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INTRODUCTION 

A. Statemen~ of· the Problem 

The architecture of the adenovirion has been found to be much 

more complex than originally assumed. Studies using several adenovirus 

serotypes have revealed four immunologically identifiable surface com

ponents which are incorporated into the nucleocapsid. Virus prepara

tions also contain aggregates of certain of these surface components 

which exhibit distinct biological and physicochemical characteristics. 

At present it is not clear how these aggregates are related to virus 

structure. In addition, at least one non-structural protein has been 

identified in certain adenovirus serotypes and is located within the 

nucleocapsid in association with the viral DNA (Russell~·~., 1967a). 

An unde~standing of the ade~ovirus-associated.proteins, their 

roles, and their possible relationship to biological differences among 

serotypes is of prime importance. It has become apparent that striking 

differences exist between serotypes including DNA composition, degree 

of oncogenicity, antigenic determinants, multiplication kinetics, and 

hemagglutination properties. Interpretation of these differences as 

expressions.of genome function must await the isolation and detailed 

analysis of all components, including those which are currently re

cognized as well as those yet to be discovered. 

1 
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One of the major problems encountered in structural antigen studies 

is that of ,separating individual components from each other so that each 

can be characterized individually. Centrifugation and chromatographic· 

techniques have been used to sepa~ate structural components of· several· 

serotypes. Serologic analysis of fractions obtained by these-methods 

has revealed basic differences as well as similarities between related 

components of individual serotypes . 

. The purpose of this study was to separate and serologically 

characterize the s-tructural components of adenovirus type 7a .. This 

serotype is of particular_interest because of the following reasons: 

· 1. It is pathogen~c for humans and is frequ~ntly isolated in 

cases of upper respiratory disease and keratoconjunctivitis. 

2. It is oncogenic in newborn rats, mice, and hamsters. 

3. It can hybridize with SV-40 virus to form a dependent~ 

highly oncogenic virus which is incapable of reproduction in its 

absence. 

Rosen (1958) has divided all human adenovirus serotypes into three sub~ 

groups depending upon their hemagglutination reactions with rat or monkey 

erythrocytes. ,structural antige~ studies ·of representative members in 

each of the 3 subgroups have already been made. Therefore, this study 

can be used to make both intra- an.d inter-subgroup comparisons. Further 

study of adenovirus .structural components in this .context should provide 

a reservoir of basic information which can be used to ·compare antigenic, 

biological, genetic, and evolutionary relationships within the adenovirus· 

group. 
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B. Review of Related Literature 

Adenovirus was first isolated in 1953 from fragment~ of human 

adenoids grown in tissue culture (Rowe~ al., 1953). Since that time 

31 human serotypes have been recognized. Adenoviruses have also been 

isolated from monkeys, cattle, dogs, birds, and mice. As a group the 

adenoviruses are classified as DNA viruses, have a prototype capsid 

structure, lack a lipid envelope, and share at least one common antigen 

(Pereira et al., 1963). Singularly, the adenovirus serotypes possess a 

high degree of individuality with regard to natural habitats, cyto-

pathology, host range, physicochem{c~l characteristics, oncogenicity, 

and ability to act as a 11helper" virus. In human .populations, especially 

those involving military recruits or young children, infection can re-

sult in upper respiratory disease or keratoconjunctiv~tis. 

1. The Vir ion 

The prototype design of the adenovirus nucleocapsid 

is the type 5 icosahedron, which has an average diameter of 720 

Rand is made up of 252 capsomers (Horne~ al. ~ 1~59). Each 

capsomer is described as a hollow polygonal rod with an average 

diameter of 80 - 90 R (Wilcox et al., 1963b; Smith et al., 1965a; -- --
Pettersson et al., 1967). There are 240 identical capsomers 

distributed along the edges and on the faces of the icosahedron 

triangles,. each having 6 adjacent neighbors. These capsomers 

have been termed hexons (Ginsberg et al., 1966). The remaining-

12 capsomers, known as pentons, are located at the vertices of the 

capsid, each being surrounded by 5 hexons~ Each penton consists 

of a base capsomer and an outward projec·tion,. the latter termed 

the fiber. 
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Appropriately stained virus pr~parations have revealed an 

0 
electron-dense nucleoid of about 400 - 450 A in diameter (Lager-

malm ~ ~-, .1957; Epstein, 1959; Epstein ~ al., 1960; Morgan 

~ .§:1_. , 1960; Bernhard ~ ~- , 1961; Horne, 1962; Archet ti and Steve-

Bocciarelli, 1963; Peters and Buttner, 1965). This nucleoid con-

tains mostly DNA. Purified DNA's prepared from several different 

serotypes possess characteristics of linear, double-stranded 

molecules of 20.- 25 x 106 daltons (van der Eb and van Kesteren, 

1966; Green~ al., 1967). Strong evidence exists for a correla-

tion between the guanine to cytosine ration of the DNA and the 

degree of oncogenicity of the adenovirus serotype (Green and Pina, 

1964; Pi~a and Green, 1965; Green, 1965). It has been suggested 

that ·the nucleoid also contains an aqueous layer .between the cap-

sid and the DNA core which is lost in fixed preparations as a 

result of dehydration (Archetti and Steve-Bocciarelli, 1963). In 

addition, 2 non-structural proteins have been described (Russell 

~ al, 1967b,c; Gilead and Ginsberg, 1968a,b). 

Capsid proteins account for an estimated 58% of the total 

particle weight of the virion (Kohler, 1965; Pettersson et al., 

1968), while DNA accounts for approximately 13% (Green, 1965, 

1966). The sum of these two figures still leaves room for 

additional proteins totaling approximately 30% of the viral 

mass. Some of these proteins have been. described, but none of 

them have been characterized immunologically. 
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The presence in the virion of polypeptides other than 

immunologically identifiable capsid components has been demon

strated by polyacrylamide gel elect~ophoresis (Maizel, 1965; 

Maizel ~ al., 1967; Maizel ~ ~-, 1968). Ten distinct poly

peptide bands were demonstrated in a~enovirus type 2 preparations. 

·A comparison of polypeptide components and morphological subunits 

is shown in Table I. Components II, III, and IV have been iden

tified as being associated with hexon, penton base, arid fiber sub

units, respectively. Components VIII, IX, and X also seem to be 

derived from capsid structures, however they have not been immuno

logically identified. Components V, VI,_ and VII are located 

internally in association with the DNA-containing core. Sero

logical identification of similar but somewhat different internal 

proteins. have been reported in preparations of type 5 (Ru~sell 

and Knight, 1967b) and type 12 virions (Hoggan et al., 1965). 

Component I does not appear in Table I. It seems to be highly 

unstable, migrating as Components III and IV af~er being broken 

.down (Maizel et al., 1968), and probably represents penton aggre~ 

gates. 

2. Individual Structural Antigens 

a. Hexon 

The hexon is the predominant antigen on the nucleo

capsid, accounting for 240 of the total 252 capsomers. It 

is produced late in the process of infection, commencing 

about 2 hours before the maturation of progeny virus 

(Russell~~-, 1967a). As in the case of other struc

tural components, only about 5-10% of the synthesized 



TABLE I 

COMPARISON OF MORPHOLOGICAL ill~D POLYPEPTIDE 
SUBUNITS OF TYPE 2 ADENOVIRION·k 

Morphological Subunits Polypeptide Components 

Hex on II 

Hexon Aggregates II (80%) 

VIII, IX (20%) 

Penton III, IV 

Penton Base III 

Fiber IV 

Internal Proteins V, VI, VII 

Not Identified VIII, IX, X 

*Maizel ~ al., 1968 

6 
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hexon is incorporated into mature virions (Green, 1962). 

The type 2 hexon has been described-as a hollow 

polygonal rod measuring between 80 and 110 ~ (Pettersson 

~ al., 1967).. Each hexon has a central hole of about 25 g 

and a molecular weight of approximately 400,000 (Pettersson 

et al., 1967). Smith~~· (1965) has published electron 

micrographs showing short filaments which·· seem to connect. 

the bases of hexon capsomers. 

_ Pettersson ~ al. (1967) has reported that adenovirus 

type 2 hexon capsomers carry a single ant{genic determinant 

which is group specific. This finding is in contrast to 

that of earlier workers (Wilcox and Ginsberg, 1963a; K~hler, 

1954) who reported both type and group specific activities 

associated with the hexon. It should be noted, however, 

that Pettersson worked with more highly purified prepara-

tions. The group specific determinant of the hexon can be 

identified by complement-fixing (CF) activity aga~nst anti-

serum prepared with a heterologous serotype. This activity 

has been used by a number of workers as a reliable assay 

for hexon components. 

' . . 

Smith, Gehle, and Trousdale (1965) have reported 

finding aggregates of hexons in preparations of virions 

disrupted by sodium.laurel sulfate. Two types of aggre-

gates predominated. The first aggregates (tyl'e "a"), which 

consisted of 9 capsomers were postulated to form the faces 

of the 20 triangular facets making the adenovirus icosahe~· 

dron. The second aggregates (type nb"), consisted of 6 



8 

capsomers and were presumed to rorm the 12 vertices of the 

icosahedron. Aggregates of 3, 4, and 5 hexon units were 

rarely found. 
I 

Pettersson ~ al. (19·67) studied hexon pre-

parations from which aggregates had been removed by pu~ifi-

cation processes. Electron micrographs of his purified pre-

parations failed to indicate the presence of aggregates, thus 

implying that aggregates result from virus breakdown and not 

from spontaneous aggregation. Although isolated hexon units 

probably do not bind with each other, they do have the capacity 

of binding to both cellular and viral DNA (Ginsberg ~ al., 

1967). 

Some heterogeneity has been found in hexon ·preparations. 

Biserte ~ ~· (1964) has ~eported that hexon preparations 

of adenovirus type 5 were not chromatographically homogenous. 

Hexon components o£ different serotypes exhibit unique 

patterns of elution from anion-exchange chromatographic 

columns (Hilcox and Ginsberg, 1961; Kohler, 1965; Gelderblom 

~ al., 1965; Norrby, 1968a,b) and reveal different mobili-

ties in· acrylamide-gel electrophoresis (Maizel et al., 1967). 

b. Penton 

The penton comp6nents are ·represented on the virus 

capsid as pentagonal base capsomers with attached projecting 

fibers (Ginsberg et al., 1966). They ~re located at each 

of the 12 vertices of the icosahedron. The molecular 

weight of. the penton has been reported as 280,000 

(Valentine and Pereira, 1965) and 1,100,000 (Maizel et ~·, 



1968). It is not found in free form in infected cell 

cultures until after infectious virus production has com

menced (Russell ~ ~·, 1967a) indicating that it may be 

9 

the last capsid structure to be produced in the course of 

adenovirus infection. Antigenically, it is primarily type 

specific but slightly group reactive (Klemperer and .Pereira, 

1959; Allison~ al., 1960). 

Penton components can be detected by their ability to 

cause nincomplete hemagglutination" (IRA) or nhemagglutina

tion enhancement" (HE) of rhesus monkey erythrocytes when 

heterotypic antiserum is added to the diluent (Norrby, 1966b). 

This is thought to be due to the bridging of two or more of 

the penton base capsomers, permitting erythrocytes to which 

the terminal fiber components are attached to be agglutinated~ 

Univalent antibody fractions obtained from papain digestion 

of heterotypic antis·era are unable to bring about IRA (Kjellen, 

1964). 

Aggregates of 12 penton units arranged in icosahedral 

symmetry are found in preparations of serotypes belonging to 

Rosen subgroup I (Norrby,· 1966a). These aggregates, which 

have been termed ndod.econs" or ndodecahedronsn, cause com

ple.te 'hemagglutination (HA) of rhesus. erythrocytes without 

mediation by heterotypic antiserum .. Aggregates of lesser 

numbers of pentons have also been found in adenovirus type 

4 preparations (Norrby_and Wadell, 1967). These probably 

result from breakdown of dodecon units. 
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The pent6n complex is relatively unstable (Lefkowitz, 

1967). It read{ly dissociates into free fiber and pentagonal 

vertex capsomers, both of which are classified as separate 

antigens (Norrby, 1966b). 

c. Vertex Capsomers 

Characterization of vertex capsomers has been difficult 

because this component is present only in small quantities in 

its isolated form (Norrby, 1966b). The molecular weight is 

thought to be approximately 210,000 (Valentine and Pereira, 

1965). Treatment of the penton with trypsin destroys its 

sensitivity to the enhancing effect of heterotypic immune 

serum, thus preventing IRA (HE). It has been suggested that 

this trypsin-sensitive determinant is located on the vertex 

capsomer (Norrby, 1966b; Norrby and Wadell, 1967;-Norrby, · 

1968a; Norrby, 1968c). Trypsin treatment also destroys 

the ntoxic~11 or 11 eariy cytopathicn activity of the penton 

.(Pereira,~ al., 1959). The determinant responsible for 

this activity is also thought to reside on the vertex capso

mer (Pereira~~·, 1959; Allison~ al., 1960). The most 

widely used assays f~r vertex capsomers are concerned with 

either inhibition of ·cell spreading (Russell et ~·, 1967a) 

or hemagglutination-enhancement antibody consumption (HEC) 

(Norrby and Skaaret, 1967). The HEC test was designed to 

identify vertex capsomers either as part of the penton·or 

·in isolated form (Norrby and Skaaret, 1967). 
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Recently Russell ~ ~- · (1967c) observed that heating 

of adenovirus type 5 virions at 56° C led to rapid loss of 

infectivity and to the release from the capsid of vertex 

capsomers with their 5 hexon neighbors. This resulted in 

shells with holes where the vertices had been. Further 

heating led to separation of hexon shells into groups of 

9 hexons similar to the type na~' aggregates of Smith ~ al. 

(1965). These findings suggest that the vertex capsomers 

with their surrounding hexons constitute weak spots in the 

nucleocapsid. 

d. Fiber 

The fiber component is represented as the ~utward pro

jection of the penton co~plex. It is attached at the proxi

mal end to the· vertex capsomer and may be retractable into it 

(Pettersson et al., 1968). A small knob can be seen at the 

distal end in electron micrographs. The length of the fiber 

seems to vary within a range depending upon the· subgroup tp 

which the serotype belongs. 

The fiber is immunologically pure (Biserte et al., 

1964) and carries an antigenic determinant which is strictly 

. type-specific (Klemperer and Pereira, 1959; Allison et al., 

196.0; Phi lips on, 1960; Wilcox and Ginsberg, 1961). No other 

antigenic determinant has been.found on the fiber. 

Erythrocyte attachment sites are thought to be located 

on the terminal ends of fibers belonging to serotypes in 
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subgro~ps I and II. Complete hemagglutination of these 

serotypes is inhibited when they are reacted against homo-

typic. antiserum (Rosen, 1958). Hemagglutination-inhibition 

antibody consumption (RIC) can be used to detect isolated 
I 

fiber components in preparations of subgroup I and II viruses 

(Norrby and Skaaret, 1967). The RIC test was designed to 

identify fiber components .either combined with vertex 

capsomers, representing pentons, or in an isolated state 

(Norrby and Skaaret, 1967). 

Exposure to fiber components of type 5 reduces the 

capacity of cells to support the replication of type 5 as 

well as vaccinia and p9lioviruses (Pereira, 1960). At pro-

per concentrations, exposure of isolated fiber components 

not only reduces the yield of type 5 virus, but also inhib-

its DNA, RNA, and protein synthesis in infected as well as 

uninfected KB cells (Levine and Ginsberg, 1967). The mechanism 

of this action is not known. 

3. Techniques Used for Separation and Characterization of Struc-

tural Components 

Anion-exchange chromatography, dens~ty gradient centrifugation, and 

electrophoresis techniques have b~en used to separate and characterize 

adenovirus structural subunits. All of these methods have been useful 

in determining physicochemical characteristics of individual components. 

Chromatography and centrifugation methods, however, are most often ern-

ployed prior to serologic characterization. The use of small quantities 
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of virus and the necessity of extracting bands from gels makes electro-

phoresis less suitable in this type of study. 

DE~-cellulose, an anion exchanger, was used as early as 1959 

(Klemperer.and Pereira) to separate structural components chromate-

graphically. Partially purified preparations of adenovirus types 2 and 
/ 

5 were adsorbed opto DEAE-cellulose columns and components were eluted 

with increasing molarities of sodium chloride, applied either in a step-

wise or gradient fashion. The. antigen eluting with 0.05 M sodium chloride 

was .type-specific and was identified as "antigen C", which corresponds 

to the fiber component. ~~Antigen B", which corresponds to the pen ton 

component, was eluted with 0.2 M sodium chloride. It was sensitive 

to trypsin and was associated with cytotoxic activity. "Antigen A" 

(hexon component).was group-specific by CF and eluted from the column 

at 0.3 M sodium chloride. Activities associated with isolated vertex 

capsomers (HEC) and dodecons (HA) \vere not tested in this study. 

DEAE-Sephadex, which combines anion-exchange with molecular sieve 

·properties, has been used to separate type 3 structural components 

(Norrby, 1966b; Norrby and Skaaret, 1967). Linear gradients of 0 to 

0.8 M sodium chloride in Tris·HCl buffer were used for elution. The 

group-specific CF component (hexon) eluted first. Group-specific CF 

activity was not·associated with any of the later-eluting components. 

The component eluting next possessed IRA, cytotoxic, RIC, and HEC 

activities, which a~e indicative of pentons. No separate peaks of 

RIC or HEC activities (indicating isolated fiber and vertex capsomer 

components, respectively) were found. HA activity was associated only 



with the dodecon components, which eluted third in the sequence. Some 

cytotoxic activity was also present in fractions containing this ahti

gen. 

Zonal centrifugation in pre-formed sucrose gradients separates 

structural components on the basis of buoyant density. This technique 

has been used to separate antigenic components of several adenovirus 

serotypes including type 11 (Norrby, 1968c). Aliquots of type 11 

preparations were layered on top of 5 to 20% sucrose gradients and 

centrifuged at rates consistent with the particular components to be 

. separated. After centrifugation, fractions were co~lected and sero

logically assayed using CF, HA, IRA, REC, and RIC methods. Five dif

ferent structural components were identified. They are listed below 

in order of decreasing sedimentation rates. 

1. Dodecons (RA test positive components) 

2. Pentons and hexons (IRA and group specific CF test 

positive components, respectively) 

14 

3. Vertex-capsomers and fibers (HEC and RIC test positive 

components, respectively) 

Neither chromatographic nor centrifugation methods, when used 

alone, have been successful in completely separating all the known 

structural components of any given·-serotype. Usually a combination of 

the two techniques must be employed for maximum separation. Additional 

structural components have been suspected, but characterization of these 

components must await the development of more refined techniques for 

separation. 



MATERIALS AND METHODS 

A. Virus Production 

The adenovirus type 7a prototype strain S-1058 was used exclu

sively in this study. The virus was obtained from the National Com

m~nicable Disease Center (NCDC), Atlanta, Georgia. Before it was re

ceived in this laboratory, it had been passed once on HeLa cells and 

7 times on KB cells. It had also been tested at NCDC against reference 

antisera to adenovirus types 1 through 18 to exclude the possibility of 

cross contamination by these serotypes. 

Virus was produced in HeLa cell monolayers which had been grown 

in 32 oz. prescription bottles on Eagles Minimal Essential Medium (MEM) 

containing 10% fetal calf serum. When monolayers became confluent, 

growth medium was replaced with MEM without s.erum. Cells were inocu

lated with 50 to 100 Tissue Culture Infectious Doses
50 

(TCID
50

) of 

virus. When 75 to 100% of the cells showed typical adenovirus cyto

pathic effects (CPE) the virus was released by 5 cycles of freezing 

and thawing and cell membranes were removed by low-speed centrifugation 

at 600 x g for 20 minutes. Supernatants were concentrated 10- to 40-fold 

by dialysis against polyethylene g~ycol. This material was labeled as 

"concentrated crude virus preparatio~~ and stored at -20° C until used. 

B. Virus Purification 

Virus preparations used for production of antisera were further 

concentrated and purified by a modification of the methods ~eported by 

15 
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Green and Pina (1963) and Wilcox and Ginsberg (1961). Approximately 

25 mls of concentrated crude virus preparation were layered onto c~sium· 

chloride (density 1.43) and submitted to· preparative ultracentrifuga

tion at 64,000 x g ·for 1 hour in a SW-25.1 rotor. All ultracentri

fugation was done in a Beckman Model L-2 ultracentrifuge. Virus bands 

found near the interface of the aqueous and CeCl phases were collected 

by side-puncture of the cellulose nitrate centrifuge tubes and dialyzed 

overnight against Tris·HCl buffer, pH 8.4. Dialyzed virus was mixed 

with CeCl to give a final density of 1.34 and then·submitted to iso

pycnic ultracentrifugation at 81,000 x g for 24 hours in a SW-50 rotor. 

Opalescent virus bands found near the center of the centrif~ge tube were 

collected by side-puncture and diluted up to 5 mls with phosphate buf

fered saline (PBS), pH 7.2. This material was used for rabbit anti-· 

serum production. 

Virus material used for structural component studies were pre

pared according to the methods of Norrby and Skaaret (1967). Concen

trated crude"virus preparations were submitted to 3 consecutive cycles 

of ultracentrifugation in a SW-50 rotor at 26,0oo·x g for 1 hour to 

remove complete virions and empty capsids. Resulting supernatants 

were pooled and labeled as nsoluble antigen preparation." 

Concentrated crude virus and soluble antigen preparations were 

titered for infectivity on HeLa cell monolayers which had been grown 

in 15 x 125 rnm tissue culture tubes. When monola~ers became confluent 

they were washed twice with warm Hanks Balanced Salt Solution (BSS); 

then 1.0 ml of Eagles MEM containing 2% fetal calf serum was added to 

each tube. Ten-fold. dilutions of virus preparations were made in Hanks 



BSS and 0.1 rnl of each dilution was inoculated into each of 4 tubes. 

Titrations were read for CPE at regular intervals and TCID
50 

c~lcula

tions were made after 7 days by the method of Reed and Muench (1938). 
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In some cases soluble antigen. preparations were adsorbed 3 times 

with packed rhesus monkey erythrocytes prior to-separation of structural 

components to remove dodecon units. 

C. Structural Component Separation 

1. DEAE-Sephadex Chromatography 

DEAE-Sephadex A-25 (Pharrnacia) was allowed to swell in 0.5 M 

Tris·HCl buffer, pH 8.4. The resulting gel was washed several 

times in the same buffer and packed into a chromatographic column 

measuring 1.4 x 18 ern.· Four to 10 rnls of soluble antigen pre-

paration, which had previously been dialyzed against the above-

mentioned buffer, was layered on the column. Elution of antigens· 

was accomplished by introduction of 0 to 0.35 or 0 to 0.5 M 

sodium chloride gradients made up in 0.5 M Tris·HCl buffer. The 

gradient was achieved using 3 interconnecting flasks each con
\ 

taining 100 rnls of solution. Uniform ·fractions of 5 to 10 mls 

were collected automatically at 4° C. 

2. Zonal Centrifugation 

Sucrose gradients with a range of 5 to 20% were prepared 

from stock solutions by the use of a Buchler triple outlet 

mixing chamber (Buchler Instruments, Inc., Fort Lee, New Jer-

sey). The gradients were prepared in centrifuge _tubes and 

volumes of soluble ·antigen preparations ranging from 0.2 to 

2.0 mls were carefully layered on top of the preformed gradients. 
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Component separation was achieved by ultra~entrifuiation in 

either a SW-50 or a SW 25.1 swinging bucket rotor at a pre-

determined speed and time. Seventeen to 22 fractions of equal 

volume were collected by puncturing the bottom of the tube using 

a piercing unit and counting equal number of drops. These frac-

tions were diluted up to predetermined volumes with PBS at pH 

7.2. 

D. Antiserum Production 

·Antiserum was prepared in five albino New Zea1and rabbits. The 

animals ~ere given primary inoculations of 0.5 ml of virus material 

purified by CeCl gradient centrifugation. Dilutions of viral antigens 

·-2 or 10 . Booster inoculations of 0.5 ml of undiluted 

virus preparations were·given to all rabbits after 16 days. Sera taken 

on the 2l~t day after primary inoculation were screened for antibody 

activity and rabbits with passive hemagglutination (PHA) titers of 

1:2560 or greater were exsanguinated at this time. Remaining animals 

were given an additional booster inoculation of 1.0 ml of undiluted 

virus material and exsanguinated after 11 days. Whole blood from all 

animals was allowed to clot at room temperature and then incubated 

overnight at 4° C prior to serum extraction. On the following day the 

antisera were inactivated at 56° C~for 30 minutes and stored at -20° C. 

E. Antigen Assay Techniques 

Fractions obtained from chromatography and centrifugation were 

assayed using microtiter methods as follows: 

1. Compl~te Hemagglutination (HA) 

Dodecon activity was titrated using the HA technique of 

Rosen (1958). Serial two-fold dilutions of the fractions to be 



tested were made in pH 7.2 PBS with 0.05 ml microtiter loops. 

Additional 0.05 ml volumes of pH 7.2 PBS and 0.5% rhesus monkey 

erythrocytes were then dropped from a calibrated dropper into 

each well. The plates were sealed and incubated at 37° C for 
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1 hour, after which the titrations were read for HA. An arbi

trary scale similar to that used by Rosen was used to evaluate 

the extent of agglutination. The last fraction dilution exhibi

ting 3+ RA was considered the endpoint. 

2. Incomplete Hemagglutination (IRA) 

IRA tests were performed according to the method of Norrby 

(1966b). This technique detects a component on the penton which 

is capable of agglutinating erythrocytes in the presence of 

heterotypic antiserum. Sera used in this test had been previously 

titered in chessboaid titrations against dilutions of erythro

cyte-adsorbed ·crude virus preparations of adenovirus type 7a. 

The highest dilution of antiserum giving visible agglutination 

of rhesus monkey erythrocytes was considered to contain 1 hemagglu

tination-enhancement unit (HEU). 

Serial two-fold dilutions of the fractions to be tested 

were made in 0.05 ml volumes of pH 7.2 PBS. An additional 0.05 

ml volume of a dilution of.antiserum containing 2 HEU was dropped 

into each well. After incubation for 1 hour at.room temperature, 

0.05 ml of a 0.5% suspension of rhesus erythrocytes was added~ 

Plates were shaken and placed in a 37° C incuba~or until agglu

tination patterns had formed. The highest fraction dilution 

causing 2+ IRA was considered the endpoint. 
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3. Passive Hemagglutination (PHA) 

PHA tests were performed by the method of Stavitsky (1954) 

using tannic acid-treated sheep erythrocytes. Tannic acid di

lutions of 1:20,000 were prepared in pH 7.2 PBS and incubated with 

equal volumes of 2.5% erythrocyte suspensions for 10 minutes in a 

37° C water bath. Erythrocytes ~ere then centrifuged at 600 x g 

for 10 minutes, washed in pH 7.2 PBS, and resuspended to original 

volume in pH 6.4 PBS. Antigens were coated onto erythrocytes by 

mixing one volume of each fraction to be tested with 4 volumes of 

pH 6.~ PBS and 1 volume of tannic acid-treated erythrocytes. 

After incubation for 10 minutes at room temperature the erythro~ 

cytes were washed once, centrifuged, and resuspended in 1:100 

normal rabbit serum made up in pH 7.2 PBS. Serial dilutions of 

homotypic antisera were made in pH 7.2 PBS and 0.1 ml aliquots 

were transferred into microtiter plates. Antigen-coated ~rythro

cytes in volumes of 0.05 ml were then added to the antiserum 

dilutions and the plates were sealed and incubated at 37° C for 

45 minutes. The highest dilution of antiserum exhibiting 3+ 

agglutination patterns was considered the endpoint. 

4. Complement Fixation (CF) 

A microtechnique CF test empl0ying 2 units of complement 

(Lefkowitz, 1967) was used to detect hexon components. Antisera 

specific for either adenovirus type 2 or type 5 were diluted in 

veronal buffered diluent (VBD) and 0.025 ml aliquots of each 

dilution was transferred into microtiter plates. Equal volumes 
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of undiluted fractions were then added. A dilution of previously. 

titered guinea pig complement containing 2 CF units per 0.05 ml 

was prepared and 0.05 ml of this solution was added to each of the 

fraction-antiserum mixtures. The plates were shaken and incu-

0 
bated overnight at 4 C. On the following· 4ay sheep erythrocytes 

were sensitized by incubating.2% suspensions with equal volum~s 

of an appropriate dilution of pre-titered anti-sheep erythrocyte 

hemolysin. After 15 minutes at room temperature, 0.05 ml of the 

sensitized erythrocyte suspension was. added to the plates which 

were then sealed and incubated at 37° C for 30 minutes. The last 
~ 

serum dilution in which 3+ fixation of complement (less than 25% 

hemolysis) occurred was considered the endpoint. 

5. Hemagglutination-inhibition Antibody Consumption (RIC) 

Two-fold dilutions of crude virus preparations were made in 

0.05 ml volumes of PBS (pH 7.2). Additional volumes of 0.05 ml of 

PBS and 0.05 ml of 0.5% rhesus erythrocyte suspension was then 

0 
added. Plates were shaken and placed at 37 C for 1 hour. The 

highest dilution showing 3+ RA was considered to contain 1 RA 

unit. Standard virus dilutions containing 4 HA units per 0.05 

ml were made in order to titrate antiserum used in the RIC test. 

Homotypic antisera used in the RIC test were serially di-

luted in 0.05 ml of PBS after which 0.05 ml of the above mentioned 

standard virus dilution was added. After incubation for 1 hour at 

room temperature, 0.05 ml of a 0.5% rhesus erythrocyte suspension 

was added, plates were shaken and sealed, and the cells were 
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allowed to settle at 37° C. The highest serum dilution causing 

complete inhibition of agglutination was considered to contain 

1 HI unit. 

Fraction dilutions were made in 0.05 ml volumes and mixed 

with 0.025 ml of an antiserum dilution containing 2 HI units. 

The mixtures were incubated for 1 hour before the addition of 

0.025 ml. of ·a dilution of virus preparation containing 2 HA 

units. Tests were incubated for an additional hour, after 

which 0.05 ml of Ow5% rhesus erythrocyte suspension was added. 

. 0 
Plates were incubated at 37 C again and observed. The highest 

dilution showing a pattern of complete HA was considered the 

endpoint. 

. . 



RESULTS 

A. Antiserum Production 

Infectivity of concentrated virus preparations were approximately 

105 logs of virus when titrated in HeLa tube cultures. When these pre

parations were centrifuged to eliminate infectious virions, titers were 

reduced by at least 4 logs. 

Rabbits responded to intravenous injection of viral antigens by 

the synthesis of high antibody titers which could be readily detected 

by the methods used. Serum antibody titers by PHA, CF, HI and IRA are 

shown in Table II. It can be seen that antibody titers obtained by 

PHA were considerably higher than those obtained by CF and HI. This 

has been reported in other adenovirus studies (Friedman and Bennett, 

1957; Lefkowitz, 1967). 

Rabbits 1 and 2 were immunized early in the course of the project 

and their antisera were exhausted in pilot studies on component separa

tion techniques. Rabbits 3, 4, and 5 were immunized after reliable 

and reproducible separation techniques had been worked out and their 

antisera were used to obtain the ~ata presented in this thesis. Rab

bits 4 and 5 were used in HIC tests requiring 2 units of homotypic anti

body. Sixteen antisera of human, horse, and rabbit origin were initially 

screened for IHA activity, but only 4 of these sera were found satis

factory for us? in IRA tests (2 rabbit and 2 human). Although human 

23 
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TABLE II 

SERUM ANTIBODY TITERS OF RABBITS TO. ADENOVIRUS -1< 

Rabbit Type Assay Method 
NUmber Specificity PHA CF HI IHA 

1 7a 2,560 128 160 

2 7a 160 32 80 

3 7a 10 '240 16 

4 7a 40,960 8 1,280 

5 7a 40,960 32 320 

6 12 100 

7 2 100 

-;~ 

'Expressed as reciprocal of antiserum dilution 

. ; 
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antisera performed satisfacto-rily, they were not used in IHA studies 
' . 

sine~ they resulted from natural infections and type-specificity was 

unknown. Rabbits 6 and 7, which were immunized with adenovirus types 

12 and 2, respectively, were used exclusively for IHA assays. Homotypic 

antisera was tested for the presence of antibodies to tissue culture 

materials. None of these antisera agglutinated erythrocytes coated 

with normal tissue components. 

B. Component Separation Using Chromatography 

A total of 27 separ~tions using column chromatography were made. 

In early experiments only small amounts o.f activity were found in virus 

preparations; therefore it was necessary to concentrate viral prepara-

tions prior to use. Structural components with significant differences 

in isoelectric points were separated by column chromatography using 

DEAE-Sephadex A-25. A typical serologic profile of a chromatographic 

column is shown in Figure 1. Ten mls of soluble antigen preparation, 

which had a complete HA titer of 1:? 120, was laye.red on the column and 

elution of components was accomplished by the introduction of a 0 to 0.5 

M gradient of sodium chloride. Serologic ~ctivity was found in 2 separate 

peaks. The first antigenic peak was characterized by HIC, IHA, and PHA 

activities. The second peak of activity, which eluted at a higher sodium 

chloride molarity, exhibited IRA, complete HA, PHA, and HIC activities. 

RIC activity shown in this figure was detected using fractions from 

which dodecon structures had been removed by erythrocyte adsorption. 

A massive amount of RIC. activity was found in association.with the second 

peak prior to adsorption. 



Figure 1 

Serologic Activities of Soluble Antigen.Preparation After 

Fractionation by DEAE-Sephadex Chromatography 

RIC - Hemagglutination-inhibition antibody consumption 

IRA - Incomplete hemagglutination 

HA - Complete hemagglutination 

PHA Passive hemagglutination 
/ 
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The serologic profile of the second peak of Figure 1 is compli

cated by the presence of dodecon structures which cause complete HA and 

also affect HIC and IHA. titers. In order to elucidate the serologic 

patterns associated with this peak, dodecon structures were removed 

from soluble antigen preparations before they were layered on the 

chromatographic column. This was.done by adsorption with erythrocytes. 

The results are shown in Table III. The CF titer qf the pre~aration 

was not affected after 2 adsorptions; the RIC titer was reduced by 2. 

dilutions ~fter the first adsorpti6n, but it remained constant there

after; the IRA titer was significantly reduced from greater than 1:256 

to 1:32; and complete HA activity reflecting dodecon structures was al

most completely removed. 

Ten mls of adsorbed soluble antigen preparations were layered 

onto a second column and eluted with a sodium chloride gradient ranging 

from 0 to 0.35 M. The results are.shown in Figure. 2. The first-eluting 

peak exhibited IRA and PHA.activities. Small peaks of complete HA and 

IRA activities eluted at a slightly higher molarity of sodium chloride. 

CF activity eluted next in a peak which overlapped complete HA and IHA 

activities. This was followed by a second peak of PHA activity which 

was consistently found in fractions from chromatographic columns. The 

hemagglutination patterns associated with this peak were somewhat less 

complete than those associated with the first PHA peak. 

C. Component Separation Using Zonal Centrifugation 

Zonal centrifugation at 64,000 x g on 5 to 20% sucrose gradients 

was used to further separate structural components on the basis of 



Unadsorbed 

lX Adsorbed 

2X Adsorbed 

3X Adsorbed 

TABLE III 

EFFECT OF ERYTHROCYTE ADSORPTION ON 
ADENOVIRUS TYPE 7a TITERS* 

HA IRA RIC 

2048 >256 2048 

256 >256 512 

128 256 512 

. 4 32 512 

*As reciprocal of dilution 
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CF 

. 128 

128 

128 

128 
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differences in buoyant density. Partial separation of components was 

achieved using th~se methdds. Figure 3 represents a serologic analysis 

of fractions obtained after centrifugation of the gradient for 10 hours. 

·All complete HA activity was found near the bottom of the tube. Frac

tions positive by complete HA did not exhibit either CF or PHA activi

ties. Slower sedimenting components, represented by CF and PHA activi

ties, were found near the top of. the tube, but they were only partially 

separated. 

In order to achieve further separation, soluble antigen prepara

tions were adsorbed with erythrocytes to remove dodecon structures. 

They were then layered on sucrose gradients and centrifuged for 24 

hours at 64,000 x g in an attempt to separate the slower sedimenting 

components. Results of such an experiment are shown in Figure 4. 

Separation of these components was not achieved. CF patterns, such 

as the one shown here, were repeatedly found in experiments of this na

ture. More than one peak of CF activity was indicated. A small amount 

of CF activity was frequently. found at the very top of the gradient. 

When erythrocyte-adsorbed preparations were centrifuged for an 

even longer period of time (48 h~urs at 64,000 x g), more distinct 

separation was achieved, as shown in Figure 5. Antigenic activity 

associated with RIC, IRA, and PHA~ssays were found at the bottom of 

the tube. The main peak of CF activity was found .slightly above the 

bottom of the tube. ·A second CF peak was found in fr~ctions 15 and 16, 

and a third one was found on the top of the gradient. As isolated peak 

of RIC activity was' found near the center of the tube. 



Figure 3 

Serologic Activities of Soluble Antigen Preparation 

After Zonal Centrifugation for 10 Hours 

HA - Complete hemagglutination 

CF Complement fixation 

PHA - Passive hemagglutination 



40 

0: 20 I 
w 
1- I 0...., 
-.... 
u.. 512 
0 I 

128 
_.J I 
<l: 32 
u 
0 8 a:: 
0.. 
-u 

2,5 6 0 w 
cc 

640 

160 
I 

40 

BOTTOM 3 

Figure 3/. 

. I"-. 

~ ' 

• 

I 

I \_ 

5 7 9 II 13 15 

FRACTION NU~18ER 

HA 

\ CF 

PHA 

17 TOP 

" 

w 
+:--



Figure 4 

Serologic Activities of Soluble Antigen Preparation 

After Zonal Centrifugation for ·24 Hours 

CF· - Complement fixation 

RIC - Hemagglutination-inhibition antibody consumption 

IRA - Incomplete hemagglutination 

FHA - Passive hemagglutination · 
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Figure 5 

Serologic Activities of Soluble Antigen Preparation 

After Zonal Centrifugation for 48 Hours 

CF - Complement fixation 

RIC - Hemagglutination-inhibition antibody consumption 

IRA - Incomplete hemagglutination 

PHA - Passive hemagglutination 
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DISCUSSION 

Rabbits inoculated with homotypic viral antigens produced anti

bodies detectable by various assay methods. The ex·treme sensitivity 

of the PHA test for the detection of antibody is consistent with the 

data reported here. When titers of individual rabbits were compared, 

little correlation between ~iters obtained by the various assay tests 

was noted. This lack of correlation is not unexpected since attempts 

were not made to correlate and compare assay methods. The antisera 

were assayed at different times and titers obtained were used simply 

as standards to compare titers of fractions from structural component 

separation techniques. 

Fractions obtained from DEAE-Sephadex A-25 columns were screened 

for serologic activity using complete HA, IHA, PHA, HIC, and CF methods. 

Norrby (1966b) characterized the currently recognized.adenovirus 

structural components in terms of their serologic activity using all 

of the above assay tests except PHA. The serologic. descriptions of 

individual components have already been cited. In this study DEAE

Sephadex chromatography was effective in completely separating the 

penton from the other components ... The penton was the first compo~ent 

to be eluted and was characterized by IHA, HIC, and PUA activities.·· 

Incomplete hemagglutination and HIC activities are consistent with 

those activities associated with the penton. The fact that large 

39 
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amounts of PHA activity were also found in fractions composing this peak 

indicates that a determinant possessing PHA activity is located on the 

penton. No complete HA activity was found in association with this peak, 

thus reinforcing the interpretation of this peak as representing penton 

components. Neurath et ~· (1968) suggested that pentons of adenovirus 

type 7 may form complexes of ,2 or 3 pen ton units. 
\ 

When erythrocyte-adsorbed soluble antigen preparation was layered 

on columns (Figure 2), activities consistent with penton components were 

again eluted .firs.t. The IHA and complete HA peak was partially. separated 

from the CF and the second PHA peaks. Adequate· separation of these 

activities was not obtained. 

Representative peaks of the remaining components were eluted at. 

a higher molarity of sodium chloride. In Figure 1, close correlation 

was found between the second peak of IHA and complete HA activities. 

The.IHA activity found here is not thought to be indicative of penton 

components. 'Heterotypic antiserum in the IHA test does not inhibit com-

plete HA caused by dodecon structures. Two peaks of IHA activity were 

generally found after DEAE-chromatography. The peak exhibiting com-

plete HA in addition to IRA activity was interpreted to represent 

dodecon structures. 

Hemagglutination-inhibitiori.antibody consumption activity was 

also found in fraction'S exhibiting complete HA activity. The RIC 

activity shown in Figure 1 was present even af.ter dodecons had been· 

removed from the fractions by 3 adsorptions with rhesus .erythrocytes. 



The RIC activity of the first peak was unaffected by adsorption, but 

the HIC titer of the second peak was drastically reduced after adsorp

tion. The failure of adsorption to completely eliminate RIC activity 
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in the second peak can be interpreted in one of two ways: 1) free fiber 

components are eluted at approximately the same sodium chloride molarity 

as dodecon structures, or 2) BIC activity represented here results from 

.dissociation of dodecon structures into individual periton units and/or 

free vertex capsomers and fibers. 

The second antigenic peak detected by PHA was not separated from 

the RIC, IRA, and complete HA activities. The patterns of activity did 

not parallel any of the other known components .. Since the fiber is PHA 

negative, it is possible that this second peak may represent the same 

antigenic site found on vertex capsomers of penton units. 

Complement fixation activity eluted in a heterogeneous fashion 

from columns onto which either adsorbed or unadsorbed soluble antigen 

preparations were layered. This activity was occasionally found in 

fractions containing penton activity. At other times it eluted in a 

pattern similar to the one shown in Figure 2 (eluting with the dodecon). 

Occasionally 2 peaks of CF activity were found, one eluting with penton 

components and the other eluting with a higher molarity of sodium chlor

ide. It is possible that this heterogeneity could be due to the pre

sence of hexon aggregates in preparations subjected to chromatography. 

Aggregation could alter isoelectric points of individual he~on proteins 

in such a way as to cause ·the aggregates to be eluted at a different 



sodium chloride concentration than that of individual hexon units. 

Chromatographic inhomogeneity of hexon activity has been reported by 

other workers (Biserte ~ ~-) 1964). 
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Chromatographic separation of structural components of adenovirus 

type 7 - strain 55142 -using ·triethylaminoethyl cellulose-has been re

ported by Neurath ~ al. (1968). The purpose of their work was to study 

the cleavage of intercapsomer bonds by formamide. Three separate peaks 

of serologic activity were eluted from the columns. The first peak to 

elute was ·characterized by group-specific CF activity using a human 

.convalescent serum specific for adenovirus type 4. It was interpreted 

as representing isolated hexon components. The second peak exhibited 

IRA activity and was indicative of penton components, and the third peak 

exhibited both IHA and complete HA activities, indicating dodecon struc

ttires. Chromatographic separation patterns presented in this thesis are 

largely in agreement with tho~e described above. The one exception is 

the order of elution of hexon-specific CF activity. The chromatographic 

inhomogeneity of hexon activity found in this study has already been 

described. It was never eluted from the columns prior to the elution 

of activities·associated with penton components. The difference between 

hexon elution patterns found in this study and those found by N~urath 

could possibly be explained as: 1) differences in isoelectric points 

between the strains of adenovirus type 7 used; 2) differences in bio

chemical properties of the anion exchangers used (TEAE-cellulose versus 

DEAE~Sephadex); and 3) differences in the preparation and handling of 

virus materials. 



. Zonal centrifugation of adenovirus.preparations on sucrose 

gradients sep~rated certain structural components. Complete HA 

activity, indicating dodecon struc~ures, was completely separated 

from CF and PHA activities. The fact that dodecon structures were 
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not active by CF is not surprising since the hexon, which carries the 

g~oup-specific CF antigen, is not pre~ent in the architecture of the 

dodecon. One might expect, however, that the dodecon should be posi

tive by PHA since it is composed of 12 pentons and pentons are active 

using PHA methods (Figures l·and 2). The spatial configuration of the 

dodecon may be such that firm attachment between erythrocytes and active 

sites on component penton units of the dodecon cannot be achieved. 

Centrifugation forces of 64,000 x g for 24 hours were not ef

fective in separating slower-sedimenting components. The bifurcate 

CF peak seen in this figure was ·repeatedly found in centrifugation 

experiments of this ·nature and probably represents the heterogeneity 

of the hexon components. The small amount of CF activity'found on the 

very top of the tube is interpreted as being hexon components possibly 

attached to materials of low buoyant density. 

Heterogeneity of hexon activity was further demonstrated by 

longer periods of centrifugation (Figure 5). The first peak of CF 

activity reached equilibrium slightly above_ the penton activities 

and below fiber activity, indicating a buoyant density intermediate 

between the penton and free fiber components. It is difficult to 

speculate as to the nature of this peak, but it might represent indivi

dual h.exon components. The second CF peak, with a buoyant density less 
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than that of the fiber, might represent hexon aggregates similar to the 

type na" and type 11 b 11 aggregates report-ed by Smith et ~· ( 1965). These 

aggregates are reported as resulting from virion disintegration and re-

_present icbsahedral· triangular faces and icosahedral vertices, respec

tively. The configuration of the aggregates would be flat and linear, 

and equilibrium would be reached at a lower buoyant density than in the 

case of individual hexon components. Electron microscopic examination 

of fractions from separate CF peaks would be_advantageous in solving 

this problem. 

Longer periods of centrifugation (Figure 5) sedimented penton 

activities to the bottom of the tube, thus indicating that among the 

slower-sedimenting components the penton probably has the greatest 

density. A separate, isolated peak of RIC activity was found .near the 

cente~ of the tube. This peak is interpreted as isolated free fiber 

components. Fractions in this peak were negative using both IRA and 

PHA methods. This does indicate .that the active sites involved in 

both IRA and ·PHA tests are not located on the fiber por.tion of the 

penton unit. 

Two peaks of PHA activity were frequently found in chromato

graphic fractions, but usually on~ PHA peak-was found in fractions from 

zonal centrifugation. It is possible that the conditions of zonal centri

fugation were not sufficient to separate the components responsible for 

the second PHA chromatographic peak. Centrifugation of viral prepara

tions using denser gradients of sucrose might be used to clarify this 

matter. 



SUMMARY 

Structural components of adenovirus type 7a were separated by 

DEAE-Sephadex chromatography and zonal centrifugation. Activities 

associated with isolated hexon, penton, and fiber components a~ well 

as dodecon structures were found. Penton components w~re active using 

RIC, PHA, and IRA methods. Dodecon structures, detected by complete 

HA tests, were not active using PHA or CF.rnethods. Isolated fiber 

and hexon components were active only in RIC and CF tests, respectively. 
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