation rates at 30 De. Thus no significant difference 
was found between the in vitro activities of the two 
polymerases. -- -----

Introduction ------------
Poliovirus is an enterovirus and is one of a large 

number of human pathogenic viruses that are members of the 

picornavirus family. Three strains of poliovirus have been 

identified, and all three types are known to cause 

paralytic poliomyelitis. Attenuated strains of poliovirus 

were developed for vaccine production , but the molecular 

basis for their loss of pathogenicity has not been 

determined. To approach this problem, we have been studying 

the molecular mechanisms involved in the replication of 

poliovirus RNA. Poliovirus has a single-stranded RNA genome 

of positive polarity that has a 3' terminal poly(A) 

sequence and a small viral protein (VPg) covalently linked 

to its 5' terminal end (1,2). The replication of the viral 

RNA requires an RNA-dependent RNA polymerase that is found 

only in the cytoplasm of infected cells. To study the 

mechanism of viral RNA replication in vitro, we have 

284 
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purified the polymerase as a soluble and template dependent 

enzyme. We and others have shown that only one 

virus-specific protein, p63(also designated as NCVP4 and 

P3-4b), copurifies with the polymerase activity(3,4). In 

the presence of an oligo(U) primer, the purified polymerase 

will synthesize full-sized copies of poliovirion RNA(5) as 

well as several other types of viral and cellular RNA that 

contain 3'terminal poly(A) sequences (6). In the absence of 

oligo(U), the completely purified polymerase requires a 

cellular protein fraction or host-factor to initiate RNA 

synthesis in vitro(?). 

The complete nucleotide sequences for both the 

virulent Mahoney strain of type 1 poliovirus and the Sabin 

attenuated strain, LSc-2ab, have been determined(S-lO). 

Because the LSc strain was derived from the Mahoney strain, 

a comparison of the two sequences should indicate what 

amino acid changes have taken place during the attenuation 

process. The sequences indicate that 21 amino acid 
replacements have taken place with 12 of these in the 

capsid proteins and 4 in the polymerase protein(S). At the 

present time, it is not known which of these changes are 

responsible the attenuation of the virus. In this study, we 
have isolated the polymerase from cells infected with 
either the Mahoney or LSc strains of the virus and have 

compared the in vitro activities of the two enzymes. 

Polymerase Isolation 
Stocks of the Mahoney strain virus and the LSc-2ab 

strain virus were prepared by infecting HeLa cell 

monolayers at 36°C. The yield of infectious virus with the 

LSc strain was about ten-fold less than the yield obtained 

with the Mahoney strain (Table 1). The virus stocks were 

concentrated by centrifugation and titered at 36° and 

40°C. As expected, the titer of the LSc strain at 40° was 

about two logs lower than the titer obtained at 36°.The 
titer of the Mahoney strain virus remained constant at both 
temperatures. The concentrated virus stocks were then used 
to infect HeLa cell suspension cultures as previously 
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TABLE 1. Recovery of infectious virus and polymerase 
activity from poliovirus infected cells. 

Strain 

Mahoney 

LSc,2ab 

Virus Yield 
( pfu/celU 

600 

40 

polymerase8activity 
(units*/lO cells) 

7.3 

8.8 

*One unit of activity is equivalent to the incorporation of 
1 nmole of UMP into product RNA in 30 min. 

described(ll). Cytoplasmic extracts of the infected cells 
were prepared at 5 hr pi , and the polymerase was purified 

as described(3). Polymerase activity was assayed using a 

poly(A) template and oligo(U) primer. The purification 

involved the preparation of a 200,000 x g supernatant of 

the cytoplasmic proteins (Fraction I), precipitation in 

ammonium sulfate (Fraction II), and chromatography on 

phosphocellulose (Fraction III). Although the yield of 

infectious virus was much lower with the attenuated strain 
of the virus, the total units of Fraction III polymerase 
recovered was about the same with both strains of the 

virus(Table 1). 

Comparison of Polymerase Activities 
The activities of the LSc strain polymerase and the 

Mahoney strain ·polymerase were measured on poliovirion RNA 

in vitro. About the same level of activity was found 

with both polymerases(Table 2). As previously described 

with the Mahoney strain polymerase, the addition of 

oligo(U) to the in vitro reaction stimulated the 

activity of the LSc polymerase 5-10 fold (Table 2).In a 1 

hr reaction, both polymerases catalyzed the linear 

incorporation of [32P]UMP into product RNA in the 

primer-independent reaction (Fig 1). Thus, the LSc strain 

polymerase was able to carry out both the primer-dependent 

elongation reaction and the primer-independent initiation 
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TABLE 2. Activity of poliovirus polymerase(Fraction III) on 
poliovirion RNA at 30°C. 

Strain oligo(U) [32plUMP incorporated 
cpm 

Mahoney + 164,200 
18,900 

LSc + 166,300 
" 29,600 

reactions that were previously described for the Mahoney 

strain polymerase(5,7). 

Effect of Temperature on Polymerase Activity 

The LSc strain when compared to the Mahoney strain 

is temperature-sensitive for the production of infectious 

virus particles when grown at 40°C (see above). To 

determine if the LSc strain polymerase was more sensitive 

to temperature inactivation than the Mahoney strain 

polymerase, we compared the activities of the two enzymes 

as a function of temperature. When poliovirion RNA was used 

as a template with an oligo(U) primer, the elongation 

activity of both enzymes decreased by about the same amount 

as the assay temperature was increased between 30° and 

45°C (Fig 2). To measure the effect of temperature on 

initiating polymerase activity, the activity of both 

enzymes was measured on poliovirion RNA in the absence of 

an added primer. The activity of both polymerases again 

decreased by about the same amount as the tempereature was 

increased(Fig 3). As an alternate approach to checking 

temperature-sensitivity, both polymerases were 

heat-inactivated at 40°C and then assayed for initiating 

activity at 30°C. Both enzymes were rapidly inactivated 

during the first min at 40°, and then at a much slower 

rate between 1 and 12 min (Fig 4). These results showed 

that the inactivation kinetics were similar for both 
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enzymes, and suggested that the LSc strain polymerase may 
in fact be slightly less sensitive to heat inactivation 

than the Mahoney strain polymerase. These results suggested 

that the LSc polymerase was not temperature-sensitive and 
were consistent with the observation that similar amounts 

of labeled RNA were synthesized in cells infected with 

either strain of the virus at 40°C (Fig 5l. 

Size of Product RNA 

The size of the product RNA was characterized by 

electrophoresis in 1% agarose gels containing 5~~ 

CH 3HgOH. Under these conditions, the product RNA is 
completely denatured and migrates in the gel as a function 

of its size. We have previously shown that the Mahoney 

strain polymerase can synthesize full-sized copies of 
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poliovirion RNA when oligo(U) is used as a primer(S). When 

tested in this study, the LSc strain polymerase was also 

found to synthesize full-sized copies of poliovirion RNA in 

the presence of oligo(U) at both 36° and 40°C (Fig 6). At 

30°, full-sized product RNA was not synthesized in the 30 

min reaction by either the LSc or the Mahoney strain 

polymerase (Fig 6). This was consistent with our previous 

results which indicated that more than 30 min are required 

under the reaction conditions used in this study (i.e. pH 

8.0 and 3mM Mg+ 2 ) for the synthesis of full-sized product 

RNA (S). In the 30° reaction, the largest product RNA 

synthesized by each polymerase was about the same size (Fig 
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Fig 5. Synthesis of poliovirus RNA at 
40° in cells infected with either the 
Mahoney or LSc strains of the virus. 

6). This suggests a similar elongation rate for each 

polymerase. 

Discussion 

In this study, we were not able to detect any 

significant difference between the in vitro activities 

of the RNA polymerases that were coded for by the LSc and 

Mahoney strains of poliovirus type 1. The results suggest 

that the amino acid changes that were found in the 

attenuated strain polymerase had little effect on its 

enzymatic activity. This is consistent with the previous 

suggestion that the large number of mutations in the capsid 

region of the viral genome results in the attenuated 

phenotype of the LSc strain(S). It would be interesting to 

determine if the LSc strain could be further attenuated by 

specifically inserting mutations in the polymerase region 
of the viral genome which have an effect on the enzymatic 

activity of the polymerase. 
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HERPES SIf1PLEX VIRUS TYPE l' THYf1IDINE KINASE GENE CONTROLS VIRUS PATHO
GENESIS AND LATENCY IN THE NERVOUS SYSTEM 

Y. BECKER, Y. SHTRAM, J. HADAR, T. BEN-HUR, A. BARASOFSKY, Y. ASHER, 
E. TABOR, A. SCEMAMA and D.H. GILDEN* 
Department of f.101ecular Virology, Faculty of t·1edicine, Hebrew University, 
P.O.B. 1172, 91 010 Jerusalem, Israel 

SUMMARY 
The pathogenicity of herpes simplex virus type 1 (HSV-l) was invest

igated in mice of different ages, using virus isolates that differed in 
the level of thymidine kinase (TK) activity. The TK+ isolate from wild 
type virus was pathogenic in mice aged four to 28 days when inoculated 
onto scarified corneas. A mutant strain (designated T~) that had 25% 
of the TK activity of the TK+ isolate was pathogenic for mice up to 10 
days of age but was less pathogenic in older mice than the TK+ virus. 
The TK- virus with no TK activity killed mice that were four to seven days 
old,but mice older than 10 days survived. Infant mice with an undiffer
entiated nervous system are thus susceptible to the TK- virus which 
replicates in the neurons. Latent virus could be isolated from the ganglia 
of adult mice infected with the TK+ and TK~ virus strains but not with the 
TK- virus. The TK genes of the TK+ and TK~ virus strains were cloned in 
plasmid pBR322 and the degree of expression of these genes was investigated. 
A sequence of 800 bp upstream to the CglII-BamHI 2800 bp fragment con
taining the viral TK gene was found to affect the expression of this gene 
in the TKl,; virus strain. 

A \~orki ng hypothes is is presented for the rno 1 ecul ar processes that 
may be involved in HSV-l infection of the skin, trigeminal ganglia and brain. 

I NTRODU cn ON 
Herpes simplex virus type 1 (HSV-l) is a human pathogen that causes 

localized lesions in the skin and invades the nervous system by infecting 
nerve endings. The virus replicates in epithelial cells and in neurons and 
non-neural cells in the ganglia, causing ganglionitis. Subsequently, the 

* Present address: Department of Neurology Gl, University of 
Pennsylvania, Philadelphia, Pennsylvania 
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virus penetrates into the central nervous system (CNS), causing encephal
itis, and establishes latent infections by residing in neurons in the form 
of naked viral DNA (1). Primary infections of the skin with HSV-l, as well 
as ganglionitis and encephalitis, involve a lytic interaction between the 
infecting virus and the cells, leading to virus replication, the production 
of virus progeny and cell death. The latent phase of the virus infection is 
an outcome of the lytic infection: the viral DNA interacts with the host cell 
(e.g. the neurons in the ganglia) in such a way that viral expression is 
controlled by the neuron. The latent infection is reversible, and the viral 
genome can be reactivated to replicate in some neurons in the ganglion, 
followed by transport of the virus through the nerve axons to the skin, 
where a lytic virus-cell interaction takes place and a lesion is formed 
(recurrent infection). 

Marked advances have been made in recent years in understanding the 
nature of the lytic infection with HSV-l in permissive cells. A number of 
viral genes have been identified and some were characterized at the level 
of the nucleotide sequences. Although not all of the events leading to the 
synthesis of virus progeny in permissive cells are known, it is clear that 
three classes of viral genes (a, Sand y) are involved in the regulation 
of viral synthesis (2). Far less is known about the molecular events that 
lead to the establishment of the latent state of the viral D[~A in neurons 
in ganglia (and possibly in the brain). The exact mechanisms involved in 
the inflammatory process at the sites of virus infection (skin, ganglion 
and brain) that control the response of macrophages and lymphocytes to 
virus infection and lead to natural inhibition of the development of the 
lesion are not yet fully understood. 

The interaction between HSV-l and host cells depends on the nature of 
the viral glycoproteins. Thus, HSV-l strains with mutations in the glyco
protein genes may be affected in the initial stage of the virus-cell 
interaction. The nature of the virus infection may also be controlled by 
the amounts of the glycoproteins produced by the virus mutants. Although 
mutations in genes involved in viral DNA replication could prevent the 
formation of virus progeny, it appears that the wild type HSV-l strains 
affecting humans contain all the necessary enzymatic systems for virus 
replication, and they are able to replicate in permissive cells in the body. 
However, a different situation exists with neurons in the ganglia and CNS, 
since these cells are terminally differentiated and have no capacity to 
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divide and duplicate their genomes. Such a biochemical situation poses 
difficulties for the herpesvirus which invades the neurons. If the viral 
genes are intact and able to supply the necessary building blocks for DNA 
and protein synthesis, then virus replication is possible. If, however, 
the invading virus is a mutant that lacks a gene (or genes) essential for 
the biosynthesis of viral DNA and proteins, then the viral replicative 
cycle will be affected or prevented. 

A group of HSV-l mutants with the ability to replicate in permissive 
cells,but not in differentiated cells like neurons, has been studied in 
recent years. These are the thymidine kinase-deficient (TK-) mutants of 
HSV-l. IUdR-resistant mutants of HSV-l were found to have lost their 
virulence for rabbits when inoculated into the eye (3). Similarly, TK
mutants of HSV-l and HSV-2 selected by bromodeoxyuridine (BUdR) were less 
virulent than the parental TK+ virus (4). A detailed study by Tenser et 
al. (5) showed that TK-, TK± and TK+ HSV-l strains that were able to 
replicate in the mouse eye to the same extent differed in their ability to 
infect the ganglia. The TK- mutants of HSV-l were rarely isolated from 
the trigeminal ganglia of mice. A relationship was found between the virus 
titer in the trigeminal ganglia and the ability of the virus to produce 
TK (5-7). Studies on infection of the superior cervical ganglia (SCG) 
revealed that TK- mutants were unable to infect the ganglia, whereas the 
TK+ virus strains were able to do so (8-10). It was not possible to 
reactivate TK- mutant strains in the SCG after explantation and incubation 
with permissive cells in-vitro. Similarly, TK- HSV-l strains resistant to 
acyclovir were found to be unable to cause latent infections (11). 

In our studies (12, 13), we have confirmed the above reports that TK
virus mutants are apathogenic for mice and do not cause latent infections 
in the trigeminal gangl ia after inoculation onto scarified corneas. It 
was possible to reactivate the virus from trigeminal ganglia of mice in
fected with our TK+ virus strain isolated from wild type (w.t.) virus, 
but not with our TK- mutant isolated in the presence of BUdR. 

In addition, we studied the properties of a mutant of HSV-l that had 
25% of the TK activity of the TK+ isolate (13). This mutant (designated 
TK\) was able to establish a latent infection in the trigeminal ganglia 
of mice after inoculation onto scarified corneas. This and other studies 
(5, 7) showed that mutants of HSV-l expressed the viral TK gene at levels 
ranging from 1% to 80% of that of the w.t. virus with 100% TK activity 
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(ref. 4; R. Tenser and J. Jones, personal communication). Tenser et al. 
(5) established that there is a relationship between the ability of the 
virus to cause latent infections in the trigeminal ganglia and the level 
of TK activity, and showed that a low expression of TK was sufficient for 
the virus to establish a latent infection. The TK- virus mutants were un
able to cause latent infections. 

These studies drew attention to the fact that HSV-l needs to have an 
active TK gene for its neuropathogenicity. Since the TK is an enzyme that 
phosphorylates thymidine to thymidine monophosphate (n.1P), differentiated 
neurons in the ganglia and the eNS probably cannot provide the virus with 
H1P; thus, only a virus that has an active TK gene will be able to replicate 
in neurons. According to the level of viral TK gene expression in the 
neurons, the virus will either be able to produce enough progeny to reach 
the eNS or there will only be sufficient virions to establ ish a latent 
infection. Another aspect is the nature of the mutation in the TK gene that 
causes reduced expression of the gene. Reduced expression means a range of 
1% to 80% of the TK activity of the w.t. TK+ virus (5). Since such mutants 
were obtained from natural virus populations without the use of mutagens, 
the HSV-l strains with reduced TK expression are probably defective in a 
control mechanism of TK gene expression. 

As opposed to the possible role of the viral TK gene in neurovirulence, 
far less is known about the expression of the cellular TK gene in the 
neurons in the ganglia. Studies done in rats revealed that TK activity in 
the eNS of newborn rats reached maximal levels on day 6 after birth and 
markedly decreased during the next 10 days (14, 15). We found no informa
tion regarding cellular TK gene expression in neurons in the ganglia. The 
relationship between the sensitivity of mice of different ages to infection 
with a TK- mutant was studied in our laboratory (16), and the results showed 
that mice up to the age of about one week were sensitive to the TK- mutant 
of HSV-l, whereas older mice (three to four weeks old) were resistant to 
the virus. 

The role of the immune system, interferon, antibodies, as well as macro
phages, in the host defense mechanism against the virus has been studied 
(1). The immune cell system response is essential in limiting the develop
ment of skin lesions and ganglionitis, but the mechanisms involved in the 
recruitment of lymphocytes at the lesion site and the development of the 
defensive response (interferon, anti-HSV-l antibodies, cytotoxic T cells, 
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macrophages) are not known. 
The present communication summarizes our studies on the importance of 

the HSV-l TK gene in the neuropathogenicity of the virus for mice and 
analyzes the nature of the mutations in the expression of the viral TK 
gene. A working hypothesis for the mechanisms involved in the response of 
the host defense system to the viral lesion is provided. 
Neurovirulence of HSV-l TK+, TK\ and TK- strains 

Virus strains 
The large plaque variant of an NIH strain of HSV-l was used in the 

study (12, 13). This virus (designated TK+) has an active TK gene (Vmax 
8.44 x 10-6 M/"1inand Km 9.47 x 10-7 t·1). A TK- mutant (designated TK-) 
was isolated from BUdR-treated virus; no TK activity was found in mouse 
L(TK-) cells infected with this virus. A virus strain which expresses 
25% of the TK activity (designated TK\) , as compared to the TK+ virus 
(Vmax 2.07 x 10-6 1Vr1in and Km 9.68 x 10-7 r·1) was also isolated. This 
mutant produces small plaques in BSC-l monolayers, as compared to the TK+ 
and TK- virus strains that produce large plaques, but the plaque morphology 
is independent of the TK gene activity (13). The specific activity of the 
TK induced in mouse L(TK-) cells by the TK+ virus was 4.1 pmol of 3H-TMP/ 
fl9 protein/hr, while that of the TK\ virus was 0.96 pmol of 3H-H1P/fl9 
protein/hr. 

Pathogenicity of the virus strains for mice of different ages 
The results presented in Fig. 1 demonstrate the pathogenicity of the 

three virus strains for mice of different ages. The mice were inoculated 
onto scarified corneas with one drop of virus suspension with a titer of 
107 p-ru/ml and observed for three weeks, after which percent mortality 
was determined. The TK+ virus was highly pathogenic for mice of all ages 
(four days to four·weeks). The TK\ virus was also highly pathogenic for 
mice up to 10 days of age, but its pathogenicity decreased in mice aged 
three to four weeks. The TK- mutant was pathogenic in four to seven-day 
old mi ce, but the pathogenici ty decreased with age. t,li ce older than 10 
days were fully resistant to the virus. These results indicate that HSV-l 
strains expressing the viral TK can replicate in the neurons of the ganglia 
and CNS in adult mice with a differentiated nervous system, even though 
they have a fully developed immune system. The TK- mutant, on the other 
hand, cannot replicate in mice with a differentiated nervous system in 
which there is no TK activity. However, when the nervous system is 
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FIGURE 1. Neurovirulence of HSV-1 strains in mice 9f different ages. 
Nice were inoculated onto scarified corneas with 10 pfu/m1 of the TK+ 
(.), TK~ (A) and TK- (.) virus strains. 

undifferentiated, as in young mice, the TK- virus probably multiplies by 
obtaining the necessary H1P through the activity of the cellular TK enzyme. 

Latency of the HSV-1 strains 
The three HSV-1 strains were found to differ in their ability to establish 

latent ·infections in the trigeminal ganglia of mice inoculated as above. 
Of the mice that survived infection with the HSV-l TK+ virus (30% at an 
inoculation dose of 106 pfu/ml), 75% were found to have latent virus. In 
adult mice inoculated with the TK~ strain, it was possible to reactivate 
latent virus from the trigeminal ganglia of 80% of the surviving mice three 
weeks after infection. Four months later, only 25% of the survivors retained 
reactivab1e latent viral DNA in the ganglia (13). TK- mutant virus was not 
found in the trigeminal ganglia of four-week-01d infected mice and could not 
be reactivated from the trigeminal ganglia after explantation and in-vitro 
incubation. 

Thus, latency of HSV-l in the trigeminal ganglia can only be achieved by 
virus strains able to express the TK gene. However, virus strains with a 
reduced level of TK expression are better able to establish latent infec
tions than the highly pathogenic TK+ strains which, after infecting the 
ganglia, migrate to the eNS where they cause encephalitis and death. Our 
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Table 1. Recombinant plasmids containing the HSV~l TK gene. 

Plasmid Cloned fragment HSV~l Size of 
strain cloned. 

DNA (bp) 

pBRTKa BamHI-BamHI F 3600 
pBY16 TK+ II 

pBY20 TKf 
pBYAB53-12 TK\ II 

pBY718 BglII-BamHI from pBRTK F 2800 
pBYAB719 from pBY16 TK+ II 

pBYAB720 from pBY20 TK+ II 

pBYAB53-12-16 from pBYAB53-12 TK\ II 

The BamHI/Q fragment of viral DNA was cloned into pBR322 at the 
BamHI site. 

a Provided by Dr. H. Cedar (24) 

studies showed that latency of the TK\ strain follows a stage of ganglionitis 
when virus replication takes place (12, 13). 
Organization of the HSV-l TK gene 

Cloning of the TK gene in pBR322 and expression in E. coli 
To study the TK gene of HSV-l, it is possible to clone the BamHI/Q 

fragment of the viral DNA in plasmid pBR322. Reports from several labora
tories (17-23) provided information on the cloning and expression of the 
HSV-l TK gene in bacteria. In our studies (12, 23), the TK gene of the TK+ 
virus was cloned and expressed in [. coli, using the tetracycline resistance 
promoter for the expression of the viral gene (plasmids pBY16 and pBY20, 
Table 1). Removal of 800 bp upstream to the viral TK gene (BamHI-BglII 

fragment), followed by recloning of the BglII-BamHI fragment of 2800 bp in 
pBR322 at the BamHI site, enhanced the expression of the TK gene fourfold 
ins. coli (23). 

These results suggest that the 800 bp fragment (containing the TATTA 
box of the TK gene) has a sequence that reduces expression of the viral TK 
gene in [. coli (plasmids pBY718, pBY719 and pBY720, Table 1). To study 
the nature of such a sequence, as well as the reason for the reduced ex
pression of the TK gene of the HSV-l TK\ strain, the BamHI/Q fragment of 
the TK\ viral DNA was cloned in pBR322 (Table 1. pBYAB53-l2). The plasmids 
were introduced into [. coli tk- (Ky895) and the expression of the viral TK 
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FIGURE 2. Expression in E. coli of HSV-l TK isolated from HSV-l strains 
and cloned in pBR322. The recombinant plasmids (Table 1) were transferred 
to I. coli tk- (Ky895) and expression of the TK gene was determined by 
measuring the incorporation of [3H]dT into cellular DNA (A) and by 
measuring the conversion of [3H]dT to [3H]dTMP .(B). Symbols: 
(.) pBY718; (l'l) pBYAB719; (0) pBY16; (.) pBYAB53-12; (0) pBYAB53-12-16; 
(!) pBR322 

was determined by [3H]dT incorporation and by determining the conversion 
of [3H]dT to [3H]dTlvlP. Fig. 2 shows that recombinant plasmid pBYAB53-12 
did not express the TK gene obtained from the HSV-l TK~ mutant. However, 
cloning of the BglII-BamHI 2800 bp fragment containing the viral TK gene 
without the upstream 800 bp (plasmid pBYAB53-12-16) led to good expression 
in I. coli. This indicates that the 800 bp upstream sequence of both TK+ 
and TK~ virus strains contains a sequence which affects the expression of 
the TK gene when added to the BglII-BamHI 2800 bp fragment. 

A possible attenuation sequence upstream of the TK gene 
Fig. 3 provides information on the anatomy of the HSV-l TK gene, which 

is a S viral gene. It was noted from the nucleotide sequence reported by 
McKnight (18) and I~agner et al. (22) that a pal indrome could be identified 
on either side of the BglII site in the viral DNA. This palindromic 
sequence resembles an attenuator sequence in the gene !!£ of I. coli 
(25-27; reviewed in 28). It may be possible that an attenuator sequence 
is present half-way between the TATTA box and the codon of the first 
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FIGURE 3. Schematic representation of the HSV-l TK gene and the 
upstream regulatory sequences. 
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methionine (ATG) of the viral TK gene. Mutations of thymidines to cyti
dines or vice versa in the attenuator sequence could change the efficiency 
of the attenuator sequence. A complete palindromic sequence may be a 
better attenuator, and expression of the viral TK gene could thus be markedly 
regulated. Sequencing of the attenuator sequence in HSV-l TK~ is under way. 

It is of interest that a similar attenuator sequence has been identified 
in the HSV-l glycoprotein sequence, centrally located between the TATTA box 
and the codon for the first methionine (R.J. Frink, R. Eisenberg, G. Cohen 
and E.K. Wagner, personal communication). 

DISCUSSION 
The neurovirulence of three strains of HSV-l that differ in the level 

of TK activity (TK+, TK~ and TK-) was studied in young mice with undiffer
entiated nervous and immune systems and in adult mice. Our studies confirm 
and extend the results obtained by other groups (4-7, 11) that the viral 
TK gene is essential for the establishment of a neuronal infection. In the 
absence of such a gene, HSV-l TK- mutants are unable to replicate in the 
trigeminal ganglia, although they replicate well at the site of infection 
(the eye) in adult mice. In young mice with undifferentiated nervous 
tissue, the HSV-l TK- mutant is highly pathogenic, suggesting that the 
cellular TK provides the needed TMP for the synthesis of the viral DNA 
and virus progeny in the nervous system. 

A major problem is the identification of the neurons in the ganglia in 
which the virus DNA resides in a latent form. Identification of such neurons 
may provide a clue to the mechanism of virus reactivation. Recent studies 
on type C fibers and pain neurons reported that the undecapeptide substance 
P (SP) (Fig. 4) is the neurotransmitter in the pain neurons (29). It was 
also reported that SP resembles tuftsin (Fig. 4) in its ability to activate 
macrophages and human polymorphonuclear leukocytes (30). Studies by Openshaw 
et al. (31) provided information that HSV-l migrates through myelinated fibers 
to the neurons, but no information is available as to whether HSV-l can infect 
type C fibers and travel to the pain neurons in the ganglia. To study this 

possibility, we used mice treated with capsaicin (Fig. 4) that prevents 
the development of type C fibers and possibly the pain neurons (32). Mice 
aged two to three days were injected intraperitoneally with capsaicin, 
and six weeks later the mice were infected by inoculation onto scarified 
corneas with the TK+ virus (107 pfu/ml). Fewer mice (50%) succumbed to the 
virus infection after capsaicin treatment, as compared with untreated 
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Tuftsin Thr-Lys-Pro-Arg 

Substance P Arg-PrO-Lys-PrO-Gln-Gln-Phe-Phe-G1Y-Leu-Met(NH)2 

Capsaicin 
OH 

"CH3 CH2-NH-C-(CH )4-CH=CH-CH 
II 2 'CH o 3 

FIGURE 4. Structure of tuftsin, substance P and capsaicin 

infected mice. of which 85-90% died (J. Hadar and Y. Becker, unpublished 
data). 

These results suggest that mice lacking type e fibers are more resistant 
to virus infection, and that, therefore, the pain neurons might be involved 
in hosting the viral DNA. If this is the case (and more experiments need 
to be done), then activation of the virus from the pain neurons could occur 
by biochemical triggers like prostaglandins, that function in the skin at 
the site of the type e fiber nerve endings. In addition, substances that 
trigger the release of substance P internally, like fever and hormonal 
changes, might also reactivate the virus. Although little is known about 
the interaction of type e fibers and pain neurons with herpesviruses, the 
possibility of herpes simplex virus residing in such neurons in the ganglia 
may be worthwhile investigating. 

Table 2 provides a working hypothesis for the possible molecular pro
cesses involved in HSV-l infection of the skin, the ganglia and the eNS. 
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Table 2. Molecular processes involved in HSV-l infection 

A. Primary infection with the virus: lesion in epithelium 

Primary virus infection of epithelial cells 
-I-

Virus replication in permissive cells 
(viral TK gene expression unimportant) 

-I-

Expression of viral glycoprotein genes 
determine lesion size and pathogenicity 

-I-

Destruction of epithelial cells 
Axon endings revealed 

-I-

Infection of myelinated and ~ 
unmyelinated (type C) fibers 
Release of substance P (SP) to lesion 

-I-

Migration of lymphocytes to the lesion 
Activation by SP (tuftsin-like) 

-I-

Phagocytosis of infected cells 

Migration to the ganglion 
(see B) 

Antibody production: virus neutralization 
+ 

Healing: activation of connective tissue fibroblasts 
Regeneration of epithelium 
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Table 2 (cont'd) 

B. Infection of neurons in ganglia and brain: ganglionitis, 
encephalitis and latency. 

Migration of virions by axoplasmic flow 

+ 
Uncoated virions reach neurons in the ganglion 
+ + 

Neurons 
with myelinated fibers 

+ 
Release of neurotransmitter 

Entry of viral DNA 
into nuclei of infected neurons 

(viral TK gene expression essential) 
+ + + 

Virus strains 

Mice 
(days) 

TK+ TK- TK~ 

4 

10 

23 
28 

+ + + 

+ 
+ 

+ 
Replication 
in ganglion 

+ 
~li grati on 
through axons 
to brain 

+ 
Infection of 
neurons 

+ 
Encepha 1 it is 

No 
repli
cation 

+ 

± 

± 

Low level of 
replication 
in neurons 

+ 
Latency of 
viral DNA 
(see C) 

Neurons (pain) 
with unmyelinated fibers (type C) 

+ 
Release of neurotransmitter 

1 
Lymphocytes 
Migration to ganglia 

+ 
Activation of macrophages 
Interferon production 

+ 
Removal of infected 
neurons and virus 

+ 
Healing of ganglion 
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Tabk1. (cont 'd) 

C. Latency and reactivation of HSV-l 

Damage to skin 
-I-

Release of 
prostaglandins 

Neurons in ganglia 
~ 

Pain and heat neurons 
(Unmyelinated type C) 

Fever 

Hormonal changes 

Effect on nerve endings 
-I-

Release of SP from neurons 
(Expression of gene coding 
for SP precursor protein) 

-I-

Activation of latent viral DNA 

-I-

Virus replication in neurons 
(Viral TK gene expression necessary) 

-I-

Migration of virions to 
epithelium through axons 

-I-

Lesion formation 
(Recurrent infections) 

-I-

Recovery as in A 

Neurons with 
myelinated axons 

-I-

unchanged (?) 
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Further studies are needed to throw more light on the biochemical pro

cesses involved in latency and reactivation of the virus. 
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ROUND TABLE DISCUSSION 
chaired by 
Stuart A. Aaronson, M.D. 
National Cancer Institute 
Bethesda, MD 20205, USA 

Dr. Aaronson: We have observed at this meeting the power of viruses as 
tools to understand basic mechanisms by which genes in cells are regulated. 
Recent concepts that have emerged from studies of viruses, include acti
vator/enhancer sequences as discussed by Dr. Gruss, attenuator sequences 
described by Drs. Aloni and Becker, and translational control mechanisms 
as summarized by Dr. Kaempfer. Virology has moved to the point where the 
replication process is pretty well understood in most viral systems. We 
are now starting to look at the interaction of viruses with the cell in 
terms of their pathogenicity. 

In this round table discussion I thought it would be worthwhile to 
devote the time to discuss some of the strategies by which it has been 
possible to intercede in the processes leading to pathogenicity. We ought 
to start with one of the great successes of modern virology, the polio
virus system. Dr. Flanegan, in retrospect, why was it relatively easy to 
develop vaccines for poliovirus? 
Dr. Flanegan: There are several reasons why it was possible to develop 
effective vaccines against poliovirus. In the first place, there are only 
three serotypes of the virus. This is an obvious advantage when compared 
to other viruses that have a large number of different serotypes. A se
cond fact that helped in the production of these vaccines is the ease with 
which the virus can be grown in culture. This made it possible to grow 
large amounts of virus that could be used in vaccine production. ,Finally, 
the fact that poliovirus has no known animal reservoir has helped in the 
control of poliomyelitis by the widespread use of the poliovirus vaccines. 

There are still some problems that are associated with the use of the 
live-attenuated and killed virus vaccines. Both vaccines are still used 
in different countries around the world. The killed-virus vaccine has 
proven to be effective in controlling poliomyelitis when 90% or more of 
the population in a given country receives a complete set of injections 

309 



310 

with the vaccine. The killed-virus vaccine, however, is more difficult 
and costly to administer than is the live-attenuated (oral) vaccine. The 
oral vaccine also produces longer lasting immunity and the secondary 
spread of the virus also results in the immunization of a larger percentage 
of the population. On rare occasions, however, the secondary spread of the 
virus has resulted in cases of vaccine-associated paralytic diseases. A 
clear example of this is when a non-immunized parent has been infected with 
the vaccine virus from their recently vaccinated infant. A challenge for 
the future is to further attenuate the strains used in the oral vaccine to 
eliminate all cases of vaccine-associated paralytic disease. Still another 
problem that has been associated with the use of oral vaccine has been its 
failure to induce satisfactory immunity when administered to populations 
in some underdeveloped warm-climate areas of the world. This may result 
from interference by other enteroviruses that are already present in the 
intestinal tract. Thus, another challenge for the future lies in the de
velopment of a vaccine that is also effective in these situations. 
Dr. Aaronson: When a vaccine strain causes disease is it due to reversion 
in the vaccine strain or because it is not attenuated enough? 
Dr. Flanegan: The virus can mutate as it passes through the human popu
lation, and it may in certain cases revert to a more virulent form. In 
addition, adults are more susceptible to developing paralytic disease than 
are young children. Thus, the vaccine virus itself may cause some paraly
tic disease in adults that would not be observed in children. 
Dr. ter Meulen: Does vaccination with killed vaccine provide life-long 
immunity or do we have to repeat vaccination at intervals? 
Dr. Flanegan: Four doses of the killed-virus vaccine are given to child
ren. Adults are not usually revaccinated. Antibody titers in individuals 
vaccinated with the killed-virus vaccine drop to very low levels after 
about five years. It has been argued, however, that individuals without 
detectable serum antibody titers may still be protected from clinical ill
ness by "immunological memory." The antibody titers produced by the 
killed-virus vaccine are lower than those produced by the live (oral) vac
cine, but both have proven to be effective in preventing poliomyelitis. 
Dr. Aaronson: Is the protection elicited humoral or cell mediated? 
Dr. Berns: It is humoral. 
Dr. ter Meulen: The observation of polio vaccination failures raises the 
question about the function of the immune system in these recipients. In 
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children with immune defects it has been observed that enteroviruses can 
persist causing a chronic CNS infection if the immune system fails to 
mount a normal immune response. It is of interest, that to my knowledge, 
only Echo virus strains have been isolated. Enteroviruses do not normally 
persist, but cause a lytic infection.Other mechanisms must playa patho
genetic role in these disorders. 
Dr. Bishop: In Munich Dr. Herbert Mayer-Ewert has been studying a case 
of an immunocompromised individual who is continuously excreting vaccine 
virus. 

Dr. Choppin (to Dr. Flanegan): You mentioned that there were a number of 
mutations in the attenuated poliovirus capsid protein. If I remember 
correctly one of the first cleavages of the polio polyprotein is by a 
host protease, and the other cleavages are by virus protease. Are any of 
the changes in the capsid protein in the region of the cleavage by a host 
protease? 
Dr. Flanegan: For the vaccine-strain of poliovirus type 1 the complete 
nucleotide sequence has now been determined. The cleavage pattern for the 
viral proteins has also been studied in some detail. The cleavage of the 
viral polyprotein is apparently carried out by a virus-specific protease. 
It has been argued that this protease is autocatalytic and may be able to 
cleave itself out of the original polyprotein. The alternative is that 
a host protease carries out the initial cleavage of the polyprotein. In 
any event, the protease coded for by the vaccine-strain virus has not been 
characterized. Future studies on this enzyme might be interesting since 
VPl in the vaccine-strain virus is different in size (as measured by mi
gration in a gel) from VPl in the Mahoney-strain. 
Dr. Aaronson: Would Dr. Choppin be willing to comment on the problems 
that exist in measles virus vaccine and what approaches are utilized? 
Dr. Choppin: Measles live virus vaccine has been very effective where it 
has been used extensively. CDC has been attempting to eliminate measles 
from the USA by extensive vaccination. Had we known about SSPE before 
the introduction of live measles vaccine, there might be hesitation in 
its wide use. We now know that one does not get SSPE from the live 
vaccine. Early in the development of the vaccine Katz & Enders actually 
injected the attenuated strain of measles directly into the CNS of monkeys 
and showed that it did not replicate. Thus the live measles virus vaccine 
does not produce persistent infection that is observed in some cases of 
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wild measles infection. With regard to paramyxoviruses in general, they 
all can produce persistent infection in one type of cell or another and 
many of them in some animals. Since we now know why previous inactivated 
vaccines for other paramyxoviruses failed and we know to which antigens 
immunity must be stimulated, we should re-evaluate the question of vac
cines for respiratory syncytial virus and other paramyxoviruses. Some of 
us feel that the use of purified viral proteins will prove to be useful. 
Dr. ter Meulen: With reference to the CDC program, I would like to re
mind you of the historical incidence of the Far6e Islands 140 years ago. 
At that time about 7,000 inhabitants were living on this island and acute 
measles had been absent for about 60 years. However, when measles virus 
was introduced by a visitor, 80% of the inhabitants came down with severe 
acute measles within a short time. Only those who had had measles more 
than 60 years ago escaped the infection probably as a result of a long 
persisting immunity against measles which lasted for more than 60 years 
in the absence of reinfection. However, to obtain such a lifelong immu
nity, antigenic restimulation has to occur and it has therefore been sug
gested that measles virus probably persists after acute measles infection. 
Yet, no information is available about the mechanisms by which measles vi
rus persists or how it is reactivated. However, in respect to the vaccines 
discussed at the present time, consisting of purified viral proteins only, 
it has to be taken into consideration that long-lasting immune responses 
are necessary in order to obtain lifelong protection. Otherwise a new 
outbreak of acute measles by introduction of this contagious agent could 
occur. 
Dr. Aaronson: What type of immunity does one obtain after measles virus 
vaccination? 
Dr. ter Meulen: One obtains both, humoral and cellular immunity. Patients 
who have a T cell deficiency cannot respond with a cell-mediated immunity 
and normally come down with a severe acute measles infection associated 
with the variety of complications. 
Dr. Aaronson: We are now learning more about molecular mechanisms in ad
dition to the ability to prevent disease by vaccines. Now we should move 
to areas where knowledge has been gained concerning the complex inter
actions of the infecting virus with the host. Would Dr. Bishop be willing 
to comment about pathogenesis in relation to molecular mechanisms? 
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Dr. Bishop: I should like to address two virus systems: bunyaviruses 
and arenaviruses. In the bunyavirus group although there are many viruses 
only few are associated with diseases of economic importance to man. 
Some of them are serious diseases, such as La Crosse encephalitis, and 
Rift Valley Fever. Over the last few years, Rift Valley Fever virus found 
in Egypt a suitable vector and devastated both domestic animals as well 
as humans. There were some 600 - 700 people who died during the initial 
viral epidemic. 

As to bunyavirus pathogenesis, we know very little. We have deter
mined by genetic methods that the viral glycoproteins are the major deter
minants of viral pathogenesis. This appears to be true for both viscero
tropic and neurotropic bunyaviruses. What cell receptors are addressed 
by the viral glycoproteins to allow invasion are not known. 

The other virus family which is extremely important in terms of a 
viral disease is the arenavirus family. These viruses include Argentine 
hemorrhagic fever and the African Lassa fever. Attempts to produce vac
cines against these viruses have so far not been particularly successful. 
Genetic studies indicate that the pathogenic abilities of these viruses 
are related to their S-RNA gene products (glycoproteins and nucleoproteins). 
It has yet to be elucidated how the interaction of these gene products with 
cells relate to cell invasion. 
Dr. Rott: Any change in the viral genome will affect virulence or patho
genicity. One has to bear in mind, however, that reassortment in viruses 
~vitro might be artifacts; gene constellations are produced that make 
the viruses unable to grow in natural hosts. The studies with enveloped 
viruses indicate that glycoproteins are important determinants essential 
for pathogenicity. In the avian influenza system, cleavage is really ne
cessary for the rapid spread of the virus in the organism. This situation 
might not be true for localized influenza infection in mammals, where the 
virus grows in epithelial cells of the respiratory tract and spreads and 
dissemination does not occur. It is not clear in this case what is the 
pathogenic factor in such an infection, is it hemagglutinin or neuramini
dase, or perhaps are these other factors such as contaminant bacteria 
that provide the cleaving enzyme in normal non··permissive cells. 

In other viruses the glycoproteins are clE!aved but nevertheless there 
are differences in pathogenicity, and in such cases the receptors may be 
of importance. But our knowledge of the receptors as determinants of 
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pathogenicity is very limited. It should be a goal of future investi
gations to define the relations between receptors and the vir~l glyco
proteins. 
Dr. Catravas: As a biochemist among virologists, I should like to ask 
whether one could use isotopically labeled viruses to find the fate of 
the viruses that become latent (e.g. herpes), or how a latent virus changes 
to a virulent one. It is known that radiation affects glycoproteins by 
splitting carbohydrates, so perhaps the use of radiation would throw some 
light on the function of viral glycoproteins? 
Dr. Skehel: For the majority of viruses one would not unfortunately know 
whether one follows isotopically labeled virus that is biologically impor
tant or biologically irrelevant viruses. The particle/pfu ratio is there
fore of great importance in such studies. 
Dr. Catravas: What about double-label techniques? 
Dr. Skehel: It is not the problem of labeling, but it is a problem of 
stability of the virus. The problem is not how to obtain radioactively 
labeled but biologically active virus. 
Dr. Choppin: Richard Price of the Memorial Sloan Kettering Institute, 
working with herpes simplex virus has made use of the fact that only in
fected cells can phosphorylate certain antiviral drugs, by using a radio
labeled drug to find the infected cell in the nervous system, because 
only the infected cell will phosphorylate the drug and retain it in the 
cell. With computer assisted tomography and radioautography they can 
detect individual infected cells, and thus can follow in an animal the 
progression of the infection. This method may be useful for early dia
gnosis of herpes encephalitis without the necessity to perform brain 
biopsy. 
Dr. Becker: In order to obtain the expression of the viral thymidine 
kinase gene, one requires the replication of the virus in the cell; if 
one speaks about silent viral DNA in the neurons, then one would not ex
pect the TK gene to be expressed. What is the form of the latent DNA in 
the ganglion cells? As a result of our studies over the years, it was 
proposed that the infecting viral DNA molecules undergo intramolecular 
recombination (Becker, Y., J. Theoret. Biol. 75:339, 1978). Dr.N. Fraser 
(personal communication) studied the latent DNA in the brain stem in in
fected mice. He isolated the total DNA from the brain stem cells, cleaved 
it with restriction enzymes, separated the DNA fragments on agarose gels, 



315 

and used radiolabeled viral DNA probes for hybridization. He found that 
the ends of the DNA molecule were not in the correct position in the gel, 
meaning that there was an intramolecular recombination event taking place 
in the viral DNA; this may have been the reason for the silent viral DNA 
not being expressed. The reactivation event must open up the integrated 
molecular ends of the viral DNA and release the DNA from arrest, in order 
to allow expression of the TK gene; only then would one be able to detect 
cells in which the virus replicates. Using DNA:DNA hybridization tech
niques, it is difficult to identify the cells in which the DNA is latent. 

Now a few words about treatment of herpes simplex virus infections. 
One of the major problems in the treatment of herpetic encephalitis with 
araA is that it is usually given too late to the patient because of the 
delay in diagnosis. Only very early treatment of encephalitis patients 
with araA would have a therapeutic effect. As to the possibility of vac
cination against herpes infections, Epstein, who discovered the Epstein
Barr virus (EBV), has suggested that, in order to afford protection 
against EBV infections, it is necessary to develop a vaccine against the 
virus. It is known that antibodies to EBV develop in cases of nasopharyn
geal carcinoma, but whole virus vaccines cannot be used, even if the virus 
is inactivated. This is because the possibility always exists that the 
DNA in such inactivated virus may still be active and potentially onco
genic, or act as a helper virus for a cellular oncogene. It is, there
fore, necessary to develop vaccines made of purified antigens, free of 
nucleic acids. There are attempts to develop a vaccine of this type 
against HSV-2 and to use it for the vaccination of prepubertal girls, and 
thus afford protection against the virus and reduce the incidence of ge
nital herpes. As to HSV-l, which is pathogenic and infects practically 
all children before the age of 3, one may have a situation in immunocom
promised children in which a normally innocuous herpes infection becomes 
fatal. Acyclovir is not used in such infections, since the virus settles 
in the ganglia and is not sensitive to this drug. Acyclovir is used to 
cure children with generalized herpes simplex virus infections. In view 
of all this, the current idea is to produce an efficient vaccine based on 
viral glycoproteins: it is necessary to isolate the appropriate gene from 
the viral DNA, clone it, and make it express itself in bacterial cells or 
mammalian cells. The product will be purified on columns with monoclonal 
antibodies to obtain a subunit protein vaccine. At present glycoprotein 
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o vaccine of HSV-1 has been shown to afford protection in mice against 
HSV-1 and HSV-2. The same idea may be applied to varicella zoster virus 

(VZV) and EBV; critical experiments in humans, however, have not yet been 
done. 
Dr. Aaronson: Does anyone have any experience with peptide vaccines that 
can elicit good antibodies? I believe that one problem so far is that pep
tides don't seem to produce good immunologic "memory." 
Dr. Kohn: As far as I know that is only one group in Israel working in 
this direction. The group of Ruth Arnon studies vaccines based on synthetic 
peptides corresponding to isolated loop peptides important in the expres
sion in viral antigens (lysosome, bacteriophages, influenza virus). They 
have now an article in "La Recherche", and in February 1983 there was a 
review on the subject by Lerner in Scientific American. 
Dr. Malkinson: I wonder what is the state of art in the gene products of 
retroviruses. How important are these gene products in pathogenesis as ex
pressed by tumors in animals? Should the strategy for vaccination against 
tumors be based on the use of glycoproteins? 
Dr. Aaronson: With respect to RNA tumor viruses, such as avian, murine and 
bovine leukemia viruses, the immunity elicited against the envelope pro
teins can be effective in preventing infection. There is now evidence that 
at least some lymphomas may be associated with a retrovirus as an aetiolo
gic agent. Gallo and coworkers have provided strong evidence for the as
sociation of HTLV in clusters where adult T cell lymphoma is prevalent. 
In order to obtain protection against such an agent one approach might be 
to use viral components or synthetic peptides as vaccines. It would be 
very difficult for any virus associated with human tumors to justify use 
of an attenuated live virus vaccine. With respect to the use of modern 
technology for virus diagnosis, Dr. David Ward at Yale has developed nucleo
tides conjugated to biotin, which can be incorporated into appropriate DNA 
probes. Hybridization with viral nucleic acids in infected cells can then 
be detected by peroxidase labeled avidin. Indeed, hybridization probes 
derived from conserved regions of adenovirus DNA genome have been used by 
Ward and colleagues for ~ situ hybridization to detect adenovirus infec
ted cells. Similar technology could perhaps be used for detection of 
herpesvirus infection. This is just one aspect of molecular biology that 
may be useful in the future for diagnosis of virus infection. 
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Dr. Flanegan: In the diagnosis of paralytic poliomyelitis it is important 
to know if the case resulted from an infection by a vaccine strain or wild 
strain of the virus. Oligonucleotide fingerprint analysis c~n now be used 
to distinguish between vaccine and wild strains of poliovirus. 
Dr. Wagner: In this conference on pathogenesis, it is proper to ask what 
is the definition of pathogenesis. When we infect cells with viruses, we 
may look at what is happening following the infection on DNA and RNA pro
tein synthesis, on memberane permeability, on lysosome effects, on syncytia 
formation, and then determine that all these phenomena are cytopathological 
and may be related to cell death. In any research on viral infection, one 
may observe any of these cellular phenomena, occurring either early or late 
in the infection. Some of these effects may be primary, some secondary. 
In measles infection, before one reaches the stage of fusion following 
virus replication (defined as fusion from within), there may occur many 
stages that lead to this effect, and there may be many factors involved. 
So we really don't know the exact progress of the changes occurring fol
lowing infection. In fact we are just nibbling around the edges in our 
research. 
Dr. Choppin: VSV does not kill cells in the same way as measles virus. 
In each virus:cell system the primary event that leads to cell death may 
be different. In some cases this may be the interruption of macromole
cular synthesis, in others, damaging of the cell membrane. For example 
in SV5 infection, in some cells there is no effect on cellular macromole
cular synthesis, and the cells continue to divide, cell fusion may pro
gress to formation of very large giant cells that are still viable. The 
only event that causes cell death eventually is damage to the cell mem
brane, so that the giant cells disintegrate. If however, one prevents 
infected cells from fusing the cells remain viable. VSV and poliovirus 
induce in the infected cells the shut-off of macromolecular syntheses. 
This shut-off kills the cells more rapidly than the shut-off induced by 
metabolic inhibitors such as puromycin and actinomycin. This is not the 
shut-off ~~ that kills the cells. Enucleated cells infected with VSV 
permit virus multiplication which eventually leads to disruption of the 
cell. Even in such "pure" system there are many factors which 1 ead to the 
death of cells, and there would be more in a whole organism. In the case 
of paramyxovirus the primary factor has been shown to be membrane damage 
induced by the F protein. 
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Dr. Kaempfer: A cell that is activel~ producing a virus cannot be called 
a dead cell: its mechanisms are intact and it is operating full blast to 
produce virus. One has to be careful with semantics of killing and patho
genesis, because the healthy reproductive act of virus production leads 
eventually to the death of the host cells. We should be careful on what 
we concentrate. Is it on the lysis of cell that is equivalent to killing, 
or should we concentrate on the events that lead up to lysis? What are 
the viral signs that lead to the death of the cell? One should examine 
the events that begin the chain of events leading to death. 
Dr. Kohn: The definition of pathogenesis can be made on several levels, 
on a molecular level - when one observes the shut-off of macromolecular 
syntheses, or on cellular level when one speaks of the death of a cell 
but the common use of the term pathogenesis concerns the effects of the 
virus on the host as a whole. Perhaps the term virulence would be more 
appropriate. (Turning to Dr. Rott): There are virulent and avirulent 
strains of Newcastle Disease Virus. Serologically they are practically 
identical. Can one put the finger on a molecular difference between these 
velogenic and lentogenic strains? Can one define the correlation between 
the structure of these viruses and their behavior in nature? 
Dr. Rott: There is indeed a very good correlation between the pathogeni
city of NOV, and the structure of the viral glycoproteins. In the highly 
virulent velogenic strains both glycoproteins, the HN and the F are cleaved 
in all cells that were tested for it. In mesogenic strains of moderate 
virulence only HN is cleaved and in the nonpathogenic (lentogenic strains) 
only few cells are permissive for cleavage of both glycoproteins. Thus 
there is a very good correlation between the suscept~bility of both glyco
proteins to cleavage by proteolytic enzymes. Why is it so? We don't know, 
since we don't have yet the exact sequence of aminoacids in these glyco
proteins, and therefore we don't know whether there is any difference in 
the cleavage sites. 
Dr. ter Meulen: I would like to comment on the virus effact on host cell 
function. It has been shown that in a state of persistent infection cel
lular dysfunction can occur. As shown for example with measles or rabies 
virus infection in neuroblastoma cells. In addition, in Aleutian Mink 
Disease excess production of gammaglobulin is observed to such an extent 
that the animal dies. This is another example of how a virus infection 
interferes with a lymphocyte function. Certainly, this aspect has been 
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neglected in past studies of virus-induced disease process and associated 
pathogenic mechanisms. 

Dr. Choppin: In the case of Sendai virus, Andy Scheid isolated a number 
of mutants that were cleaved by different proteases. He showed that one 
could change the host range in these mutants: The N-terminus in these 
mutants was the same, meaning that the mutation had to be situated to the 
"left" of the cleavage site, and the change on the mutated protein had 
made it susceptible to different proteases and thus caused the change in 
host range. One can made the prediction that the same occurs in NOV; 
there is a change in cleavability due to the change in that region of the 
protein. 
Dr. Wagner (answering a question by Dr. Fuchs): The strategy of VSV,myxo
viruses and the paramyxoviruses for virus transcription and translation 
is fairly close. The main difference is evidence for the presence of a 
leader sequence in VSV. This sequence is presumably present in the para
myxoviruses, but absent in myxoviruses. One has yet to determine whether 
there is a general mechanism relating to virulence which would be the 
same in VSV as well as paramyxoviruses, but surely it is different for 
myxoviruses, who have different mechanisms of replication, including a 
nuclear phase. 
Dr. Becker: We agree that cellular genes may control viral genes. Can 
the same virus, therefore, cause different diseases? One of the examples 
was mentioned by Dr. Choppin. Reye's syndrome starts with influenza B or 
varicella in a child; this proceeds in a predictable manner, but then 
the disease takes a different course, and after apparent convalescence, 
there is fatty degeneration of the liver, increase in intracranial pres
sure, and death. The question is then, why does the disease in some 
children become fatal in this manner? There must be a host or genetic 
factors involved. 
Dr. Wagner: There is wide variation in reaction of cells to virus infection. 
For example, pre-B myeloma cells are much more susceptible to VSV than other 
cells. The difference is not in adsorption, but in the actual events in
side the cell. We have to be concerned about what type of cells are invol
ved when we speak of cytopathogenicity. The cells modulate the viral in
fection to considerable but varying effect. 
Dr. Aaronson: We should now like to turn to tumor viruses. One of the 
most successful persistent viral infections which has been in process for 
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millions of years in a variety of animals has been that in which chronic 
retroviruses have undergone a stable germ line infection of vertebrates. 
It is clear that such events have affected humans too. Groups at the NIH, 
headed by Malcolm Martin and Jeffrey Schlom have cloned from human DNA 
retrovirus related sequences, which have all of the structural features 
of retrovirus genome including long terminal repeats. The number of co
pies of endogenous retroviral sequences in animals and in man can vary. 
In the mouse, for instance, Robert Callahan (NIH) has calculated that 
0.1 - 1% of mouse cellular DNA is composed of retroviral sequences. 

Eli Canaani (Weizmann Institute) has shown that an endogenous retro
viral sequence in the mouse can be transposed and be placed in a position 
so as to activate a cellular oncogene. 

There have also been genetic studies in mice in which genetic chan
ges involving disruption of a particular gene (coeat color) is associated 
with the reintegration of an endogenous virus. (Turning to Dr. Canaani): 
What can be done to prevent pathogenesis associated with endogenous retro
viral sequences? 
Dr. Canaani: If it is only a transposition event, then one cannot pre
vent it or do anything about it. But if one knows what is the type of 
oncogene that is activated, then one can think about some drug that would 
specifically inhibit or change the product of the gene without affecting 
the function of the cells as a whole. There accumulates now the new evi
dence based on translocation - the movement of a gene from a position 
where it is silent to a position where it is changed in its composition 
or lacks a part and where it is active in transcription. More examples 
of hematological tumors in humans could also fall into such category. 
If one knows what oncogenes are activated in hematological tumors, one 
may find a way to modify these tumor proteins, perhaps one could find 
drugs that modify this protein. 
Dr. Becker: I should like to comment about translocation and activation 
of oncogenes. In ataxia-telangiectasia there is a clastogenic (DNA
breaking) factor in the blood that causes chromosomal breaks in periphe
ral lymphocytes. A child who developed leukemia had a typical translo
cation in a clone of lymphocytes which were regarded as preleukemic. 
Five years later leukemia became manifest and the tumor cells exhibited 
the same type of translocation. In this case there was a chromosomal 
translocation in preleukemic cells without expression of a cancer state. 
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The triggering of the appearance of the tumor must have been due to some 
additional events beyond translocation, perhaps by additional viral infor
mation or activation of the translocated oncogene by an additional, un
known event. 
!!!::... Aaronson: There may perhaps be more than two steps necessary for the 
development of a tumor. 
Dr. Malkinson: I understand that the cell oncogenes are linked to the 
differentiation process in the embryonal life of the vertebrates, whilst 
the endogenous leukosis virus came from the outside into the genome. In 
fact, Astrin & Heywood have bred chickens without endogenous retrovirus 
genes, yet the differentiation sequences remain in these chickens. Is 
there any information about what the cell oncogenes are doing when they 
are not being stimulated by viral oncogenes? 
Dr. Aaronson: This is the central question to research in this field. 
The functions of the normal counterparts of the viral oncogenes are not 
yet known. What changes these gene products to make them transform cells 
may in fact require knowledge of the normal gene functions. 
Dr. Kohn: In the bladder carcinoma studied by Weinberg's group, there is 
a protein, p 21, where a change in a single amino acid is sufficient to 
make the cell harboring it malignant; There is a change from a normal 
protein product to a cancer product. How does this finding correlate with 
the oncogenes and their translocation as initiators of the cancer state? 
Dr. Aaronson: Your question really is how can a single point mutation 
occur and not create a problem earlier in the development of the organism. 
If this single change were indeed sufficient for the cell to become malig
nant, it should have, on statistical grounds, occurred relatively early 
in development. It is unlikely therefore that one change in a gene 
would be sufficient, and be the entire explanation of how a normal cell 
becomes malignant. 

We have covered a number of topics that relate to virus pathogenesis. 
I should now like to invite questions from the audience. 
Dr. Flanegan: One clear challenge that remains for virologists dealing 
with viral diseases is the development of new antiviral drugs. To accom
plish this, we need to know more about the specific proteins involved in 
viral pathogenesis. For the time being, there are very few effective 
drugs. Vaccines alone will not be able to control all viral diseases. 
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Peter Howley (NIH) has successfully used interferon to cure papilloma 
virus infections and transformation of NIH/3T3 cells in culture. 
Dr. Kohn: Also here in Israel throat papilloma in children has been suc
cessfully treated with interferon, and saved the patients from frequent 
operations. Although these few cases provide only anecdotal evidence for 
the efficacy of interferon in these cases, it seems to be working. 
Dr. Catravas: Some years ago I worked with dimethylbenzathracene (DMBA) 
and found that this reagent labeled with radioisotopes bound strongly to 
Z-DNA (left-handed). Has Z-DNA something to do with oncogenicity? 
Dr. Canaani: Z-DNA has a structure that resembles some of the enhancer 
elements found in SV40 and in the LTR of A-particles, which we cloned. 
Alexander Rich told us that Z-DNA sequences fit very well with portions of 
inserted element in c-mos. Thus Z-DNA may be functioning as an enhancer 
of transcription. 
Dr. Shalitin: Concerning Z-DNA, Shostak claims that cloned yeast telomers 
have Z-DNA structure as deduced from the sequence and therefore Z-DNA may 
have something to do with origin of replication. 
Dr. Aaronson: I would like to thank all of you for contributing to a sti
mulating discussion. 
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