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The helical nucleocapsid of influenza A2 virus and the icosahedral capsids of
adenovirus type 2 and TNV satellite were characterized by electronmicro-
scopy. All the samples were highly purified by a series of fractionation
procedures prior to the preparation of the electronmicroscopic specimens.
The nucleocapsid of influenza A2 virus appeared as flexible threads approxi-
mately 100-120 A in width; these threads were segmented into pieces of
different lengths. Capsomers, approXimately 45 Ax35 A, were detected
in the nucleocapsid. Treatment of the nucleocapsid preparation with
RNase still showed some helical structures.

Each capsomer of adenovirus type 2 had a characteristic shape: the hexon
looked like a hollow prism with a hexagona) outline; the penton seemed to.
have a hollow vertexcapsomer exhibiting fivefold symmetry and a thin fibre
with a swelling at one end. The pentons and the peripentonal hexons were
removed from the adenovirus capsid by dialysis against a TRIS-Maleate
buffer. Stable aggregates of nine hexons were prepared having a
characteristic configuration.

The simple capsid of TNV satellite probably consisted of 12 capsomers.

INTRODUCTION

Naked viral nucleic acid alone as well as complete virus particles can
provoke virus infection of a host cell. However, no virus which exists solely
in the form of nucleic acid has as yet been isolated. This fact points to the
importance of the virus coat and other components, internal or external to
this coat, in protecting and facilitating the entry of the viral nucleic acid
into the host. '

The infectious virus particle may be simple or complex. The simple
virus consists of viral nucleic acid built into a protein coat or capsid, which
together constitute the nucleocapsid. The capsid might consist of a single
layer of similar protein molecules, structural units, arranged in an icosahedral
shell or a helical tube. Clusters of similar or different structural units form
the morphological units, the capsomers, which can be discerned in the electron
microscope.

Since Brenner and Horne (1959) have developed the negative staining
technique several morphological studies of viral components have been
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performed. It has been shown that besides the simple viruses there also exist
viruses with a more complex morphology, consisting of a nucleocapsid enclosed
within another envelope in addition to other appendages. We have chosen
specifically the complex influenza A2 virus having a helical nucleocapsid,
Adenovirus type 2 and Tobacco Necrosis Satellite Virus (TNV satellite),
both of which represent isometric virus particles possessing icosahedral
capsids, for this electron microscopic study. This characterization of the
capsids might provide further information on the biological role of the viral
components.
MATERIALS AND METHODS

The nucleocapsid of Influenza A2 virus was prepared from the
disintegrated virus and purified by Ruttkay, Bratislava, Czechoslovakia
(Ruttkay-Nedeck'y et al. 1968). The preparation and the extensive puri-
fication of the different morphological components of Adenovirus type 2 have
been described in detail elsewhere (Pettersson et al. 1967, 1968; Pettersson
and Hoglund 1969; Prage et al. in preparation). Homogeneous TNV satellite
suspensions were prepared and characterized by X-ray diffraction analysis
by Dr. B. Strandberg and his colleagues (Fridborg et al. 1965; Lundin
et al. 1969).

The electron microscopic preparations were performed essentially as
described before (Hoglund 1968z). The specimens were examined in the
Philips 300 electronmicroscope, equipped with a cooling device. An operating
voltage of 60 kV was preferred because it gave better contrast than 80 kV.
A series of parallel specimens were examined in the electronmicroscope, and
photographs were always made in through focal series.

Resvrnrs AND Discussioxs

The nucleocapsid of Influenza A2 virus—The symmetry of the influenza
virus nucleocapsid was shown to be helical (Hoyle et al. 1961). It exists
as a thread, approximately 10,000 A long (Blascovic’ 1964), or perhaps as
discrete pieces joined together within the virus. After ether disintegration
of the virus pieces of the nucleocapsid of different length were observed
(Hoglund et al. 1969). The nucleocapsids were completely separated from
the other viral components by differential centrifugation followed by electro-
phoresis in a column of 0-17 per cent agarose (Hjertén 1963). The purification
of the nucleocapsid was evaluated by complement fixation, gel diffusion tests
with specific antisera and by UV-spectroscopy. Analytical ultracentrifugation
showed that the nucleocapsid sample consisted of four components of different
sizes (Hjertén et al., in press). Although electronmicroscopic examination
of the nucleocapsid specimens revealed helical threads of different lengths,
the number of distinct classes of these nucleocapsids is not resolved at present
by the electron microscope. It is interesting to note that RNA extracted
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from influenza virus has been fractionated into five distinct pieces by poly-
acrylamide gel electrophoresis (Pons and Hirst 1968; Duesberg 1968). In
electron micrographs the influenza nucleocapsid appeared as a flexible thread
(Fig. 1) (Hoglund ef al. 1969). Due to the very loose structure of the helical
capsid it frequently appeared to be somewhat flattened whether or not the
specimens were fixed with glutaraldehyde. This flattened image was deduced
from the finding that short pieces of the nucleocapsid, which were standing
on an edge, had a smaller diameter (approximately 100 A) than the capsids
which were lying on the support film having a mean diameter of approxi-
mately 120 A.  Capsomers also were detected in the nucleocapsid preparations;

Fic. 2. A particle model of a small segment of the influenza A2 virus nucleocapsid, com-
3 4 1
prising 2 turns of helically arranged, morphological subunits,

they had a U-shaped or a tube-like structure with the approximative dimen-
sions of 45 A x 35 A (Hoglund ef al. 1969); and the size of these capsomers
would be compatible with the molecular weight of 40,000 that has bheen calcu-
lated for the polypeptide chains making up the nucleocapsid of influenza
A virus (Fenner 1968).

Treatment of the nucleocapsid preparation with RNase still showed
some helical structures which might be devoid of nucleic acid. It is interesting
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to note that Duesberg (1969) has shown by analytical ultracentrifugation
that RNase or pronase treatment alone did not break the nucleocapsid
pieces, whereas RNase treatment prior to pronase treatment of the nucleo-
capsid reduced the nucleocapsid to low molecular weight structures. These
findings might indicate that RNA could stabilize the helical structure to
some extent. F¥rom the electronmicroscopic data some hypothetical models
were constructed for the nucleocapsid (Hoglund ef al. 1969); a model containing
U-shaped capsomers (Fig. 2) could perhaps allow the RNA niolecule to be
twisted between the capsomers so as to stabilize the whole structure of the
nucleocapsid.

Fic. 3. A particle model of the capsid of adenovirus type 2.

Adenovirus type 2—The virus capsid, which exhibits icosahedral sym-
metry, consists of 252 morphological capsomers: 240 hexons and 12 pentons
with their 12 fibre units (Valentine and Pereira 1965). The total composition
of the capsomers in the virus is shown on the model in Fig. 3. Tt was reported
previously (Pettersson ef al. 1967) that there may be a hole in the centre of
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the hexon. The purified hexons had the appearance of a hollow prism in
negatively stained specimens; there was also observed a cavity in the centre

F1c. 40. A control preparation of adenovirus particles.

of the hexon in shadow cast preparations (Hoglund 1968b). The diameter
of the hexon in the virion was approximately 80 A, whereas the mean diameter
of the purified hexons was approximately 95 A; the larger diameter of the
free hexon could be due to some kind of flattening of its complex structure.
A hexagonal outline of the hexon unit has been observed sometimes
(Hoglund 1968; Philipson et al. 1969), and occasionally six subunits could be
resolved in the hexon.

The purified penton unit, which has about the same molecular weight
(400,000) as the hexon, has a characteristic shape. It contains two distin-
guishable structures, a vertex capsomer, which exhibits fivefold symmetry,
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and the fibre (Pettersson and Hoglund 1969). The vertex capsomer also
appears to be hollow. Trypsin digestion of the penton unit resulted in the
destruction of the vertex capsomer, whereas treatment of the penton unit
with pyridine released the free vertex capsomer from the fibre (Pettersson
and Hoglund 1969).

The highly purified fibres appeared thread-shaped with a swelling at
one end. The mean value of the length was approximately 200 A and the
width 15-20 A (Hoglund 1968b; Philipson et al. 1969). It is difficult to
establish whether the swelling of the thread at one end of the fibre could be
a substructure of the fibre or perhaps that the fibre terminates in a loop.

It is possible to prepare adenovirus particles lacking both pentons and
peripentonal hexons by dialysis against a TRIS-Maleate buffer (Prage ef «l.
in preparation). In the electronmicroscope there was observed a different
morphology between a control preparation of the virus and the virus dialvzed
against the TRIS-Maleate buffer at pH 6-5; the latter virus particles contained
cavities in the vertex positions of the virus capsid and these cavities were
filled with the contrast agent used (Fig. 4). A detailed description of these
studies will be presented elsewhere (Prage et al. in preparation). It has been
shown that pyridine treatment of adenovirus particles causes disintegration
of the virus; it has also been possible to prepare and purify groups of hexons
which mainly consist of nine hexons each (Prage et al. in preparation). In
some instances also bigger monolayer aggregates of these groups of nine
hexons were produced, probably during the preparation of the electronmicro-
scopic specimens (Figs. 5a and 56). In addition, the hexons showed a great
tendency to crystallize in preparations between pH 4:0 and 4-5 (Fig. 5¢c). These
groups of nine hexons, which seem to be stable (Prage et al. in preparation),
could form the twenty surfaces of the virus capsid, which when joined with
the peripentonal hexons and the pentons would form the complete capsid.
This construction of the capsid seems to be in contrast to what has been
observed for the simple, icosahedral viruses.

TNV satellite—The simple virus with a calculated particle weight of
197109 is the smallest virus so far reported. X-ray diffraction and electron
microscopic analysis have shown that the virus capsid has an icosahedral
symmetry and a mean diameter of 178 A (Fridborg et al. 1965; Lundin
et al. 1969). It has been possible to detect capsomers in the virus capsids
(Fig. 6); the observed diameter of these capsomers was approximately 60 A.
Different plexiglass models were then constructed with ring-shaped aluminium
units as morphological subunits on the surface of the models, which were
photographed by X-rays (Héglund 19686). The comparison of the electron

Fia. 4b.

Adenovirus particles which have been dialyzed against a TRIS-Maleate buffer
at pH 6-4. Capsomers were released from the virus, producing cavities in the capsid which
were filled with the contrasting agent used, and showing small, dark areas.
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A preparation of groups-of-nine hexons, which also aggregated into
larger monolayer crystals.

Fia. Sa.

F1e. 65b. A schematic drawing of the
characteristic and symmetrical arrangement of
the capsomers in the groups-of-nine hexons,
The symmetry point lies between the three
smaller groups (indicated by a dark dot),
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micrographs of TNV satellite with these X-ray images showed that the TNV
satellite capsid could consist of 12 capsomers (Lundin et al. 1969). The
observation of 12 capsomers in the capsid was confirmed by electron micro-
scopy (J. Finch, personal communication) and from chemical analysis of the
molecular weight of the structural units. The latter analysis was performed
by electrophoresis of the TNV satellite protein in SDS-containing polvacryl-
amide gels. A total of 60 structural units of a molecular weight of 27,000
daltons was calculated for the virus capsid, implving that each capsomer
would be composed of five structural units (Roy et al. 1969).

Fig. 5c.  8mall crystals of hexons, produced at pH 4-5.

Electronmicroscopy in the future

The electronmicrogcopic techniques might bhe extended, using High
Voltage electronmicroscopy, to give detailed molecular structure of biological
materials, since

(1) Penetration of electrons is greatly increased at higher voltages.

(2) The contrast on the photographic plate is reasonably high, although
image coutrast of biological specimens is very low on the viewing screen
at high accelerating voltages. ‘The contrast stop method’, developed by
Professor . Dupouy, made it possible to enhance the contrast in images of
amorphous objects, thus completely avoiding any kind of staining of the
biological specimen. By this means we were able to observe the morphology
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Fia. 8. TNV satellite particles showing morphological subunits in the virus capsid.,

of the influenza virus nucleocapsid (Fig. 7), the thin fibres of the adenovirus
particle, IgG antibody bridges between adjacent TNV satellite particles
without any kind of staining (Hdéglund and Dupouy in preparation).

(3) The effect of the electron bombardment on the specimen is reduced
considerably at higher accelerating voltage.
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(4) Similar or even better resolution can be attained using the HV-
electron microscope as compared to the 40-100 kV electron microscope.

Specimen chambers for hydrated material are now being constructed in
different laboratories; the first prototype of a microchamber was constructed
by Professor Dupouy some years ago, and this is now being modified. In
the future it will certainly be possible to study the structural components
of a virus in the native state directly in the HV-electron microscope, without
the damaging processes of physical-chemical contrasting of and drying of the
biological specimen.

Fic. 7. A segment from the nucleocapsid of influenza A2 virus prepared by ‘the contrast
stop method’ without any kind of staining.

This work has been supported with grants from the National Institutes
of Health, U.S, Public Health Service (A 107382), the Swedish Medical
Research Council, the Swedish Cancer Society, the Swedish Natural Research
Council, and from the Knut and Alice Wallenberg Foundation.



158 HOGLUND: ICOSAHEDRAL AND HELICAL VIRUS CAPSIDS

ACKNOWLEDGEMENTS

I am indebted to Professor G. Dupouy; Professor S. Hjertén, Dr.
G. Ruttkay-Nedeck'y and Dr. I. Modin; Professor L. Philipson, Dr. U.
Pettersson and Dr. L. Prage; Dr. B. Strandberg for collaboration on the studies
of influenza A2 virus, adenovirus type 2, and TNV satellite respectively. The
skilled technical assistance by Mr. L. Ljung and Miss K. Hakansson is also
gratefully acknowledged.

REFERENCES

Blajcovic’, D. (1964). In: Proc. Cellular Biology of Myxovirus Infection, 43 (Eds. E. W.
Wolstenholme and J, Knight).

Brenner, 8., and Horne, R. W. (19539). Biochim. biophys. Acta, 34, 103,

Duesberg. P. H. (1968}, Proc. natn. Acad. Sci. U.S8.4., 59, 930.

Duesherg, P. H. (1969). J. Molec. Biol., 42, 485.

Fenner, F. (1968). In: The Biology of Animal Viruses, Vol. 1 of Molecular and Cellular Biology,
105 Academic Press.

Fridborg, K., Hjertén, S., Hoglund, 8., Liljas, A., Lundberg, B. K. 8., Oxelfelt, P., Philipson. L.,
and Strandberg, B. (1965). Proc. nain. Acad. Sci. U.S.4., 54, 513.

Hjertén, 8, (1963). J. Clhromat., 12, 510.

Hjertén, 8., Hoglund, 8., and Ruttkay-Nedeck'y, G. (In press). Acta virol., Prague.

Hoglund, 8. (1968a). J. gen. Tirol., 2, 428.

(1968b). Ark. Kemi., 34, 503,

Héglund, 8., Ruttkay-Nedeck’y, G., and Hjertén, S. (1969). In: Proceedings of the Nobel
Symposium on Biological Macromolecules, 341 (Eds. A. Engstrém and B. Strandberg),
Stockholm.

Hoyle, L., Horne, R. W., and Waterson, A. P. (1961). T irology, 13, 448.

Lundin, J., Héglund, 8., Johansson, A., Lévgren, 8., Oselfelt, P.. and Strandberg, B. (1969).
In: Proceedings of the Nobel Symposium on Biological Macromolecules, 367 (Eds. A.
Engstrom and B. Strandberg). Stockholm.

Pettersson, U., Philipson, L., and Hoglund, S. (1967). T'érology, 33, 575.

(1968).  Tirology, 35, 204.

Pettersson, U., and Hoglund, S. (1969). T7drology, 39, 90.

Philipson, L., Pettersson, U., Hoglund, 8., Prage, L., and Lonberg-Holm, K. (1969). In:
Proceedings of the Nobel Symposium on Biological Macromolecules, 329 (Eds. A, Engstréom
and B. Strandberg). Stockholm.

Pons, M. W, and Hirst, G. K. (1968). Tirology, 35, 182.

Prage, L., Pettersson, U., Héglund, 8., Lonberg-Holm, K., and Philipson, L. Tirology (to be
published).

Roy, D., Fraenkel-Conrat, H., Lesnaw, J., and Reichmann, M. E. (1969). Virology, 38, 368.

Ruttkay-Nedeck'y, G., Hoglund, 8., and Hjertén, S. (1968). Acta virol., Prague, 12, 277.

Valentine, 3. C., and Pereira, H. G. (1965). .J, Molec. Biol., 13, 13.




