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Abstract 

The parainfluenza virus SV5. The RNA, protein, lipid, and carbohydrate 
content of the virion have been determined, and significant progress has been 
made in the detailed analysis of each component. The nucleocapsid protein, 
the two surface glycoproteins and the non-glycosylated membrane protein have 
been isolated in pure form. Both neuraminidase and hemagglutinating activities 
are associated with one of the two glycoproteins. The nucleocapsid is a left-
handed helix. The protein subunit of the nucleocapsid has been found in two 
forms, one the product of proteolytic cleavage of the other, and the amino acid 
composition of the two has been determined. The helix formed by the cleaved 
subunit is more tightly coiled and stable than that formed by the native 
molecule. Many of the events in the assembly of the virion at the cell surface 
have been determined. The lipids of the virion are derived from the plasma 
membrane of the host cell, but the proteins are virus-specific. Lipid 
metabolism in infected cells has been studied. 

The influenza virus proteins have been identified and their synthesis 
in infected cells and association with the plasma membrane elucidated. In 
addition to seven virion proteins, a non-structural protein has been found in 
infected cells. The viral hemagglutinin is present in infected cells as a 
single molecule which is cleaved at the plasma membrane into two smaller poly
peptides. Spin-label ESR studies have indicated that the lipid in the virion 
is present in the form of a bilayer. The structure of the viral nucleocapsid 
has been determined. 

Adenovirus 12 DNA can be integrated into the DNA of hamster cells, 
cells in which the virus induces malignant transformation but does not replicate. 
Replication of viral or cellular DNA is not required for integration. Three 
classes of viral DNA have been found in infected cells, the smaller sizes 
presumably derived from the native molecule by enzymatic cleavage. Physical 
studies of adenovirus 2 and 12 DNA's have shown a unique distribution of A-T 
rich regions, indicating that the genome is not circularly permuted. 

Reovirus, mengovirus, and Newcastle disease virus inhibit cellular 
DNA replication by blocking multifocal initiation of new DNA chains. Rate 
of DNA chain growth and repair replication are not primarily affected by 
these infections. Adenine-rich RNA associated with reovirus is capable of 
causing inhibition of DNA replication, while structural proteins of the virus 
are inactive. 

Poliovirus multiplication is associated with cytoplasmic membranes. 
Poliovirus RNA replicates in a structure found in smooth membranes, which 
proliferate extensively after infection. Virus morphogenesis is initiated on 
the nascent chains of viral RNA. Viral proteins are made on polysomes bound 
to a distinctive membrane fraction. 
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I. Research Accomplishments. 

The goals that were outlined in the original and subsequent proposals 
during the four years of this contract were to obtain new knowledge con
cerning the following aspects of the structure and synthesis of viruses 
and viral components, and the alterations in cell structure and function 
brought about by virus action: A) The structure and replication of the 
parainfluenza virus SV5, and the modifications of host cells by the virus. 
Other enveloped viruses such as myxoviruses, arboviruses, and rhabdoviruses 
were to be employed where they were particularly well-suited to provide 
significant related information. B) The structure and function of the DNA 
of adenovirus 12 in productively and non-productively infected cells, C) 
The inhibition of cellular DNA synthesis by RNA viruses. D) '.Characterization 
of the membrane-associated structures which are involved in poliovirus bio
synthesis . 

We have pursued these goals, and in the past four years significant 
progress has been made in each of these areas. The results of these studies 
have been described in detail in the Annual Progress Reports, and in 37 
publications, excluding abstracts, which are listed in the bibliography in 
Section III of this report. The following is a summary of the results that 
have been obtained since the contract was activated. 

A. The Structure and Assembly of Paramyxoviruses. (Publications: 1, 2, 
5-10, 15-17, 19-21, 23, 29, 32, 34, 38). 

Proteins of paramyxoviruses. The parainfluenza virus SV5 
contains six polypeptides with molecular weights ranging from 41,000-
76,000. These include one nucleocapsid protein and three proteins 
associated with the viral envelope. No host cell proteins were detected 
in the virus particle, indicating that all the proteins of the virion 
are virus-coded. The virion consists of 0.9% RNA, 73% protein, 20% 
lipid, and 6% carbohydrate. About 2/3 of the carbohydrate is bound to 
protein and 1/3 to lipid (16, 17). Two of the viral proteins have been 
found to be glycoproteins with molecular weights of 67,000 and 56,000. 
These proteins contain galactose, mannose, glucosamine, and fucose, 
but no neuraminic acid. By selective removal of the projections or 
spikes on the viral surface with proteolytic enzymes, it has been shown 
that the spikes are composed of the two glycoproteins, and that these 
glycoproteins possess the hemagglutinating and neuraminidase activities 
of the virus (23). The other viral proteins were unaffected by the 
proteolytic enzyme, presumably because these proteins were protected by 
the lipids in the viral membrane. The positive identification of the 
spike proteins and the nucleocapsid protein has suggested that the 
remaining major protein of the virion (mol. wt. - 41,000), is the major 
structural protein of the viral membrane. 

Recently, a method has been developed for the isolation of the 
glycoproteins of the parainfluenza virus SV5 using the non-ionic 
detergent Triton X-100. Full recovery of hemagglutinating and neuraminidase 
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activities was obtained. By rate zonal centrifugation in sucrose 
gradients containing 1% Triton X100 and 0.5 M or 1 M potassium 
chloride, it was possible to separate the two glycoproteins. Under 
these conditions, the sedimentation coefficient of the larger glyco
protein, virus protein 2, was 8.9 S and that of the smaller glycoprotein, 
virus protein 4, was 6.7 S. Eachof the proteins aggregated when the 
detergent and KC1 were removed, and the appearance of the aggregates 
differed with the two proteins. Both hemagglutinating and neuraminidase 
activities were found to be associated with protein 2; protein 4 exhibi

hibited neither activity. The results suggest that in this paramyxovirus 
both hemagglutinating and neuraminidase activities reside on a single 
glycoprotein. The biological function of the smaller SV5 glycoprotein 
remains to be determined* (38) , 

The structure of the nucleocapsids of paramyxoviruses. The 
nucleocapsid proteins of SV5, Sendai, and Newcastle disease viruses have 
been isolated in two different forms (19). The larger, native form can 
be isolated from virus or infected cells not exposed to proteolytic 
enzymes, and has a molecular weight of 56,00061,000. A smaller form 
with a molecular weight of 43,00047,000 can be isolated from trypsinized 
cells or produced.,! in vitro by treatment with proteolytic enzymes. 
Helical nucleocapsids can be composed of either form of nucleocapsid pro
tein, but the helix containing the larger form of the protein is more 
flexible and fragile; whereas that containing the smaller form of protein 
is more rigid, tightlywound and stable. It thus appears that the ability 
to.bind to nucleic acid and to forma stable helix due to strong bond
ing between adjacent protein subunits is a property of that portion of 
the nucleocapsid protein molecule which comprises the small, cleaved ' 
form of the protein; whereas the presence of the added portion of the 
molecule in the larger, intact form of the protein results in a more 
flexible helical structure, which is suitable for supercoiling within 
the mature virion. The larger molecule may also contain sites that inter
act with the viral envelope proteins which are inserted into the plasma 
membrane of the infected cell, and which are recognized by the nucleo
capsid during the assembly of the virus. The amino acid compositions of 
the large and small forms of the nucleocapsid protein of SV5 were 
determined and differences were detected. ■ The large form has a high 
content of aspartic acid, threonine, and alanine. Both large and small 
forms are rich in glutamic acid, leucine, and arginine. 

The helical nucleocapsids of several paramyxoviruses were 
examined with the Philips goniometer tilting stage in order to'determine 
the nature of the helix. ■ Stretchedout segments of nucleocapsid, 
' oriented perpendicular to the axis of tilt, were examined after tilting 
through angles up to 45° in either direction, and these electron micro
graphs were compared with photographs of models of left and right
handed helices after tilting through the same angles. The nucleocapsids 
of the parainfluenza virus SV5 and of mumps virus were found to be left
handed helices (33). 
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Phenotypic mixing of the spike glycoproteins of SV5 and 
vesicular stomatitis virus : (VSV). Work by Wagner and coworkers and in 
several other laboratories has established that the rhabdovirus VSV 
contains three major proteins, a nucleocapsid protein, and two proteins 
associated with the envelope which are a glycoprotein and a non-glyco-
protein. Byyselectively removing the spikes on the surface of the virion 
with proteolytic enzymes, we have shown that the spike protein of the 
virion is the glycoprotein. This suggests that the other protein which 
is associated with the envelope is the major protein of the viral membrane. 
In previous studies; we found phenotypic mixing of the envelope protein 
of SV5 and VSV. This resulted in virions containing VSV genomes which 
were .neutralized by both VSV and SV5 antisera, or only by SV5 antisera 
(10). To determine which viral proteins were present in these hybrid 
virions, the virions were purified by polyethylene glycol precipitation 
and isopycnic centr.ifugation, and the proteins which were labeled with 
radioactive amino acids or glucosamine were analyzed by polyacrylamide 
electrophoresis (32). The results showed that phenotypically-mixed, 
bullet-shaped virions containing the VSV genome possess all the VSV 
proteins plus the two spike glycoproteins of SV5. Thus, there do not, 
appear to be stringent restrictions on which spike glycoproteins can be 
incorporated into such hybrid virions, which still possess infectivity 
and the typical morphology of VSV. However, such hybrid virions do not 
contain that SV5 protein which is the major protein of the SV5 membrane. 
This suggests that for the assembly of bullet-shaped virions which 
contain the VSV genome to occur, there must be a specific interaction 
between the VSV nucleocapsid and those areas of the plasma membrane of 
the infected cell which contain the non-carbohydrate containing VSV 
membrane protein. Evidence for a specific association of paramyxovirus' 
nucleocapsid with those areas of cell membrane which contain viral 
proteins has previously been presented (15, 17). 

, The presence or absence of neuraminic acid in enveloped viruses. 
Although myxo- and paramyxoviruses acquire their envelopes during a 
process of budding from the cell membrane, and neuraminic acid is a 
ubiquitous constituent of cell membranes, neither protein-bound nor 
lipid-bound neuraminic acid has been detected in SV5 or influenza virions 
(7, 16, 20). However, neuraminic acid was found in infected cells by 
chemical analysis, indicating that there was not a total absence of this 
substance in the plasma membrane of the cell. These results suggested 
that there was a localized absence of neuraminic acid in those areas 
of membrane into which the viral enzyme neuraminidase was incorporated. 
That this was the case was demonstrated by staining the surfaces of 
cells infected with SV5 o:r influenza virus with colloidal iron hydroxide, 
which at pH 1.7 specifically stains neuraminic acid residues, and . 
examining the cells in the electron microscope (20). Neuraminic acid 
was absent only in those areas of cell membrane'' where viral proteins 
had been incorporated and virus particles were budding. VSV, a budding 
virus which does not possess neuraminidase as a viral component, contains 
neuraminic acid bound to both glycoprotein and glycolipid, and VSV 
virions stain with colloidal iron hydroxide, thus providing a positive 
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control for the absence of this substance in myxo and paramyxoviruses. 
Thus, one of the specific events that occurs in the assembly of myxo
and paramyxoviruses at the cell surface is the localized loss of 
neuraminic acid residues in those regions of plasma membrane where viral 
neuraminidase is incorporated and which eventually become the envelope 
of the virion. 

Lipid composition of enveloped viruses and lipid metabolism in 
SV5infected cells. The isolated plasma membrane of cultured cells have 
distinctive lipid patterns, particularly with regard to the phospho
lipids and glycolipids (2, 6, 7). Analysis of the lipids of SV5 virions 
grown in four different types of cultured cells and of the plasma mem
branes of these cells showed that, with few exceptions, the lipids of the 
host cell plasma membrane are incorporated quantitatively into the virus 
particle (2, 6, 7). SV5infected MDBK cells produce a high yield of 
virus, 600 PFII/cell, in 24 hours and continue to produce virus for 
several days without cell death or inhibition of cellular protein 
synthesis. This suggests active turnover of the plasma membrane lipids. 
Studies on the incorporation of 3Hcholine and 32P into phospholipids 
and glycosphingolipids have revealed that the synthesis of the glycerophospho
lipids is normal in infected cells, but sphingomyelin synthesis is in
hibited, with the accumulation of label in sphingomyelin ceasing after 
about 16 hours. In contrast, the synthesis of globoside, the major glyco
sphingolipid in MDBK cells is stimulated after infection; the total content 
of this glycolipid in infected cells approximately doubles in three days. 
These isotope incorporation experiments were confirmed by quantitative 
lipid analyses. These results have thus revealed specific, virusinduced 
alterations in sphingolipid metabolism in SV5infected cells. They have 
also shown that there is an interdependence in the metabolic pathways of 
the sphingolipids, those lipids which are concentrated in the plasma 
membranes of cultured cells, with a stimulation of glycosphingolipid 
synthesis being paralleled by a decrease in sphingomyelin synthesis. 

The Structure and Replication of Influenza Virus and Other Enveloped ■ 
Viruses (Publications 4, 15, 18, 22, 2831, 33, 41). 

The Replication of Influenza Virus. Studies of the replication of 
influenza virus, particularly biochemical studies, have been seriously 
hindered in the past by the inability to inoculate cells at a high enough 
multiplicity to obtain synchronous infection without incomplete virus 
formation (the von Magnus phenomenon), and by the lack of continuous cell 
lines capable of producing a high yield of infective virus. We have 
found that after inoculation at high multiplicity, the MDBK line of bovine 
kidney cells produce a very high yield of the WSN strain (> 700 PFU/cell), 
with little incomplete virus formation (4). Furthermore, if virus grown 
in MDBK cells is used as the inoculum, othercells (MK, CEF) can be 
infected at high multiplicity, and produce a high yield of virus due to 
the lack of incomplete virus in the inoculum. Ev.en HeLa cells, in which 
influenza virus usually produces an abortive infection, yield infective 
virions when inoculated with MDBKgrown virus. Polyacrylamide gel 
electrophoresis of the RNA obtained from MDBKgrown virus shows five 
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size classes of RNA. After 3 serial passages at high multiplicity, 
the amount of the largest piece of RNA is greatly reduced in the viral 
population. Pons and Hirst previously reported that virus grown in 
chicken cells shows a decrease in the largest RNA piece after a single 
high multiplicity passage. HeLa cells infected with MDBK-grown virus 
yield virions containing the usual five pieces of RNA, but when infected 
with chick embryo-grown virus, HeLa cells yield virus lacking the 
largest piece of RNA. These results indicate that incomplete influenza 
virus formation is, in part, host cell dependent, and that the mechanism 
of abortive infection in HeLa cells is similar to that of multiplicity-
dependent, incomplete virus formation in other cells. These studies 
also confirm the association of incomplete virus formation with the loss 
of the largest piece of viral RNA. Finally, the use of the WSN strain 
of influenza virus in MDBK cells provides an excellent system for single-
cycle and biochemical studies of influenza virus replication. 

Proteins of the influenza virion. Seven polypeptides were 
detected by polyacrylamide gel electrophoresis in purified influenza 
virions, and four of these appear to be covalently linked to carbohydrate 
(18). Host-dependent differences were detected in the electrophoretic 
mobility of some glycoproteins, but not of the non-glycoproteins, 
suggesting that the carbohydrate moiety of the glycoproteins is at least 
in part specified by the host cell. The molecular weights of the seven 
polypeptides ranged from 83,000 to 26,000 daltons. Treatment of virions 
with the protease bromelain degraded the viral spikes, resulting in 
smooth-surfaced particles which were non-infective and lacked hemagglu
tinating and neuraminidase activities. Such particles lacked three of 
the four glycoproteins, and prolonged protease treatment removed the 
fourth glycoprotein as well, while the three non-glycoproteins were un
affected. Thus the spikes are composed of the glycoproteins, whereas 
the internal viral proteins contain no carbohydrate. 

Organization of the viral lipid. We have studied the structure 
of the lipid-containing envelope of influenza virus by electron spin reso-

j< nance using spin label molecules which are analogs of steroids or fatty 
acids. These studies, done in collaboration with Drs. Frank Landsberger, 
John Lenard, and John Paxton, indicate that the lipids of the virus are 
arranged in a bilayer structure (28). Removal of the glycoprotein spikes 
by protease treatment of the virus had no detectable effect on the ESR 
spectra. These results suggest that the spikes do not play a significant 
role in determining the organization of the viral lipid layer. 

To determine whether a difference could be detected in the organi
zation of the lipids in a myxovirus as compared to an RNA tumor virus, we 
.compared ESR spectra of influenza virus and Rauscher murine leukemia virus 
spin-labeled with fatty acid derivatives (33). The spectra of the 
Rauscher virus were very similar to those obtained for influenza virus, 
and suggest that the lipids of the RNA tumor viruses may be arranged in a 
bilayer structure. 
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Structure of the ribonucleoprotein of influenza virus. The 
exact structure of the internal component of influenza virus has not 
been determined, and.there "has been some discrepancy between biochemical 
studies in which multiple, ribonucleoprotein (RNP) components were 
isolated, and morphological studies showing large supercoiled structures 
in influenza virions. In collaboration with Drs. Jean Content and Peter 
Duesberg, we have separated influenza virus RNP's into distinct size 
classes by sedimentation in glycerol gradients, and examined the RNP's 
in each size class by electron microscopy (41). The large RNP's have a 
peak in length distribution at 90-110 mm, the medium, at 60-90 mm, and 
the small, at 30-50. '.fgi, These-lengths can be correlated with the 
estimated molecular weights of the RNA contained in the various RNP size 
classes. Some RNP's were observed with a terminal loop at one end of 
the structure, and by negative staining, prominent major grooves were 
observed with a periodicity of about 15 mm. These observations suggest 
that the RNP consists of a strand which is folded back on itself and 
coiled in a regular double-helical arrangement. 

Viral polypeptides in infected cells and their plasma membranes. 
The virus-specific proteins in three types of cultured cells infected-
with the WSN strain of influenza virus have been analyzed (31). The 
seven structural proteins of the virion were identified in infected 
cells, and in addition a non-structural protein was found in large amount 
in the nucleus of the infected cell. The non-structural protein (NS) has 
a molecular weight of ^ 25,000 daltons, which is slightly smaller than 
the smallest virion protein. The fact that NS differed from the smallest 
virion protein was established by isolation of the two proteins on an 
agarose column and analysis of their tryptic peptides. The seven virion 
polypeptides have been found in association with the isolated plasma 
membrane. Glycoproteins HAj and HA2 are the last to appear at the mem
brane, and the results of-pulse-chase experiments suggest that they are 
derived from the hemagglutinin polypeptide HA by a cleavage process. 

The assembly of myxo- and paramyxoviruses. The structure and 
assembly of the SV5 and influenza virions have been examined in detail 
as described above and in previous communications. Electron microscopic 
studies have employed thin sections, negative staining, ferritin-labeled 
antibody, and hemadsorption techniques. These, investigations and those 
from a number of other laboratories have led to the following picture ofd 
the sequence of events in viral assembly which has been recently described 
in detail (15, 17). Viral envelope proteins are incorporated into discrete 
areas of plasma membrane. The nucleocapsid recognizes these areas and 
aligns beneath them. On the outer surface of those areas of membrane 
with underlying nucleocapsid, a layer of spikes or surface projections 
appears which is similar to that seen on the virus surface. The virus is 
then assembled byl'budding, and during this process the plasma membrane 
of the cell'is continuous with that of the viral membrane. The available 
evidence suggests that the cell membrane proteins are completely replaced 
in the viral membrane by virus-specific proteins. However, with a few 
exceptions the cell membrane lipids are incorporated into the virion. The 
carbohydrate portion of the viral glycoproteins appears to be at least 
in part specified by the host cell. There is no., neuraminic acid present 
in either the glycoproteins or glycolipids of the virions due to the 
localized action of the viral neuraminidase. 
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The location of the glycoprotein on the arbovirus envelope. The 
work of Burge, Pfefferkorn, Strauss, and Darnell has shown that Sindbis 
virus contains only 2 proteins, a core protein and an envelope protein 
which is a glycoprotein. To determine the location of the glycoprotein 
in the virion, virus was treated with the protease bromelain (22). 
This treatment completely removed the glycoprotein, leaving a smooth-
surfaced particle containing the viral lipid which surrounded the viral 
core; the core protein was unaffected by the protease. These results 
indicate that the glycoprotein comprises the spike layer, that it is 
located outside of, rather than within, the membrane, and that the glyco
protein is not essential for the maintenance of the integrity of the 
viral lipid layer. These results have been supported by the recent X-ray 
diffraction data of Harrison which suggest that spikes of Sindbis virus 
are located external to a lipid bilayer which contains little or no 
protein, and which surrounds the viral nucleocapsid. 

The proteins of Rous sarcoma virus. Despite the great interest 
in the RNA tumor viruses, they are among the least well characterized 
in terms of their structural components. We have studied the arrangement 
of proteins in the envelope Rous sarcoma virus in collaboration with Dr. 
Daniel B. Rifkin. Analysis of viral proteins labeled with amino acids 
and carbohydrate precursors revealed a pattern of viral proteins and 
glycoproteins similar to that obtained in Robinson's laboratory. A 
total of 9 protein components were identified, four of which were labeled 
with glucosamine. The largest of these four glycoproteins, located 
near the origin, was present in variable amount and is thought to 
represent an aggregate. Treatment of virus particles with the protease 
bromelain degraded the spikes which cover the surface of the virion, 
leaving smooth-surfaced particles which could be purified in a sucrose 
density gradient. These particles lacked the four glycoproteins but 
contained the five viral proteins which contain no carbohydrate. Thus, 
the spikes of Rous sarcoma virus appear to consist of glycoproteins. 

General observations regarding the glycoproteins and membranes of 
enveloped viruses. We have thus far examined the glycoproteins of 
representatives of 5 groups of animal viruses, i.e., the myxovirus, 
paramyxovirus, rhabdovirus, arbovirus, and RNA tumor virus groups. Each 
virus contains glycoprotein(s) ranging in number from 1, in the case of 
arbo- and rhabdoviruses, to 4 in myxo- and RNA tumor viruses. In every 
virus examined, the glycoproteins have been found to comprise the surface 
projections or spikes on the viral surface, and not to be located within 
the membrane per se. In the case of the arbovirus, the only other pro
tein in the virion is the core protein, and this protein may interact 
with the viral lipid to provide some stability to the membrane. In each 
of the other viruses, there is at least one major protein which is 
neither nucleocapsid nor spike, and which could represent a structural 
protein of the membrane. There is evidence with influenza virus obtained 
from spin-labeled studies, and with Sindbis virus obtained from X-ray 
studies by Harrison, that the viral membrane contains a lipid bilayer. 
This bilayer is covered with glycoprotein spikes on the external surface, 
and appears to be associated with a non-carbohydrate containing protein(s) 
on its internal surface. 
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C. Inhibition of Cellular DNA Synthesis by Reovirus, Mengovirus and 
Newcastle Disease Virus. (Publications 11, 25, 26,' 36, 37, 39). 

The action of three cytocidal RNA viruses on cellular DNA 
replication has been investigated in the L line of mouse fibroblasts. 
Reovirus, which does not inhibit cellular protein synthesis, inhibits 
cellular DNA synthesis in middle and late S-phase, but not in early 
S-phase. A reovirus-infected cell is able to enter DNA synthesis, but 
infection with reovirus causes a rapid decline in the amount of DNA 
replicated- (lij)3j,-

Mengovirus and Newcastle disease virus inhibit cellular protein 
synthesis, and the inhibition of cellular DNA synthesis may be secondary. 
Mengovirus and Newcastle disease virus inhibit DNA synthesis during 
early S-phase, as well as later. (11). 

In L cells infected with reovirus, mengovirus, or Newcastle 
disease virus, segments of DNA synthesized during a 30-minute pulse 
with thymidine-3H are of the same length as those made in uninfected 
cells. As measured by the technique of DNA autoradiography,, the modal 
length of newly synthesized pulse-labeled segments of DNA is 10-20 \i 
both in infected and control cells. L cells treated with puromycin, 
an inhibitor of protein synthesis, synthesize new DNA strands of similar 
length when DNA synthesis is only moderately inhibited. However during 
severe and prolonged inhibition, DNA chains of modal length of less 
than 10 y are made. (25). 

These results, taken with earlier observations on DNA chain 
elongation by sedimentation analysis, support the hypothesis that all 
three viruses and puromycin inhibit cellular DNA synthesis by inhibiting 
multifocal initiation of new DNA chains in S phase. After prolonged 
inhibition of protein synthesis DNA chain elongation may also become 
affected. Further support for this hypothesis has been obtained from 
studies of the rate of DNA chain growth and of repair replication. 
Neither of these parameters should be affected if the proposed hypothesis 
is correct. The rate of DNA chain growth was determined by DNA auto
radiography after pulse-labeling with high doses of thymidine-3H. Reo
virus infection has no effect on the rate of chain growth 8 hours after 
infection, whereas mengovirus and Newcastle disease virus cause little 
or no reduction in rate 5 hours after infection. Puromycin also is 
capable of causing marked inhibition in overall DNA synthesis without 
reducing the rate of chain growth to a commensurate degree. However, 
after 2 hours of treatment with puromycin, the rate of DNA chain growth 
is significantly reduced. This effect is dose dependent. (37). 

We have also examined repair replication of HeLa cell DNA in 
cells-infected with mengovirus or Newcastle disease virus or treated • 
with puromycin. Cellular DNA was damaged by ultra-violet light and then 
pulse-labeled with thymidine-3H. Autoradiographic analysis of non-S-
phase DNA synthesis (repair replication) showed that there was no in
hibition of this process at a time when overall cellular DNA synthesis 
was severely inhibited by either virus infection or puromycin treatment. 
We have also examined repair replication biochemically. If damaged 
DNA is labeled during repair with bromodeoxyuridine-3H, the repaired 
regions are too short to produce a shift in density of the DNA, and thus 
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sediment as DNA of normal density when analyzed by isopycnic sedimenta
tion in cesium chloride. By this technique, too, repair replication 
is unaffected by infection with mengovirus or Newcastle disease virus 
or by treatment with puromycin (36, 39). 

The inhibition of cellular DNA replication by reovirus is of 
particular interest, as it appears to be mediated through a direct 
effect on multifocal initiation of new chains. Preparatory to studies 
of virus-specific components involved in the inhibition of cellular 
DNA replication by reovirus, we examined the proteins of this virus. 
Reovirus type 3 contains three groups of proteins, A, y, andaa. The 
molecular weights are 140,000-150,000 daltons for the A group (2 proteins); 
75,000-85,000 for y (2 proteins); and 36,000-44,000 for a (3 proteins). 
Empty capsids (particles deficient in RNA) contain the same polypeptides 
as complete virus particles. Viral cores (particles lacking the outer 
layer of capsomeres), lack y-group polypeptides and two of the a poly
peptides. Reovirus structural proteins do not contain detectable 
amounts of carbohydrate (26). 

We have determined the effects of non-infective reovirus 
components on cellular DNA synthesis. Reovirus inactivated by ultra
violet light inhibits cellular DNA synthesis with kinetics similar to 
those obtained with infective virus. Reovirus cores and empty capsids 
do not inhibit cellular DNA synthesis, although they are adsorbed to 
cells. Adenine-rich RNA from reovirus produces a partial inhibition 
of DNA synthesis. Some virus-specific RNA is synthesized after in
fection with ultraviolet light-irradiated reovirus and this RNA synthesis 
is not due to multiplicity reactivation. These results indicate that 
inhibition of cellular DNA synthesis is not caused by a protein com
ponent of the input particles. It appears that input adenine-rich 
RNA may produce the initial inhibition of cellular DNA replication after 
reovirus infection, but that sustained inhibition requires the synthesis 
of new adenine-rich RNA or some other viral product. 

D. Interaction of Adenovirus DNA with Host Cell DNA. (Publications 3, 
12, 24). 

Adenovirus 12 DNA can be integrated into the DNA of BHK21 cells, 
cells in which adenovirus 12 does not multiply, but induces malignant 
transformation. Adenovirus 12 DNA does not replicate independently of 
cellular DNA in the nonpermissive BHK21 cells. Infection with adeno
virus 12 causes fragmentation of BHK21 cell DNA (3). 

Calculations indicate that 5 to 55 adenovirus 12 equivalents 
per BHK21 cell are integrated. Replication of viral or cellular DNA 
is not required for integration. Inhibition of protein or ribonucleic 
acid synthesis interferes with integration only slightly (3). 

Adenovirus 2 multiplies in BHK21 cells, but in doubly-infected 
cells it does not supply a function which would permit adenovirus 12 
DNA synthesis. Both adenovirus 12 and 2 turn off DNA synthesis in 
cells in which viral replication occurs (3) . 
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Three classes of viral DNA are found within cells productively 
or non-productively infected with human adenovirus types 2 or 12: 
1) viral DNA which co-sediments with DNA extracted from infective 
adenovirions (31.3 S for Ad 2, and 29.0 S for Ad 12); 2) viral DNA 
which sediments at about 18 S; and 3) viral DNA which sediments at 
> 45 S and has apparently integrated into the cellular DNA. A pre
cursor-product relationship is suggested as a working hypothesis; 
the intact viral DNA is hydrolyzed to slowly sedimenting DNA, and the 
slowly sedimenting DNA is integrated into the cellular DNA. The 
intact viral DNA within the cells apparently is cleaved into the slowly 
sedimenting DNA by a preformed enzyme. During productive infection, 
both the parental and the newly synthesized DNA appear in all classes. 
(24). 

A denaturation map of adenovirus 2 DNA has been constructed which 
indicates that regions rich in adenine-thymine base pairs are dis
tributed over the linear molecule in a unique pattern suggesting that 
the genome is not circularly permuted. A unique distribution of A-T 
rich regions has also been found in adenovirus 12 DNA (12). 

E. The Role of Cytoplasmic Membranes in Poliovirus Biosynthesis. (Pub
lications 14, 40). 

Poliovirus replication is associated with cytoplasmic membranes 
in infected HeLa cells. A cell fractionation procedure has been 
developed to separate smooth and rough membranes. Results indicate 
that there is an increase in the amount of smooth membranes and a modi
fication of the membranes after infection (14). 

Virus-specific structures that function in the synthesis of 
virus-specific RNA's and morphogenesis of virus particles are associated 
with smooth microsomes. Two poliovirus RNA replication complexes have 
been isolated, and the larger replication complex contains viral RNA 
polymerase activity, procapsid viral proteins, and replicative inter
mediate RNA (the precursor of viral RNA). Electron microscopy reveals 
that virus particles are associated with the large complex. (14, 40). 

Virus-specific polyribosomes that function in the synthesis of 
virus-specific proteins are associated with rough microsomes. These 
structures have been characterized by electron microscopy and velocity 
sedimentation (14, 40). 

Our results suggest the following model for poliovirus bio
synthesis. The viral RNA replication complex that synthesizes single-
stranded virus RNA is attached to smooth cytoplasmic membranes. Viral 
capsid proteins are synthesized on polyribosomes associated with rough 
microsomes. Morphogenesis of virus particles is initiated on the 
large RNA replication complex by the interaction of viral capsid pro
tein subunits and nascent viral RNA. Accumulation of protein subunits 
takes place on these precursor particles and the final cleavage of 
capsid protein proceeds as RNA chains are completed and released (40). 
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II. Graduate Student and Postdoctoral Training. 

During the four years of this project, five graduate students have 
received training associated with the research activities under this con
tract. Three of these students have received Ph.D. degrees: 1) Nicholas 
H. Acheson, Ph.D. 1969, now in the laboratory of Dr. F. Cuzin, Institute 
Pasteur, Paris; 2) William D. Ensminger, Ph.D. 1969, now an American 
Cancer Society Postdoctoral Research Scholar and medical student at 
Harvard Medical School; 3) Byron T. Burlingham, Ph.D. 1970, now Assistant 
Professor of Cell Biology and Pharmacology at the University of Maryland 
School of Medicine. Two graduate students who have been associated with 
this project are still working toward the Ph.D. degree: 1) Sondra G. 
Lazarowitz, S.B .; 2) Harold A. Burger, B.S. 

Individuals who have obtained postdoctoral research experience under 
this project include Dr. Hans-Dieter Klenk, now at the Institute for 
Virology of the University of Giessen, Germany, and Drs. Andreas Scheid 
and Walter E. Mountcastle who are still associated with this laboratory. 

Faculty members who have been associated with this project during 
the past four years are Drs. Purnell W. Choppin, Igor Tamm, Walter Doerfler, 
Richard W. Compans, and Lawrence A. Caliguiri. 
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