
CHAPTER 7 

Parvovirus Proteins 
F. BRENT JOHNSON 

I. INTRODUCTION 

Division of the parvovirus group classically has been based upon the re
quirement for coinfection with a helper virus. Thus, some parvoviruses 
are regarded as defective and require the assistance of another virus for 
complete replication. These defective viruses will be referred to as helper
dependent viruses. The adenovirus-associated viruses (AA V) are the pro
totype viruses of the helper-dependent group. The other major group of 
parvoviruses is composed of the autonomously replicating viruses or 
helper-independent viruses. 

When parvovirus particles from infected cells are purified on iso
pycnic cesium chloride gradients, typically four main density classes are 
noted. A minor proportion of the infectious particles band at 1.45-1.47 
g/cm3. The major proportion of the infectious particles band at 1.39-1.42 
g/cm3. The particles which band at 1.35-1.37 g/cm3 are heterogeneous. 
They represent a mixed population of variant particles containing DNA 
molecules shorter than genome length. The particles banding at 1.30-
1.32 g/cm3 are empty capsids. They not only appear to be empty in neg
atively stained preparations in the electron microscope, but do not label 
with radioactive thymidine. For the sake of simplicity and consistency 
these different types of particles will be referred to by the virus desig
nation followed by the relative specific density in cesium chloride en
closed in parentheses, e.g., AA V( 1.40). 

Despite the recognition of most parvoviruses as members of this 
group at the time of the analysis of their structural proteins, nonuniform 
systems of nomenclature have been used for designation of the proteins. 
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At the parvovirus conference at Cold Spring Harbor in 1977 it was sug
gested that a uniform nomenclature system be adopted. The system sim
ply was that the viral proteins be designated by the abbreviation "VP" 
and that the proteins be numbered (l,2,3/etc.) beginning with the protein 
of highest molecular weight. Although this system is somewhat flawed, 
it is gaining wider acceptance and will be used in this chapter. 

Several review articles have appeared on parvovirus structure, rep
lication, and biology. The serious reader is referred to those reviews 
(Berns, 1974; Berns and Hauswirth, 1979; Henry, 1973; Hoggan, 1970; 
Hoggan, 1971; Kilham and Margolis, 1975; Margolis and Kilham, 1975; 
Porter and Larsen, 1974; Porter and Cho, 1980; Porter et ai., 1980; Rose, 
1974; Siegl, 1976; Tattersall, 1978; Toolan, 1972; Young and Mayor, 
1979a) in addition to these in the current collection. 

II. ADENOVIRUS-ASSOCIATED VIRUS 

A. Composition of the Capsid 

1. Capsid Morphology 

The parvovirus virion appears to be icosahedral, nonenveloped, with 
a diameter which has been estimated to range from 15 to 28 nm (Hoggan, 
1971; Atchison et ai., 1965; Hoggan et ai., 1966; Mayor et ai., 1965; 
Archetti and Bocciarelli, 1964, 1965; Crawford et al., 1969). Several par
voviruses observed in the same laboratory in a comparative study had 
diameters ranging from 19 to 24 nm (Hoggan, 1971). The number of cap
somers and their arrangement in the virion is uncertain. Estimates of the 
number of capsomers have ranged from 12 for AAV (Mayor et ai., 1965), 
20 or 32 for AA V (Archetti and Bocciarelli, 1964, 1965), to 32 for Rat Virus 
and several other parvoviruses (Karasaki, 1966) to 42 for DNV (Kurstak 
and Cote, 1969). One group of workers (Smith et ai., 1966) reported that 
the individual capsomers of AA V were not readily distinguishable and 
that the surface of the particle might best be represented by a reticulum 
or netlike arrangement of protein fibers. 

Chemical studies have shown the AA V virion consists of protein 
(80%) and DNA (20%) (Parks et al., 1967). The relatively high DNA-to
protein ratio gives the virion a density in cesium chloride of about 1.4 
g/cm3 which allows ready separation from the helper adenovirus (density 
= 1.35-1.36 g/cm3) on cesium chloride gradients. 

2. Number of Structural Proteins 

The capsid proteins of three AAV serotypes (AAV-l, AAV-2, and 
AAV-3) were compared by SDS gel electrophoresis by Rose et al.(1971). 
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TABLE I. AA V Structural Polypeptides 

Estimated Fraction of 
Virus moLwt. virion protein 

Virus Particle typea protein (xlO-3 ) (%) Reference 

AAV-l AAV(1.40) VPl 83.5-87 8-10 Rose et al. (1971) 
VP2 70.3-73 5-12 SaIo and Mayor (1977) 
VP3 56.3-62 78-86 Salo and Mayor (1977) 

AAV-2 AAV(1.39) VPl 87 

.n VP2 73 Rose et al. (1971) 
VP3 62b 

AAV-3 AAV(1.34) VPl 91.6 "} VP2 79.3 10 Johnson et al. (1975) 
VP3 65.9 79 

AAV-3 AAV(1.40) VPl 87-91.6 8-11 Rose et al. (1971) 
VP2 73-79.3 5-10 Johnson et al. (1971) 
VP3 62-65.9 79-86 Johnson et al. (1971) 

AAV-3 AAV(1.467) VPl 92.5 .n VP2 80.3 Johnson et al. (1971) 
VP3 68.6 

AAV-4 AAV(1.43); VPl 83.4 1~} AAV(1.30) VP2 71.1 Salo and Mayor (1977) 
VP3 58.3 83 

a Designated by the relative specific density of the particle in cesium chloride. 
b AAV-2 VP3 molecular weight reported to be slightly less than AAV-l VP3 in comparative gels (Rose 

et 01., 19711. 

Three structural proteins were found in each virus (refer to Table I). The 
smallest of the three proteins was found in the greatest abundance in the 
virion. Among the three serotypes homologous components were e1ec
trophoretically similar except AA V-2 VP3 was slightly smaller than the 
VP3 molecule of AA V-lor AA V -3. Similar results were reported by John
son et al. (1971), who found three proteins in the capsid of AAV-3. They 
also compared the protein of AAV(1.40) with AAV(1.46) particles. These 
two types of particles contained similar proteinsj however, the amount 
of VP 1 and, VP2 seemed to be reproducibly less in the AA V( 1.46) par
ticles when scanning the Coomassie Blue stained bands under condi
tions of densitometric linearity. These protein differences seemed to 
account for the greater density of AA V( 1.46) particles in cesium chloride 
density gradientsj however, incorporation of radiolabeled amino acids 
into the proteins does not consistently confirm the findings observed by 
staining. 

SaIo and Mayor (1977) reported studies on AAV type 4. Two minor 
proteins and one major protein were found. The protein composition of 
AAV-4 empty particles and AAV-4(1.43) particles was essentially iden
tical (Table I). In other studies on empty capsids, AAV-3(1.34) particles 
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were shown to contain the same proteins in similar distribution to the 
infectious AA V(1.40) particles (Johnson et ai., 1975). These particles com
pletely lacked the radioactive thymidine which was included in the in
fected cells. The findings on the composition of the empty capsids sug
gested that AA V does not contain a core protein which is lacking when 
the DNA is absent. 

3. Hemagglutinin 

One property of the parvoviruses which has been used to characterize 
them is their varied ability to hemagglutinate different erythrocytes. Of 
the four major AA V serotypes, hemagglutinating activity is associated 
with only AAV type 4 (Ito and Mayor, 1968). AAV types 1, 2, and 3 do 
not hemagglutinate either at 4 or 3rC (Hoggan, 1971) but type 4 agglu
tinates human, guinea pig, and sheep erythrocytes at 4 but not at 37°C 
(Ito and Mayor, 1968). Salo and Mayor (1978) noted that infectious virions 
of AA V type 4 were more dependent than empty capsids upon temper
ature for hemagglutination. When the virus was tested for hemagglutin
ation with either guinea pig or human erythrocytes at 4 and 22°C, the 
HA titers were nearly maintained in the case of empty capsids but were 
almost totally lost with complete particles at 22°C. 

Attempts to determine which AA V protein possesses hemaglutin
ating activity were unsuccessful as purification and isolation of the pro
teins resulted in the loss of all hemagglutinating activity (Salo and Mayor, 
1977). In addition, type 4 AA V grown in arginine deficient medium lacked 
the hemagglutinin normally associated with the type 4 virion (Mayor and 
Gorman, 1975). 

4. External Orientation of the Polypeptides in the Capsid 

Earlier studies suggested the absence of a basic AA V core protein 
(Rose et al., 1971 j Johnson et al., 1975), but it still was unknown whether 
any of the three AA V proteins was exclusively internally oriented. Lubeck 
and Johnson (1977) reported studies wherein sepharose-bound (solid-state) 
lactoperoxidase was used to radioiodinate the externally oriented poly
peptides. This technique has found wide usage to identify external virion 
proteins as it employs low levels of relatively weak oxidizing agents and 
labels only those residues which are exposed to and have contact with 
the enzyme. It was determined that both AAV(1.40) and AAV(1.46) par
ticles had externally oriented VPl, VP2, and VP3. An offshoot of the study 
was that when AA V( 1.40) particles or solubilized proteins were iodinated 
the labeling approximated the stoichiometric ratios of the three poly
peptides as found by other methods in the intact virion, indicating a 
similar susceptibility of the three polypeptides to iodination. 

Salo and Mayor (1978) reported that AAV-4, as well as X14 particles, 
migrated to a pH of 2.6 in sucrose-stabilized isoelectric focusing gradients. 
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Empty capsids and complete capsids had the same isoelectric point. The 
authors suggested this extremely acidic isoelectric point indicates that 
acidic amino acids are on the surface of the capsid and the basic amino 
acids are aligned internally. The isoelectric points of the individual pur
ified capsid proteins were reported by Johnson et ai. (1978) to fall near to 
one another at pH 5.0-5.3. These results correlate with the conclusion 
of Salo and Mayor that the acidic portions of the molecule are oriented 
outward, while the basic residues orient inward because the overall is
oelectric point is much less acidic than when the proteins are assembled 
into the capsid structure. 

B. Relationships among the Structural Proteins 

1. Amino Acid Labeling 

AA V was grown in the presence of individual radiolabeled amino 
acids, purified and the structural proteins separated on polyacrylamide 
gels (Johnson et al., 1977). None of the proteins was specifically enriched 
with leucine, lysine, or aspartic acid, suggesting that no one polypeptide 
is significantly more basic or acidic than any other and that, with respect 
to these amino acids, the amino acid content is similar between VP1, 
VP2, and VP3. 

2. Immunochemical Relationships 

Antisera produced in guinea pigs against purified SDS treated VP1, 
VP2, and VP3 reacted in immunofluorescence tests with AA V antigens 
that appeared in infected cells (Johnson et al., 1972). These infected cell 
antigens were viral specific protein(s) that were reactive with the antisera 
prior to the acquisition by the protein of its final tertiary conformation. 
Likewise, the capsid proteins could be denatured by SDS treatment which 
restored their immunoreactivity to these antisera. The combination of 
SDS and heat dissociates the protein and unfolds each polypeptide chain 
to form an SDS-polypeptide complex. In this complex the polypeptide 
chain interacts with SDS molecules in such a way that renaturation of 
the protein into its native conformation is virtually impossible. When 
this polypeptide chain serves as an immunogen, antibody molecules are 
made to the numerous immunologic determinants exposed along the 
molecule. The SDS molecule was not immunogenic and the antibodies 
were directed against the polypeptides and not against the bound deter
gent (Johnson et al., 1977). Each antiserum was composed of a hetero
geneous population of antibodies that was directed against many im
munologic determinants along the polypeptide molecules. 

Direct radioimmunoprecipitation assays using fragmented polypep
tides revealed that VP1, VP2, and VP3 share a large number of immu-
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nogenic determinants (Johnson et al., 1977). These same authors showed 
in immunocompetition assays that VPl, VP2, and VP3 share antigens 
that compete for the antibodies in the reagent antisera. 

Not only do VP1, VP2, and VP3 share antigens within a given ser
otype, but some of these polypeptide immunologic determinants are 
shared with AA V of other serotypes ITohnson et al., 1972) even though 
the capsid antigens are serotypically unique or nearly unique. 

3. Isoelectric Points 

AA V capsid proteins dissociated in urea and focused on polyacryl
amide isoelectric focusing gels appeared in the pH gradient at pH 5.0 to 
5.3 (Johnson et al., 1978). All three polypeptides had similar acidic is
oelectric points indicating their similarity in amino acid content and an 
enrichment with acidic amino acids lfirst noted by Rose et al., 1971). 

4. Peptide Maps 

Peptide maps of the individual AA V capsid proteins were produced 
by Lubeck et al. 11979). The proteins were radiolabeled with 1251, indi
vidually purified and digested with trypsin or chymotrypsin. The digests 
were separated on cellulose thin layer plates by electrophoresis and chro
matography. A large number of common peptides were observed which 
were shared by all three capsid proteins, suggesting that all three poly
peptides are encoded in the same sequence of virus DNA. The tryptic 
and chymotryptic maps clearly demonstrated three to four peptides that 
were unique to VPllthe largest polypeptide). The data suggested that the 
VP3 amino acid sequences were largely contained within VP2 and the 
VP2 sequences were contained within VPl. 

5. Amino Acid Analysis 

Amino acid analyses of the purified capsid polypeptides of AA V-3, 
AAV-211.40), and AAV-211.46) were reported by Lubeck et al.11979). The 
amino acid composition of these proteins was Similar, implying a com
mon origin. The amino acid composition of VP3 was contained within 
VP2 which was contained within VPl. The most common amino acids 
in these proteins are aspartic acid, glycine, then glutamic acid which 
accounts for the acidic isoelectric point of the proteins. 

C. Protein Biosynthesis 

Normally a cell must be coinfected with AA V and its adenovirus 
helper for complete AA V replication to occur. Partial replication occurs 
in the presence of herpes viruses but assembly is incomplete. In the ab-
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sence of helper viruses AA V penetrates to the nucleus and is uncoated 
there (Berns et ai., 1975) but there is no transcription (Rose and Koczot, 
1972). Even in the adenovirus coinfected cell, AA V DNA synthesis pre
cedes RNA synthesis, suggesting the absence of any AA V "early" func
tion (Handa et ai., 1976). That AA V has the ability to establish a latent 
infection in cells in the absence of helper (Hoggan et ai., 1972; Berns et 
al., 1975) implies that the cell provides all necessary functions for the 
establishment of latency and the maintenance of the persistent infection 
without AA V protein synthesis. 

1. Herpes Viruses as Incomplete Helpers 

A variety of herpes viruses have been shown to provide incomplete 
helper functions for AA V replication (Atchison, 1970; Blacklow et al., 
1970; Blacklow et al., 1971; Dolin and Rabson, 1973). These partial help
ers permitted AA V antigen synthesis (detected as immunofluorescent 
stainable antigen) but infectious AA V or AA V particles were not pro
duced. Cells coinfected with herpes simplex virus produced infectious 
AA V DNA which remained unencapsidated (Boucher et al., 1971) sug
gesting the inability of herpes viruses to help the AA V assembly process. 
Cells transformed by adenoviruses (Hoggan, 1970) or herpes virus (re
ported by Mayor and Drake, 1974) were not capable of supporting AA V 
replication without superinfection by either an adenovirus or herpes 
virus. However, herpes virus transformed cells coinfected with a helper 
virus demonstrated abundant cytoplasmic AAV antigen while the bulk 
of AA V antigen is nuclear in the normal cell counterpart (Mayor and 
Drake, 1974). In contrast to the above results, Blacklow (1975) reported 
that immunofluorescent stainable antigen appeared in 333-8-9 cells in
fected with AA V-3 alone. These infected cells were stained with sera to 
VP1, VP3 and whole virion antisera. The results suggested that 333-8-9 
cells synthesized at least two of the three AA V polypeptides without 
exogenous helper; that this incomplete potentiation might be related to 
HSV-2 genetic material possessed by the cells. However, in view of the 
strong cross-reactions between the VP1, VP2, and VP3 antisera and the 
extensive sharing of immunologic determinants on the three polypep
tides, it is not clear why the VP2 antiserum failed to stain these cells. 

2. Intracellular Location of AA V Protein and Transport 

Following penetration of the AA V particles to the nucleus of the 
infected cell and uncoating, DNA replication and transcription occurs. 
The messenger RNA(s) are transported to the cytoplasm where AA V pro
teins first appear (Johnson et ai., 1972; Salo and Mayor, 1979). These 
cytoplasmic proteins are largely immature as the final conformation and 
antigenic structure of the proteins is first found in the nucleus after trans
port from the cytoplasm (Mayor et al., 1967; Johnson et al., 1972). The 
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mechanism of transport or the form of the protein during transport re
mains unclear. Assembled complete particles as well as empty particles 
are first found in the nucleus (Atchison et ai., 1966 j Mayor et ai., 1967 j 

Torpier et ai., 1971). Cells that have a high concentration of intranuclear 
AA V usually have scarce adenovirus particles and usually form separate 
inclusions (Mayor et ai., 1967). Under conditions of arginine deprivation 
potentially infectious AA V particles were synthesized, although fewer 
particles were produced and the particles appeared to lack structural sta
bility (Mayor and Gorman, 1975). The observation that AA V particles 
were found in both the nucleus and the cytoplasm of cells infected under 
conditions of arginine starvation indicates that in AA V systems, in con
trast to herpes simplex, migration of viral constituents from cytoplasm 
to nucleus and vice versa was not inhibited. 

3. Translation of AA V Proteins 

Although the subject of transcription is treated elsewhere in this 
volume it seems appropriate briefly to review some of the information 
on RNA forms and synthesis to obtain a clearer view of AA V translation. 
The thymidine-rich or minus strand of AA V DNA is transcribed in vivo 
(Carter et ai., 1972). Approximately 50% of the particles in a normal virus 
population contain minus strand DNA and the other 50% of particles 
contain positive strand DNA. No reports convincingly show that the 
positive-stranded particles are noninfectious. The observation that tran
scription occurs only from the minus strand implies that if the positive 
strand is infectious a minus copy must be formed in order to allow tran
scription to proceed. Early on, Carter (1974) reported finding a single RNA 
transcript having a molecular weight of about 0.9 x 106 to l.Ox 106 . 

Later refined observations demonstrated several AA V RNA forms in in
fected cells. 

Green et ai. (1980) reported finding four prominent viral transcripts 
containing 4.3, 3.6, 2.6, and 2.3 kilobases (kb). All species were poly
adenylated and found in nuclear as well as whole cell preparations. The 
2.3-kb RNA was the predominant form, appeared to be spliced, and was 
the only form found on polysomes. The 4.3-kb RNA (90% of the genome 
length) and the 3.6-kb RNA were confined to the nucleus. The 5' termini 
of the three larger transcripts map to distinct positions, while the 3' 
termini of all the RNAs map to a common location at position 96 on the 
genome. The abundant 2.3-kb RNA is spliced and is composed of a short 
leader sequence of about 50 nucleotides ligated to a body of about 2250 
nucleotides. The 2.3-kb RNA appeared to be derived from the 2.6-kb tran
script (Green and Roeder, 1980a). Further, Green and Roeder (1980b) pro
posed the following model for the synthesis of the 2.3-kb mRNA: tran
scription is initiated near position 39, the RNA chain is elongated to 
position 96, then polyadenylated producing the unspliced 2.6 kb RNA. 
A single splice then generates the mature 2.3-kb RNA which is then 
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transported to the cell cytoplasm. The 4.3 and 3.6-kb RNAs are not found 
on polysomes and appear not to be obligatory precursors to the functional 
2.3-kb RNA. 

In other reports cytoplasmicAA V RNA exists as a family of over
lapping spliced RNAs of 2.3, 3.3, 3.6, and 3.9 kb (Laughlin et ai., 1979b). 
The 2.3-kb RNA was the most abundant, accounting for at least 50% of 
all the cytoplasmic AA V transcripts. The RNA's were coterminal at the 
3' end. Jay et ai. (1981) reported the 2.3-kb RNA codes for all three proteins 
VP1, VP2, and VP3 when translated in an in vitro reticulocyte lysate 
showing that the capsid proteins are coded by the genome sequence be
tween map positions 48.0 and 96.0. When a temperature-sensitive helper 
(Ad5ts125) was used at the nonpermissive temperature the accumulation 
of the AA V capsid proteins decreased by 50-fold. Normal amounts of 2.3-
kb mRNA were made, however, and this RNA could be translated in 
vitro to VP1, VP2, and VP3 suggesting that control is exerted upon the 
2.3-kb mRNA at the translational level and that this control can be in
fluenced by mutations in adenovirus. Post-translational processing of the 
AA V protein may occur since a single mRNA encodes all three capsid 
proteins. Whether the processing is catalyzed by a cellular enzyme, or by 
a helper virus product, or is autocatalytic is not known. It also remains 
unknown whether processing occurs at the amino terminal, the carbox
yterminal, or both termini. It is clear that the capsid proteins possess 
-blocked amino termini that preclude dansylation under normal condi
tions (Johnson et ai., unpublished results), but the amino acid sequences 
near the amino termini remain unknown. 

Further evidence for post-translational processing of AA V protein 
was provided by Buller and Rose (1978a), and Myers and Carter (1981). 
The arginine analog, L -canavanine, inhibited the accumulation of the 
major protein (VP3), empty or full AA V capsids or a nonstructural 24,000 
polypeptide. In contrast, accumulation of VP1 and VP2 was not affected, 
therefore L-canavanine apparently inhibits a post-translational cleavage 
required to produce VP3. Also, the appearance of the three capsid proteins 
in infected cells is in the same molar proportions as found in the virion 
(Johnson et ai., 1977; Salo and Mayor, 1979; Buller and Rose, 1978). 

D. Nonstructural Proteins 

AA V-induced noncapsid proteins appear in infected cells and in in 
vitro translation systems. Buller and Rose (1978a) demonstrated the pres
ence of small AA V-specific peptides of molecular weight 24,900 and 
15,800. Other AA V peptides of molecular weights 75,000, 61,400, 44,500, 
30,200, 22,400, and 13,200, in addition to VP1, VP2, and VP3, appeared 
in in vitro syntheses directed by AA V mRNA (Buller and Rose, 1978b). 
In work reported by Johnson et ai. (1977) immune sera precipitated AA V 
polypeptides of molecular weights 56,000, 100,000, 110,000, and 120,000. 



268 F. BRENT JOHNSON 

The origin and nature of all of these protein forms is not yet known; 
however, it is presumed that many of them represent cleavage products 
from the posttranslational processing of the primary gene product and 
perhaps catabolic intermediates in the degradation of unused protein mol
ecules. Some of these forms probably represent multimeric forms of the 
structural or nonstructural molecules. 

E. Assembly and Protein Modification 

1. Assembly 

Results described by Myers and Carter (1980) suggested a general 
model for AA V assembly. In this model DNA progeny strands are supplied 
by strand displacement replication from duplex replicating intermediates. 
Newly synthesized AA V protein is rapidly assembled (by an as yet uni
dentified mechanism) into empty 1.32 capsids which then associate with 
progeny DNA strands concomitant with, or soon after, displacement. 
These intermediate structures are converted (in the absence of DNA syn
thesis) over a period of several hours to mature particles containing either 
a standard or a DI genome. DNA replication can occur in the absence of 
capsid assembly and the virus "maturation" process occurs in the absence 
of DNA replication. Assembly of the proteins into the 1.32 particle re
quires modification of the proteins, the appearance of new antigens, and 
requires a function in HSV coinfections that is sensitive to 2-deoxY-D
glucose, an inhibitor of protein glycosylation (Young and Mayor, 1979b). 

A question relating to assembly of the AA V virion is whether 
AAV(1.45) particles have a precursor relationship with AAV(1.41) parti
cles or if these two particle types are assembled in separate pathways. 
Early after infection the two particle types are assembled in separate path
ways. Early after infection the two particle types appear in about equal 
amounts, but later on the 1.41 particles become the predominate type 
(De La Maza and Carter, 1980). In pulse-chase experiments a precursor
product relationship could not be demonstrated, indicating independent 
assembly of the two particle types. 

2. Biological Function of the AA V Proteins 

Aside from the structural function of the AA V proteins and the abil
ity of the AA V type 4 capsid to hemagglutinate erythrocytes little is 
known of other functions. No unequivocal enzymatic activities have yet 
been identified. However, Myers and Carter (1981) showed that inhibition 
of AA V capsid accumulation was accompanied by inhibition of accu
mulation of AA V single-stranded DNA but not accumulation of RF DNA. 
This observation suggested that appearance of the single-stranded prog
eny DNA is linked to the accumulation of the AA V capsid proteins (see 
also Laughlin et al., 1979a). 
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3. Modification 

AA V type 1 proteins produced in cells labeled with [32PJortho
phosphate or [l4C]glucosamine were examined by gel electrophoresis 
jSalo and Mayor, 1979). Even though control adenoviral proteins were 
phosphorylated the AA V proteins were not phosphorylated. In cells coin
fected with either adenovirus or herpes simplex virus the AA V polypep
tides were not glycosylated while control proteins were glycosylated. The 
AA V proteins are, however, highly labeled with [l4C]acetate suggesting 
acetylation of the protein /Johnson and Hoggan, 1979) and possibly ac
counting for the N-terminal block. 

III. ALEUTIAN DISEASE VIRUS 

A. Composition and Properties of the Capsid 

Aleutian disease, a virus-induced immune complex disease of mink, 
is characterized by glomerulonephritis, arteritis, generalized plasmacy
tosis, and hypergammaglobulinemia with high titers of antiviral anti
body. Negatively stained aleutian disease virus JADV) appears icosahedral 
in morphology by electron microscopy and has a diameter of 23-25 nm 
jCho and Ingram, 1973; Chesebro et ai., 1975; Porter et ai., 1977). The 
virion appears to contain 32 capsomers which are hollow tubular-shaped 
structures 4.5 nm in diameter with a 1-2-nm central hole. The virus 
contains single-stranded DNA jmol. wt. = 1.2 X 106) and is stable to 
ether, chloroform, fluorocarbon, pH 3, proteases, nucleases, and heating 
at 56°C for 30 min jPorter and Cho, 1980). On CsCI gradients the virus 
bands at buoyant densities of 1.295, 1.332, and 1.405-1.416 g/cm3 jCho, 
1977). Most of the infectivity bands at 1.405-1.416 g/cm3. 

Two reports have appeared describing the ADV protein. Shahrabadi 
et ai.jI977) isolated ADV particles from infected mink by stepwise fluo
rocarbon extraction, CsCI density gradient centrifugation and velocity 
sedimentation through sucrose. Four polypeptides were found in these 
particles with molecular weights of 30,000, 27,000, 20,500, and 14,000 
jSee Table II). In contrast, Bloom et al. j1980) reported a strain of ADV 
adapted to grow in cell culture contained two structural polypeptides. 
The virus was purified on CsCI gradients without fluorocarbon extrac
tion. The two polypeptides had molecular weights of 89,100 and 77,600. 

B. Synthesis of Viral Antigen 

A strain of ADV jthe Utah-l strain) has been adapted to grow in cell 
culture producing viral antigen and infectious virus in a continuous line 
of feline kidney cells jCRFK cells) or in primary feline kidney cells jPorter 
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et aI., 19771. The virus exhibits a degree of temperature sensitivity at 
usual incubation temperatures. The temperature optimum is about 
31.8°C (Porter et aI., 19801. Because the virus does not produce plaques 
in cell culture, it is usually quantitated by an immunofluorescence focus 
assay. ADV requires rapidly dividing cells for replication, a property 
shared with other parvoviruses. Infected mink cells in culture produce 
viral antigen but little infectious virus. Virus antigen has been found in 
macrophages (perhaps phagocytized immune complexes 1 and in an in
tranuclear location in infected mink cells two days after infection with 
small amounts of antigen appearing in the cytoplasm by 3 or 4 days pos
tinfection (Porter and Larsen, 19741. Intranuclear ADV antigen appears 
transiently in infected CRFK cells (Hahn et aI., 19771. The antigen fades 
with 2-4 days after reaching maximum fluorescence. The number of an
tigen positive cells varies depending on the amount of inoculum but 
rarely exceeded 20% of the cells. 

IV. BOVINE PARVOVIRUS 

A. Properties and Composition of the Virus 

Abinanti and Warfield (19611 isolated a virus from the gastrointes
tinal tract of calves that hemagglutinated both human and guinea pig 
erythrocytes. Hemadsorption of guinea pig erythrocytes onto infected bo
vine embryonic kidney cells appeared in a characteristic manner. The 
virus was referred to as the hemadsorbing enteric virus (HADENI. The 
virus was ether resistant, stable at 56°C for 8 hr and at - 20°C for more 
than 6 months. The diameter of the particle was less than 30 nm as 
determined by Gradocol filtration. Approximately 86% of the adult cattle 
in tested herds had hemagglutination inhibition antibody titers. Spahn 
et al. (1966bl observed that calves inoculated with the virus developed 
a mild respiratory illness and diarrhea. In other studies the frequency of 
infection varied between 14% and 100% of the animals in infected herds 
(Storz et aI., 19721. These authors also reported bovine parvovirus anti
body in cynomolgus monkeys, guinea pigs, goats, dogs, and horses. No 
antibody was detected in sheep. Experimental infection in calves led to 
a cytocidal intestinal tract infection with a transient viremia and infec
tion in the lymphatic tissues, thymus, adrenal glands, and brain (Storz 
and Bates, 1973; Storz and Leary, 19791. The virus has been isolated from 
cattle in various regions of the United States (Abinanti and Warfield, 
1961; Bates et aI., 19721, Algeria (Vincent, 19711, and Tapa (Inaba et al., 
19731. Spahn et aI.(1966al reported the virus to be heat stable and resistant 
to ether, sodium desoxycholate, and pH 2 for 30 min. The viral genome 
is DNA (Storz and Warren, 1970; Bachmann, 19711. 

Electron microscopic examination of BPV reveals the particle to have 
an average diameter of 22 nm (Hoggan, 19711. Virus particles are found 



PARVOVIRUS PROTEINS 273 

to band at various densities in cesium chloride gradients. Bands are found 
at 1.30-1.31 glcm3 (consists mainly of empty particles as observed by 
negative staining in the electron microscope), 1.40-1.42 glcm3 (contains 
infection particles), and a dense band at a density greater than 1.45 glcm3 . 

BPV(1.40) and BPV(1.30) particles were purified and their structural pro
teins separated on polyacrylamide gels !Johnson and Hoggan, 1973). Three 
polypeptides were identified in both types of particles (See Table II). The 
major polypeptide (VP3), accounting for 75%-83% of the virion protein, 
has a molecular weight of about 67,000. VP1 has a molecular weight of 
85,500 and VP2, 77,000. When the BPV polypeptides were compared with 
the AA V structural polypeptides they were found to have almost coelec
trophoresing VP3s but the molecular weights of VP1 and VP2 of BPV 
were lower than the VP1 and VP2 of AA V. 

B. Replication of Bovine Parvovirus 

The host range of the virus is relatively narrow with optimal virus 
replication occurring in bovine embryonic kidney cells (Abinanti and 
Warfield, 1961( or in bovine fetal lung or bovine fetal spleen cells (Bates 
and Storz, 1973). Actively dividing cells are required. Some viral repli
cation occurs in bovine cells derived from various tissues such as testicle, 
intestine, and adrenal (Bates and Storz, 1973) and in buffalo lung fibro
blasts and embryonic bovine tracheal cells (Lubeck and Johnson, 1976). 
Limited replication occurs in fetal lamb kidney cells !Jacob and Johnson, 
unpublished results), but nonbovine mammalian cells and chicken cells 
are nearly uniformly refractory (Bates and Storz, 1973). 

Studies on the replication kinetics of the virus showed an eclipse 
period of 16 hr (Bates and Storz, 1973). Most of the virus remained cell
associated. Release of some virus was detected from 30 to 36 hr after 
inoculation, depending on the host cell type. Leary and Storz (1980) de
scribed a number of nucleopathic changes associated with BPV replica
tion. Nucleolar stranding occurred; increased basophilia and degranula
tjon of the nucleoplasm were detected 12 hr postinfection. By 18 hr there 
was a replacement of the nucleoplasm with a fine-grained homogeneous 
material. Cowdry type A inclusions and other novel multifocal inclusions 
(empty virus capsids and virions) developed beginning by 18-24 hr. Patton 
et al.(1979) demonstrated that BPV transcription beginning 8-12 hr pos
tinfection proceeds to 20 hr. By 20 hr postinfection 5% of the total RNA 
synthesized in infected nuclei was viral specific. In synchronized cells 
titers of infectious virus increased at 8 hr postinfection and the maximum 
titer was reached by 20 hr. Viral DNA synthesis was observed 2 hr before 
progeny virus appeared. Cellular RNA and protein synthesis was reduced 
but did not affect the rate of progression of the cells through S phase 
(Parris and Bates, 1976). 
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It was shown by Pritchard et ai. 11978b) that BPV las well as H-l 
virus, LuIII virus, and Kilham rat virus) does not contain a virion-asso
ciated DNA polymerase. Levels of cellular DNA polymerases vary during 
infection, with levels of DNA polymerase alpha activity closely paral
leling viral DNA synthesis and the production of progeny virus IPritchard 
et ai., 1978a). Other work confirmed the requirement of DNA polymerase 
alpha for synthesis of BPV DNA IPritchard et ai., 1981). 

Utilizing immune sera prepared against the SDS-treated polypeptides 
of the virus Croft et ai. 11974) determined the presence of BPV proteins 
in the cytoplasm of infected cells 2 hr before the appearance of completed 
virus antigen in the nucleus. Formation of the tertiary protein structure 
appeared to begin in the paranuclear area of the infected cell. The protein 
was transported to the nucleus where final protein maturation and virus 
assembly takes place. Further, Bates et ai.11974) found evidence of prog
eny particles by electron microscopy first in the nucleus and in associ
ation with smooth endoplasmic reticulum. Some particles were found on 
the cytoplasmic side of the nuclear membrane. Egress of the virus was 
visualized as occurring primarily by degeneration of the cell and rupture 
of the nuclear membrane late in infection. 

V. CANINE PARVOVIRUS 

Beginning in 1978 a pandemic of fatal myocarditis and enteritis in 
puppies occurred. Epidemics of this disease occurred virtually simulta
neously in the United States, Canada, England, France, Scotland, and 
Australia IAppel et ai., 1979; Burtonboy et ai., 1979; Johnson and Sprad
brow, 1979; Kelly, 1978; Moraillon, 1980; Thomson and Gagnon, 1978). 
In studies reported by Levin et al. 11979) and Levin 11980) most affected 
puppies are between 3 weeks and 3 months of age. There was no evidence 
of hereditary, breed, or sex predisposition. The animals appeared robust 
and healthy until a few minutes or hours before they died. Signs included 
hyperpnea, dyspnea, crying, and cyanosis. Gross lesions often included 
pale streaking of the myocardium, dilation of the left ventricle, and some
times marked thickening of the endocardium of the left ventricle and 
atrium. The lungs were usually edematous. In many cases basophilic 
intranuclear inclusion bodies were found in cardiac myofibers and par
vovirus particles identified in the inclusion bodies by electron micros" 
copy. 

The clinical and pathological picture of the disease closely resembles 
feline panleukopenia and mink enteritis. The causative agent of this dis
ease, in agreement with the clinical findings, was found to be a parvovirus 
which proved to be antigenically closely related to feline panleukopenia 
virus IFPV) I Carmichael et ai., 1980; Johnson and Spradbrow, 1979; Len
ghaus and Studdert, 1980). Mink enteritis virus IMEV) is closely related 
or even identical to feline panleukopenia virus and is frequently referred 
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to as a strain of FPV (Burger et ai., 1963; Johnson, 1967; Johnson et ai., 
1974). In a comparative study, the canine parvoviral genome was com
pared to the MEV genome by restriction enzyme mapping (McMaster et 
ai., 1981b). The two viruses were found to share 86% of the mapped sites. 
Thus all three viruses, CPV, FPV, and MEV are closely related viruses; 
in fact, immunization with FPV vaccines appears to protect dogs, cats, 
and mink against infection by these viruses. 

The origin of CPV is unclear. Dog sera collected before 1978 proved 
to be free of antibodies to the virus (Carmichael et ai., 1980; Johnson and 
Spradbrow, 1979). But antibodies to another parvovirus of dogs, the min
ute virus of canines, were present in dogs before 1978 (see Siegl, 1976). 
This virus has no serologic relationship with FPV but has a density of 
1.39 g/cm3 (Williams, 1980). Because no antibodies appeared in dogs be
fore 1978, the disease was not endemic in dogs before this time. It has 
been suggested that wild-type FPV was adapted to canine cells either 
deliberately during the production of attenuated live FPV vaccine or ac
cidentally by contamination of canine cell cultures in laboratories (John
son and Spradbrow, 1979; Lenghaus and Studdert, 1980). After mutating 
to dog virulence, the virus then could have been spread worldwide with 
any vaccine produced in canine cells. Alternatively, Moraillon et ai. 
(1980) suggested that CPV developed from mink enteritis virus. 

VI. DENSONUCLEOSIS VIRUS 

A. Biophysical Properties 

The densonucleosis viruses (DNV) have been isolated from insects. 
DNV I is the causative agent of the densonucleosis disease of Galleria 
mellonella (the greater wax moth) larvae. DNV 2 has been isolated from 
the Trinidadian buckeye caterpillar (Tunonia coenia). The two viruses are 
very closely related as determined by DNA hybridization studies (Kelly 
et ai., 1977). The virus contains a single-stranded DNA genome having 
a molecular weight of about 1.6 x 106 to 1.9 X 106 and, as pointed out 
elsewhere, like AA V contains separately encapsidated complementary 
DNA strands (Kelley et ai., 1977; Kurstak et ai., 1971; Kurstak et ai., 
1973; Mayor and Kurstak, 1974). The double-stranded DNA created upon 
extraction of the DNA from viral particles exists predominately as linear 
monomers, although circular monomers and concatamers and other less 
well defined structures were observed by electron microscopy and agarose 
gel electrophoresis (Kelly and Bud, 1978). There appeared to be an inverted 
terminal repetition in the DNA molecule. The size of the DNV particles 
has been reported by different authors to be in the range of 19 to 24 nm 
(Kurstak, 1972). The capsid appears to have 42 capsomers as observed in 
the electron microscope (Kurstak and Cote, 1969; Lowff and Tournier, 
1971). Molecular studies on the protein do not necessarily confirm this 
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as Tijssen et 01. 11976) and Tijssen and Kurstak 11979b) suggested the 
capsid may have 12 capsomers. Studies on the buoyant density of infec
tious DNV particles revealed infectious particles of two densities, 1.40 
g/cm3 and 1.44 g/cm3 IHoggan, 1971; Truffant et 01., 1967). The 1.44 
particles appear to have less protein ITijssen et 01., 1977). The infectious 
particles contain the polyamines putrescine, spermidine, and spermine 
which are absent in the empty particles IKelly and Elliott, 1977). The 
virus is pH stable IKelly et 01., 1980). Morphogenesis of the virus occurs 
in intranuclear locations in the infected cell I Garzon and Kurstak, 1976). 

B. Structural Proteins 

The polypeptide composition of purified DNV particles has been ana
lyzed by a variety of methods in polyacrylamide gels by several authors. 
Tijssen et 01. 11976) reported four structural proteins in the DNV capsid. 
These four proteins had molecular weights of 49,000, 58,000, 69,000, and 
98,000. The 49,000 protein was the major protein accounting for 69% of 
the protein mass. [This may vary to as low as 40% or lower depending 
on the stage or instar of the larvae in which the virus is grown ITijssen 
and Kurstak, 1981).] The 58,500 and 69,000 protein accounted for 15% 
each of the virion protein and the 98,000 protein accounted for only 1 % 
of the virion protein. This report was in contrast to an earlier report 
ITinsley and Longworth, 1973) in which it was noted that three proteins 
were found in 5% polyacrylamide gels but four were found in 10% gels. 
Further, the molecular weights 172,000, 57,000, 53,000, 46,000) were con
siderably lower than the molecular weights reported by Tijssen et 01. 
(1976), who could not confirm the latter results. Kelley et 01. (1980) re
ported a greater spread in molecular weight values for the two serotypes 
of DNV with the molecular weights ranging from 109,600 (DNV-2 VP1) 
to 41,900 (DNV-2 VP4). These authors further reported that the top com
ponent (empty particles) appeared to have a protein composition identical 
to that of DNV( 1.40) particles and was a more stable structure. 

Early on, Tijssen et al. (1976) suggested VP1 (p98) was a dimer of VP4 
(p49) because the molecular weight of VP1 is double that of VP4 and 
because in different experiments the percentage of VP1 fluctuated, de
pending on salt conditions, but the sum of VP1 plus VP4 was always 
constant. In later reports (Tijssen and Kurstak, 1979a; Tijssen and Kur
stak, 1981) these authors give peptide mapping evidence showing VP1 
not to be a dimer of VP4 as VP1 and VP2 share peptides not found in 
VP4. Furthermore, peptide mapping results show that the DNV proteins 
share extensive amino acid sequences in addition to antigenic homologies 
(Tijssen and Kurstak, 1981). Regarding location of the proteins in the 
capsid, labeling with periodate-oxidized glycoprotein supported the hy
pothesis that 60 molecules of VP4 aggregate into a dodecahedron with 
12 pentamers and VP2 and VP3 may have a stabilizing function and are 
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located on the outer surface of the particle (Tijssen and Kurstak, 1979b). 
The acidic DNA charges are believed to be neutralized by cations other 
than basic amino acid side chains of the capsid protein (Kelley et ai., 
1980). 

VII. FELINE PANLEUKOPENIA VIRUS 

As noted above in Section V, feline panleukopenia virus (FPV) is 
closely related to mink enteritis virus and canine parvovirus. These vi
ruses may represent simply strain variations or host range mutants of the 
original parent virus. For an excellent review of FPV see(Siegl (1976). 

The virus has a linear single-stranded DNA genome having a mo
lecular weight of 1. 7 x 106 daltons. The particle is 20-24 nm in diameter. 
Infectious particles band at buoyant densities of 1.44 and 1.41 g/cm3. The 
virus is heat resistant, stable under storage conditions at 4°C for many 
months, and resistant to chloroform, trypsin treatment, and pH 3. 

The virion protein was separated into two major polypeptides with 
molecular weights of 73,100 (VP1, comprising 10% of the virion protein) 
and 60,300 (VP2, comprising 86% of the virion protein) (R.H. Johnson et 
al., 1974). A third minor protein was detected. It had a molecular weight 
of 39,600 and comprised only 3-6% of the protein. It was not clear if this 
protein was an FPV VP3 or merely a protein contaminant of the purified 
virus. 

VIII. H-l PARVOVIRUS 

A. Composition of the Virion 

H-1 virus was originally isolated from the transplantable human 
tumor HEp-1 after serial transplantation in rats. The virus was also re
covered from various tissues of cancer patients (Toolan, 1961a,b). This 
virus along with several other parvoviruses have been termed the "ham
ster osteolytic virus" (see Siegl, 1976) because of the characteristic path
ogenesis in hamsters. The viruses affect the replicating cells of developing 
bone, causing in the hamsters, among other things, dwarfism~nd mal
formation of teeth and bones (Toolan, 1972). The virions are about 22 
nm in diameter, contain single-stranded DNA, and are stable to heating 
within a broad pH range, stable to ether, chloroform, and butanol, and 
survive storage conditions for very long periods of time. 

The structural proteins of H-1 virus were originally reported to be 
comprised of three proteins with molecular weights of 92,000, 72,000, 
and 56,000 daltons accounting for 15%, 75%, and 10% of the virion pro
tein, respectively (Kongsvik and Toolan, 1972). Kongsvik et ai. (1974) later 
reported the synthesis of two viral proteins in infected cells and in purified 
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virions that were propagated in synchronous cell cultures IKongsvik et 
ai., 1974). The two proteins were VPllmolecular weight 92,000) and VP2' 
Imolecular weight 72,000). The 56,000-dalton protein originally found 
associated with H-l virions apparently is not a virus-coded structural 
protein. The most likely structure of H-l virus is, then, an icosahedron 
composed of 60 VP2 and 12 VPl molecules arranged in 12 pentamers of 
VP2IVP2') with a molecule of VPl situated at the vertex of each pentamer 
IKongsvik et ai., 1974). The full, DNA-containing virus particle appears 
to contain the three polypeptides VP1, VP2', and VP2. The empty capsids 
contain only VPl and VP2' 1 Tattersall, 1978). VPl and VP2' are viral 
products possessing overlapping amino acid sequences such that all of 
the sequences of VP2' are contained within VPl ITattersall et al., 1977). 
VP2 is a proteolytic cleavage product of VP2' with cleavage occurring 
only in the full virus after the particle is assembled in a manner similar 
to MVM IClinton and Hayashi, 1975; Tattersall et al., 1976; Paradiso, 
1981). The conversion of VP2' to VP2 can be achieved in vitro by treating 
full capsids with various proteases. Empty capsids, however, are resistant 
to proteolytic cleavage indicating structural differences between empty 
and full capsids IClinton and Hayashi, 1976; Kongsvik et ai., 1978). 

Infectious H-l particles band in two density classes in CsCl: 1.47 
g/cm3 and 1.43 g/cm3. The relative amounts of these two viral forms 
appear to be partially dependent on the time post-infection at which the 
virus is harvested IKongsvik et ai., 1978). At early times H-ll1.47) par
ticles predominate and at later times H-ll1.43) particles predominate. 
Similarly, at least for MVM, the protein content of the virus purified at 
various times postinfection appears to be time-related in that VP2" is 
predominate at early times and VP2 predominates at later times ITat
tersall et al., 1976). Thus, several authors have suggested that the major 
viral protein is different in H-ll1.47) particles from that in H-ll1.43) par
ticles, that is, VP2' would be the major protein in H-ll1.47) and VP2 the 
major protein in H-ll1.43) particles 1 Clinton and Hayashi, 1975; Kongsvik 
et ai., 1978; Kongsvik et ai., 1979; Richards et ai., 1978). The suggestion 
was made, then, that the conversion of 1.47 particles to 1.43 particles is 
related to the proteolytic conversion of VP2' to VP2. However, in vitro 
conversion of 1.47 to 1.43 particles by proteolytic cleavage has not been 
accomplished. 

H-l virus grown in two different cell lines INB and THK) were ana
lyzed for their protein content IParadiso, 1981). In contrast to the pre
viously reported results, it was found the ratio of VP2' to VP2 was the 
same in 1.47 and 1.43 particles derived from the same cell line but differed 
significantly between the two hosts. In studies on the fate of infectious 
virus using radioiodinated H-l, the conversion of VP2' to VP2 occurred 
in a time-dependent manner up to 24 hr postinfection. There was a pro
teolytic cleavage with a simultaneous shift in density 11.47 particles to 
1.43 particles); however, there was no enrichment of VP2 in the 1.43 
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particles. It was thus interpreted that the cleavage of VP2' to VP2 was 
not responsible for the shift in density. 

B. Viral Replication 

Ultrastructural studies on H-1 replication have revealed many in
teresting features of the replication cycle (Singer and Toolan, 1975; 
Singer, 1975; Singer, 1976; Singer and Rhode, 1977a; Singer and Rhode, 
1977b; Singer and Rhode, 1978). In the early stages of viral infection (12 
hr postinfection) there was fragmentation and loss of nucleolar fibrous 
components. High concentrations of empty H -1 particles formed compact 
linear arrays on the chromatinlike fibers which remained in the rarefied 
areas. By 18-36 hr empty particles were found in association with nu
cleolar-derived spherules. Complete virions were found in extranucleolar 
chromatin fibers. After 36 hr the chromatin fibers appeared to condense 
and release the previously attached virus. Intranuclear crystalline arrays 
of virus particles are seen, and also changes in the cellular deoxyribon
ucleoprotein. In a study of H-1 temperature-sensitive mutants immu
nospecific staining patterns indicated that the H -1 capsid proteins formed 
two separate intranuclear antigens. One of these was a thermostable chro
matin-associated antigen present in proteins that have not formed capsids 
and are concentrated on heterochromatin and nucleolar-associated chro
matin. The second was a thermolabile inclusion-associated antigen found 
in the proteins of assembled empty capsids (composing H-1 inclusions). 
In a study on DNA replication (Singer and Rhode, 1978) DNA synthesis 
was found to begin at localized euchromatic or nucleolar sites and then 
spread outward. The foci became larger with increasing cellular damage, 
forming a limited number of H-1 DNA synthetic centers in the euchro
matin. Each islandlike focus was surrounded by tufts of heterochromatin 
containing high concentrations of unassembled H-1 capsid proteins. It 
was suggested that H-1 proteins along with cellular cofactors associated 
with the fibrillar component of the nucleolus and the euchromatin may 
playa role in the regulation of H-1 DNA synthesis. 

Studies on the transcriptional events in H-1 infection have revealed 
the most abundant viral transcript, present in both nucleus and cyto
plasm, to be a 2.8-kb transcript representing about 56% of the viral gen
ome. Less abundant transcripts of 3.0, 1.45, and 1.30 kb were also found. 
In contrast, a prominant 4.7-kb transcript which corresponds to 95% of 
the viral DNA was found only in the nucleus, suggesting that the H-1 
genome may function as a single transcription unit. Further, evidence 
indicated the 4.7-,3.0-, and 2.8-kb RNA's were spliced (Green et al., 1979). 

Replication of H-1 involves the synthesis and replication of a doub
lestranded replicative form DNA (Rhode, 1974a). Progeny viral strand 
DNA is then synthesized with the complementary strand DNA in the 
RF as template. The viral hemagglutinin, viral antigen, and the proteins 
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VPl and VP2 have been shown to depend on prior DNA synthesis ILe., 
formation of no "early" proteins). Viral DNA synthesis takes place near 
the end of S phase of the infected cell I Kongsvik et ai., 1974j Rhode, 1973j 

Rhode, 1974b). Viral protein synthesis and the initiation of RF DNA rep
lication occur concomitantly shortly after hemagglutinating-DNA syn
thesis. Initiation of RF DNA synthesis was shown to require protein syn
thesis j however, studies on ts mutants of H-l reveal that a viral capsid 
protein is required for synthesis of single-stranded progeny DNA but not 
for RF DNA replication IRhode, 1976). In fact, viral protein may be in
hibitory to RF DNA replication IRhode, 1974). 

Defective interfering particles of H-l virus have been described 
I Rhode, 1978). The particles were produced by serial high-multiplicity 
passage and were shown to interfere with the synthesis of capsid proteins 
and standard infectious virus. 

IX. LulII VIRUS 

In a long-term study IHallauer et ai., 1971 j Siegl, 1976)43 permanent 
cell strains were subjected to gentle extraction of viral hemagglutinins 
by means of an alkaline buffer. Of the 43 "noninfected" cell strains 36 
were shown to be contaminated with parvovi\uses belonging to four ser
otypes designated I to IV. Three reference isolates were designated KBSH, 
TVX, and LulU. The KBSH virus proved to be similar, if not identical, to 
porcine parvovirus. This virus could have been inadvertently introduced 
into the cell cultures by using contaminated trypsin derived from the 
pancreas of porcine parvovirus infected pigs ISiegl, 1976). The biophysical 
properties, structure, and replication of LuIII virus have been extensively 
studied, although its natural animal host, if any, remains obscure. The 
Lull virus has, however, been adapted to grow in newborn and fetal ham
sters, causing a systemic infection with massive intestinal hemorrhage, 
transplacental infection, abortion, and lesions in the heart, liver, kidney, 
and CNS ISoike et al., 1976). 

The virus possesses cubic morphology with a diameter of 19-21 nm 
ISiegl et ai., 1971). The capsid probably contains 32 capsomers. They 
buoyant denisty in CsCI of the infectious virus particle is 1.395 g/cm3. 

Empty particles band at 1.31 g/cm3 while an intermediate band at 1.35 
g/cm3 contained hemagglutinin and some infectivity. A dense band is 
found at 1.44 g/cm3 ISiegl, 1973). The virus was also resistant to ether, 
chloroform, freon, sodium deoxycholate, trypsin, pepsin, papain, RNase, 
DNase, and heating at 75°C for 1 hr reduced infectivity and hemagglu
tination titers only one hundred-fold. The virus contains single-stranded 
DNA ISiegl et ai., 1971 j Siegl, 1973 j Siegl and Gautschi, 1976j Gautschi 
and Reinhard, 1978). The DNA is linear and has a molecular weight of 
about 1.59 x 106 daltons. As noted above for H-l virus, synthesis of 
detectable amounts of ds DNA coincides with the display of the cellular 
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helper function late in S phase. Data reported by Siegl and Gautschi (1976) 
suggested the same is true for the synthesis of the RF form of LuIII ds 
DNA in synchronized HeLa cells. Further work revealed the presence of 
at least one additional nucleic acid species which is a linear double
stranded molecule bearing single-stranded branches of various length and 
presumed to be a replicative intermediate form in the synthesis of progeny 
viral DNA. 

In studies on the replication of LuIII virus (Siegl and Gautschi, 
1973a,b) detection of immunofluorescent stainable cytoplasmic antigen 
was possible by 3 to 4 hr postinfection. The appearance of this antigen 
was independent of the physiologic state of the infected cell. Intranuclear 
antigen appeared at 8 to 10 hr postinfection. Appearance of this antigen 
was strictly linked to cellular events. Viral replication was complete by 
16-18 hr postinfection. LuIII virus, then, is absorbed, penetrates, is un
coated, and cytoplasmic antigen develops without obvious control by 
cellular events. Nuclear antigen, on the other hand, appears only after 
the infected cell arrives at a status of "physiologic competence" probably 
identical with late S phase. It was not entirely clear if the so-called early 
cytoplasmic antigen was distinctly identified as a newly synthesized pro
tein or simply represented accumulation of input viral capsid antigen 
modified with the loss of hemagglutinating activity; but unpublished 
investigations of Siegl, Gautschi, and Trachsel led to the conclusion that 
development of the cytoplasmic antigen was nothing more than the up
take of excess viral antigen by the infected cell (Siegl, 1976). 

Regarding the protein composition of the LuIII virion, Gautschi and 
Siegl (197.3) reported early on that the protein content was somewhat 
related to the relative specific density of the particle. Infectious LuIII 
virions (1.41 g/cm3) contained two proteins: a major protein with a mo
lecular weight of 62,000 daltons amounting to 84.5% of the virion protein, 
and a minor protein of 75,000 daltons accounting for 15.5% of the virion 
protein. Particles banding at 1.35 or 1.31 g/cm3 contained an additional 
third protein with a molecular weight of 69,000 daltons, but it was not 
clear whether this protein was of viral or cellular origin. In a follow-up 
study Gautschi et al. (1976) reported that the 62- and 74-kilodalton pro
teins were detected in the nuclei of infected cells at 11-12 hr postinfec
tion. Most of the intranuclear viral polypeptides, at this time point, were 
associated with the chromatin acidic proteins. By 13-14 hr postinfection 
about one third of the virus protein could be extracted with the nuclear 
sap proteins. About 90% of the chromatin-associated viral polypeptides 
were in the form of empty viral capsids. 

As of this writing a somewhat different picture of the protein content 
of LuIII virus is emerging. I. Majaniemi, J. D. Tratschin and G. Siegl 
(personal communication; Abstract, Fifth International Congress of Vi
rology) have found different amounts of viral protein in particles of the 
various densities (see Table II). The proteins are of different molecular 
weights than originally reported, but this probably can be accounted for 



282 F. BRENT JOHNSON 

by the different techniques employed. The three proteins have molecular 
weights of 82,000, 67,000, and 64,000 daltons. For the sake of consistency, 
in this review, these will be referred to as VP1 (82 kilodalton), VP2(67 
kilodalton), and VP3'(64 kilodalton). Empty capsids (banding at 1.30-1.32 
g/cm3 ) contain predominately VP2 with a trace of VP1. Particles banding 
at 1.33-1.38 g/cm3 , containing less than genome length DNA, contain 
VP1, VP2, and VP3. VP1 is present at trace levels with VP2 and VP3 
accounting for most of the protein. As the density of the particles in
creases from 1.33 to 1.37 g/cm3 the distribution of VP2 and VP3 shifts 
from nearly all VP2 to about equal amounts of VP2 and VP3. As further 
density shifts occur from 1.40 to 1.42 a further shift in VP2 and VP3 is 
noted such that in 1.42 particles the predominate protein is VP3 with 
virtually no VP2 or VP1. The 1.43 to 1.46 particles contain only VP3. 

X. MINUTE VIRUS OF MICE 

During a study by Crawford (1966) of mouse adenovirus, a contam
inant virus was detected which became known as minute virus of mice 
(MVM). The virus contains single-stranded DNA and is about 20-28 nm 
in diameter. A feature that this virus has in common with other parvo
viruses is the appearance of particles of four density classes: empty par
ticles (1.30-1.32 g/cm3 ), particles containing less than genome length 
DNAs (1.35-1.37 g/cm3), full infectious particles (1.42 g/cm3) and dense 
infectious particles (1.47 g/cm3 ). Furthermore, the virus requires host
cell functions that are not present in resting cells (Tattersall, 1972). 

Regarding the protein structure of the virus, Tattersall et al. (1976) 
reported that the empty capsid contains two polypeptides while infec
tious particles contain three polypeptides. The empty particle contains 
a protein of molecular weight 83,300 (VP1) representing 15-18% of the 
protein mass and a protein of molecular weight 64,300 (VP2) comprising 
82-85 % of the protein mass. The full particle contains three polypeptides: 
VP1(again at 15-18% of the protein mass), VP2, and a third protein, VP3, 
with a molecular weight of 61,400. The concentrations of VP2 and VP3 
vary inversely in different preparations of full particles. These were found 
to be viral-specific polypeptides, not found in uninfected cells, and their 
molecular weights and molar ratios were independent of the species of 
the host cell in which the virus was grown. Moreover, experiments in
volving sequential harvesting of nuclei of cells under one cycle growth 
conditions revealed an increase in the proportion of VP3 in full particles 
as the infection progressed, suggesting that VP3 was derived from VP2. 
Clinton and Hayashi (1975) also reported on the protein structure of 
MVM. In contrast to Tattersall et ai. (1976), these authors reported the 
presence of VP3 in empty capsids albeit at small and highly variable 
amounts. VP2 was the major protein component of the empty capsid as 
well as the 1.47 particle. VP3 was the major component of the 1.42 par-
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ticle (see Table II). Further, these authors reported that 1.47 particles were 
converted to 1.42 particles after one round of infection when left in the 
infected culture. The conversion in density appeared to be due to con
version of VP2 to VP3. An MVMvariant has been isolated (McMaster et 
al., 1981a) which is immunosuppressive. Even though its genome is 
slightly different from prototype MVM, the structural proteins appeared 
to be identical. 

In a comparative study, Peterson et al. (1978) reported on the struc
tural proteins of MVM, H-l, H-3, and Kilham rat virus (KRV). The empty 
capsids of all four viruses contained only two types of polypeptides, VPl 
and VP2. All full-virus preparations contained all three structural poly
peptides, VPl, VP2, and VP3. VPl represented about 15% of the virion 
protein mass in all of the viruses but VP2 and VP3 varied significantly 
in the different viruses. VP2 of all four viruses was selectively susceptible 
to proteolytic cleavage, suggesting that these viral capsids are similar in 
their conformational properties and may undergo similar maturation 
events. Other results presented by Peterson et al. (1978) demonstrated 
that all three species of viral proteins can exist as phosphoproteins with 
microheterogeneity reflecting subpopulation of proteins phosphorylated 
to different levels. The proteins can also be labeled with [3Hladenosine. 

That the MVM proteins are structurally related and are presumably 
encoded within the same nucleotide sequences was shown by Tattersall 
et al. (1977). Tryptic and chymotryptic fingerprinting was done after in 
vitro radioiodination of the proteins. VP2 and VP3 digests were almost 
identical. Both digests showed a unique polypeptide in VP3. In addition 
to the close amino acid sequence relationship between VP2 and VP3, all 
of the sequence of VP2 was present within VPl, the largest polypeptide 
(about 16% of the virion protein). The VPl polypeptide also contained 
additional peptides, comprising about 20% of the total, which were not 
found in either VP2 or VP3. The fingerprints of VP2 and VP3 supported 
the precursor-product relationship between them suggested by the pre
vious studies of Clinton and Hayashi (1975) and Tattersall et al. (1976). 
The occurrence of VP2 and VP3 within VPl also suggests either their 
derivation from VPl by post-translational processing or by production of 
RNA transcripts with overlapping sequences. 

Studies on the proteolytic digestion of MVM particles in vitro (Tat
tersall et al., 1977; Clinton and Hayashi, 1976) revealed, in the case of 
intact full particles, that the cleavage of VP2 in vivo (or infected-cell
conditioned medium) could be closely mimicked by trypsin and to a lesser 
extent by chymotrypsin, but this did not change their density in CsCl. 
In contrast, the VP2 polypeptide in the empty virion was resistant to 
cleavage by either enzyme, a finding suggesting that this polypeptide 
adopts a different conformation in each particle type. The VPl molecule 
was resistant to cleavage by either enzyme, in either particle type. A 
maturation scheme was thus devised by these authors in which VPl and 
VP2, independently synthesized, condensed to form the VPl, VP2 empty 



284 F. BRENT JOHNSON 

particle. This particle was then the functional procapsid for packaging of 
progeny viral DNA strands forming the VPl, VP2, DNA IIheavy full" 
(1.46) particle. This particle in turn was then converted to the VP1, VP3, 
DNA lllight full" (1.42) particles, a finding confirmed by Richards et al. 
(1977, 1978). 

XI., PORCINE PARVOVIRUS 

Porcine parvovirus (PPV) isolates have been identified in various geo
graphical regions of the world (Bachmann, 1970j Cartwright and Huck, 
1967j Cartwright et al., 1969j Johnson, 1969j Mayr et a1., 1968 j Man
geling, 1972j Bachmann et a1., 1975). A high incidence of infection of 
swine, more than 40%, is noted in some serological surveys (Mengeling, 
1972). The virus is heat stable, resistant to lipid solvents, and contains 
DNA. In addition to isolations from swine, the virus has been isolated 
from preparations of commercial 1:250 trypsin (Croghan et al., 1973), and 
Hallauer et a1. (1971) reported that trypsin, commercially prepared from 
hog pancreas, might be involved in the widespread contamination of sta
ble cell lines of nonswine origin with parvoviruses. 

PPV infections in swine may result in reproductive failure. Sixty 
percent of litters of infected animals were affected in one study (Men
geling et al., 1980). Viral antigen could be identified in the affected em
bryos. Some of the embryos were dead and in various stages of decom
position and resorption. Antigen was found in some live embryos but 
these tended to be next to the infected dead littermates. Indicating in
trauterine spread of the infection. Other reports have shown prenatal 
infection after maternal exposure to the virus (Mengeling, 1978doo et 
a1., 1976j Bachmann et al., 1975). Several inactivated PPV vaccines have 
been found to induce an antibody response following administration to 
susceptible pigs lJoo and Johnson, 1977j Suzuki and Fujisake, 1976j Men
geling, 1977) and effective prevention of transplacental infection and fetal 
death has been shown (Mengeling et a1., 1979). 

PPV has been isolated from buffy-coat leukocytes (Mengeling, 1972) 
and PPV antigens have been detected in lymphoid tissues (Cutlip and 
Mengeling, 1975 j Mengelingand Cutlip, 1976). Further, it has been shown 
that mitogen-stimulated T and B lymphocytes were able to support PPV 
replication, while peripheral blood monocytes and peritoneal macro
phages phagocytized the virus but did not support virus replication (Paul 
et a1., 1979). 

Little information appears in the published literature on PPV struc
ture or replication. In a personal communication, S. Belak, D. E. Gutek
unst, and W. 1. Mengeling point out that three particle bands appear on 
CsCI gradients, a top band with a density of 1.30-1.31 g/cm3 , and inter
mediate band at a density of 1.39-1.41 g/cm3 and a lower band at 1.46 
g/cm3. Particles at 1.31-1.35 were also found. The PPV (1.39-1.41) par-
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ticles were found to contain three structural proteins (VPl, VP2, VP3) 
having molecular weights of 79,000, 62,000, and 55,000. PPV (1.31-1.35) 
particles contained VPl and VP2, but no VP3. Also these particles con
tained two additional proteins, believed to be precursor proteins, with 
molecular weights of 68,000 and 60,500. 

XII. RABBIT PARVOVIRUS 

The first report characterizing a virus isolate from rabbits as a par
vovirus appeared in 1977 (Matsunaga et al., 1977). The virus was isolated 
from rabbit feces. The virus replicated in rabbit kidney cell cultures but 
the susceptibility of primary or secondary cell cultures was very low. One 
cell strain was highly susceptible between passages 8 and 30. The virus 
agglutinated human group 0 erythrocytes at 4°C, it was stable at acid 
pH, and was resistant to chloroform and heat treatment. Virus replication 
was inhibited by 5-iodo-2-deoxyuridine and results of acridine orange 
staining suggested the virions contain single-stranded DNA. The relative 
specific density of the virus was 1.41 to 1.44 g/ cm3 in CsCl. The infectious 
particles had cubic symmetry and were 27 to 28 nm in diameter. In a 
serological survey a number of rabbits (42 of 90 sera) from a commercial 
source were found to contain hemagglutination-inhibiting antibody to 
this virus. 

Preliminary work has been done on the protein structure of this rab
bit parvovirus (Y. Matsunaga, personal communication). The following 
polypeptides were found in the infectious particles: VPl, a minor poly
peptide, molecular weight 96,000; VP2, a minor polypeptide, molecular 
weight 85,000; VP3, the major structural polypeptide, molecular weight 
75,000 accounting for about 73% of the virion protein. Another minor 
protein (molecular weight 70,000) was found in infectious particles but 
it was thought that this protein could be a cleavage product of VP3. The 
polypeptide content of empty particles was the same as the RPV virion 
except the minor 70,000 protein was not present; that is, the empty par
ticle contains VPl, VP2, and VP3. In experiments on the kinetics of in
fection, cell-associated virus was detected at 15 hr postinfection, reaching 
a plateau by 36 hr. The released virus lagged 1 to 1.5 days behind the 
cell-associated virus. VP3 could be found in both the cytoplasm and nu
clear fractions at 15 hr, while VPl and VP2 were detected at 18 hr. The 
minor, 70,000 molecular weight peptide could not be found in infected 
cells through the observation period of 44 hr. 

XIII. RAT VIRUS 

The Kilham rat virus (KRV) or simply rat virus (RV) was discovered 
during investigations of Kilham and Olivier (1959) wherein a search was 
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underway to identify oncogenic rat papovaviruses. This isolate multiplied 
in embryonic rat cells, agglutinated both guinea pig and rat erythrocytes, 
was resistant to ether treatment as well as heating to 80°C for 2 hr. Screen
ing for specific antibodies in sera collected from both wild and laboratory 
rats yielded positive results in about 80% of the tested samples, reflecting 
an extremely high prevalence of RV infections in rat colonies (Moore and 
Nicastri, 1965; Kilham, 1966). Apparently RV can establish a persistent 
or latent infection (Robey et al., 1968), and when an animal develops a 
tumor or is immunosuppressed (El Dadah et al., 1967) the virus replicates 
to high titer due to the presence of replicating S-phase cells (Tennant and 
Hand, 1970) or lack of immunomodulation. 

Rat virus contains a well-characterized linear single-stranded DNA 
genome. The capsid is proposed to have an icosahedral morphology, 20 
to 29 nm in diameter, containing 32 capsomers (see Siegl, 1976). The rat 
virus capsid was shown to be composed of three structural polypeptides 
(Salzman and White, 1970). The molecular weights of the three proteins 
were 72,000 (VP1), 62,000 (VP2), and 55,000 (VP3). VP2 comprised about 
75.5% of the total protein. A slightly different picture of the structural 
proteins of RV was seen by Peterson et al. (1978). The empty capsid had 
little or no VP3 while the full particle had all three proteins, but VP3 
was the most abundant (see Table II). 

A virus that is serologically similar, if not identical, to rat virus is 
the X-14 virus. Salo and Mayor (1977) described the composition of X-14 
virus. The capsid of the virus consisted of only two polypeptides. VP1 
(molecular weight 82,400) and VP2 (67,500) represented 13.7 and 86.3 
percent of the total protein mass, respectively. The naturally occurring 
empty capsids had proteins indistinguishable in size and concentration 
from those of complete virions. 

XIV. DISCUSSION 

It appears, at this stage of investigation of parvovirus protein, that 
its major function is that of capsid structural material. There appear to 
be no nonstructural proteins synthesized in parvovirus infected cells that 
could normally be called "early" proteins with enzymatic or regulatory 
function. At the same time, it is not yet entirely clear whether the struc
tural proteins possess any enzymatic or regulatory activity. There are 
some viral non-structural polypeptides that appear in the infected cell 
after DNA synthesis. Some of these polypeptides could be immature pro
tein forms and cleavage fragments, but none are known to have biological 
functions. 

As far as the capsid proteins are concerned, it seems clear that the 
AA V virion contains three structural polypeptides. The major one of these 
accounts for 80-85% of the virion protein. The molecular weight of the 
major component (VP3) is 56,000 to 68,000 daltons, depending partially 
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on AA V serotype and virion density. The molecular weight of the major 
protein in the helper-independent parvoviruses varies from 58,000 to 
77,000 daltons with a wide diversity of concentrations of the protein 
found in the particle. Most helper-independent parvoviruses have been 
shown to contain three structural polypeptides, but some have two pro
teins and some have four. In some cases the number of structural proteins 
found in the capsid is a function of the maturation state of the particle, 
with, in general, a trend toward smaller proteins and released cleavage 
products as the particle matures to its final inert state. As maturation of 
the virion occurs shifts in relative specific density occur, in that density 
is a function of protein and DNA content. Conformational shifts in the 
capsid protein due to posttranslational (even postassembly) modifications 
such as cleavages, acetylation, and phosphorylation result in density 
changes, but not necessarily changes in infectivity. Some particles, band
ing at lower densities, contain subgenomic lengths of DNA. These ap
parent DI particles contain the normal structural polypeptides as far as 
has been determined. 

The mechanism of biosynthesis of parvoviral proteins remains some
what obscure. Insofar as has been studied the capsid proteins within a 
given virus share extensive areas of amino acid sequence, suggesting a 
common genetic origin. How these common nucleotide sequences are 
expressed and where on the genetic map the proteins begin and end are 
not yet clear. Moreover, further information should be acquired on what 
role post-translational modifications play in virion assembly, stabiliza
tion, and maturation. 
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