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BIKEN JOURNAL 7,121-130 (1964)

On the Release of Viral Nucleic Acid from

the ICOsahedral Capsid

Deyi"rillie"I of Preu, ,111.8 I\fernti, Ie, Rele"rc/, 1113/11/11e 101 ,\fitrobi"/ DJJea$", OJ"kit Ultlae, Jib',
(Refcitc, / 101 lib/frailo", Selli, "Ib, I 2/1. 1961)

A itypulhcsis 111at 111c nucleic acid or ail ico>alledi'al \, It Lis is relcascd 111r011glt a capsomcrc at
Ihc vertex or the ICOsaltcdral capsicl is presented in this paper. T11, 11ypoiliesis is basecl on Ih.
in orphological obsci'vation on cytoplasmic I, o1ylicdrosis \. Irus showing that the cot'e substance can
be ruleascc1 111rougli a capsomerc at Ihc \, ci'ICx or inc ICOsahccli'al cal, siCl anti o11 the Drcsencc o a
ino1'pitological apparatus. which Is regardccl as involvcd in tile relcasc or tile \, It al core sunstance, at
verticcs of the icosahedral capsicl or core incmbiai, c or other ICOsahcdial \. Iruscs

The nucleic acid configuration within ICOsahedral capsids, thc alteration of 11tc capsicl protein
associated with the Tclcasc o11he nucleic acid, and the carly cvents during infections willI thesc viruscs
are discussed in Tclation to this Ilypothesis

YAsuHiRO HosAKA

TNT'RODUCT'10N

T'-evci\ I>hagcs allacli to IlOSI cells I)y tltc tips of tllcir tails and their tail fibers
and inject viral ITUcleic acids into the ITost cells through their tail cores, while the
viral protein shells reinaiit extracellularly on the surface of tlTe ILOst cell (Her shey
and Chase, 1952; Kenenberger and ATber, 1955; Barrington and KozlofT, 1956;
Brenner at a1. , 1962). The contractile systenT of tite tall sheatIt Is thought to be
iiTVolved 11} tlTe injection Inecltanism (Kozloff' and Lute, 1957 ; Brenna' at al. ,
1959) .

Ho\\, ever many animal \ITUses enter' Into I}OSt cells as virions and intracellularly
release the viral ITUcleic acid (Hioashi, 1959; Dales and SIminovitch, 1961; Dales,
1962; Mussgay and Weibe1, 1962; ^, lande1, 1962; Holland and Hoyer, 1962;
Silverstein and Marcus, 1964 and 10klik, 1964). There is little Information
concernin. ' the mechanism of the release of the viral nucleic acids of these viruses
during the early stage of viral infection. However recently data has been accumulat-
ed showing that "spherical" or ICOsahedral viruses can release theirilucleic acids from
the capsids ill am'0, without I>Teaking down the capsids. Alkaline degradation of
RNA of turnip yellow mosaic virus leaves structuralIy intact empty shalls (Kaper,
1960). Urea treatment (Cooper, 1962) and neat treatment (Htunmeler and
Hamparian, 1958; Hinuma at d/., 1963) of poliovirus results in empty shells of
intact vinons. Heatino of 41 x 174 expels a fibrous core, leaving a more or less
intact outer coat (Maclean and Hall, 1962). Recently PhilipsoiL and Lind (1964)
have showit tlTat the interaction of ECHO 7 virus and the receptor 111 airyo resulted
in the uricoatino of the infectious RNA, without gross alter atjolt of the in orpholo-
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gical appearance of the ECHO 7 virus particle. These findings indicate that the
nucleic acid of many icosahedral viruses may be released from the capsids without
the capsids being broken down during the early stage of the viral infections.

This paper describes how the nucleic acids of ICOsahedral viruses (nucleocapsids)
are able to be released from the capsids, without break down of the capsids, though
the case is only concerned with ICOsahedral viruses without envelope, to avoid coin-
PIication.

RESULTS AND DISCUSSION

I. I\{o7pho/ogica! '01/3ide?alton$ on libe, tiffon of Ihe coi'e JarbJtance of Ihe 4710/1aJmic poly-
fledrorir un'us (GPF) of Ihc Ji!kit^o7'in, Bombyx ino1'i (Liniiaett$) 10m Ihe calfid

Fig. I shone a momh, logical model of GPV (Ho^^ka and Air^w^, 1964). It
is seen from the model that there are connecting tubes between the vertices of
the capsid and the core membrane, and that these, together witll the capsomere
and surface projection of each vertex of the ICOsahedral capsid form a continuous
in orphological passage connecting from within the core to outside the virioiL of
CFV. The inner diameter of the passage was estimated as 20-40A, although it
is difficult to measure exactly because the inner diameters of the small tubes vary
considerably due to phosphotungstic acid embedding.

YASUHIRO HOSAKA

Fig. I. Morphological Models of CFV. Left; surface structure, Right; internal
structure. The 3 forward projections on the surface are omitted. The model
shows that the connecting tube, the capsomere and the projection form a con-
tinuous passage from within the core to the outside of the virion.

In the previous report (Hosaka and A1zawa, 1964), it was described that GPV
has two icosahedral shells and the region within the inner shell correspond to the

In the present paper, the outer shell will refer to the capsid and the innercore.

shell, the core membrane.
Fig. 2 shows a purified preparation of GPV by the negative staining technique.
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RELEASE OF VIRAL NUCLEIC ACID FROM CAPSID

Fig. 2. CFV Particles Associated with Tail-like Structures. A single tail. like structure
is associated with a single empty shell but never with an intact virion. Tail
like structures are seen running from capsomeres.
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In Fig. 2, several tall-like structures are seen running from empty shells of GPV
and some of them clearly seen running from capsomeres of the empty shells. One
tail-like structure is associated with one empty shell but not with an intact vinon,
although the tail-like structure separated from the virus particle also occurs.
This finding leads to the interpretation that the tail-like structure is the core sub-
stance of GPV and the release of the core substance from the intact vition results in

the production of an empty shell, some of which are still connected witlt the core
substance. According to this interpretation, the finding that the tail-like structure
runs from the capsomere at the vertex of an empty shell indicates that the core
substance of CPV is released from the capsomere at a vertex of the ICOsahedral
capsid.

Thus the ITypothesis of the core substance passinu Ihrougl} the in orphological
passage of GPV, postulated from the model in Fig. I, is verified by the findings
shown 111 Fig. 2. The maximum length of the tail-like structure is approximately
0.5 A This structure may be a bundle of nucleic acid fibers. Tail-like structures
are frequently o1Jserved when purified GPV is suspended in hyper tonic solutions
(Hosaka and A1zawa, unpublished data). In this in unio case, the core substance
of GPV is considered to be released as a IJundle of nucleic acid fibers.

In the present study "the core substance" is used as a inorphological term.
Morphologically an icosahedral vinon without an evelope, that is ait ICOsahedral
nucleocapsid, consists of a core and a capsid. The capsid is a protein shell and
the core is the area within thc I>rotein shell. The core substance is a nucleic acid
only or otherwise may be a nucleic acid associated with a trace of protein. An
cmpty shell is a capsid without the core substance.

YASUHIRO I{OSAKA

2. The moiliho/ogictt! dp/amI"J o11 Ih, DelliceJ of calfidJ or CUI'e membraneJ of 160rnhedr@/
anuscJ and i!r 6,010gzca{ JtgJi!11cnnce

Morphological studies were made on whether. the liberation of the viral core
substance from the ICOsalTedral capsid is possible in other ICOsahedral viruses.

Markham at n!., (1963) reported tlTat the core membrane of carnation inottle
virus was an ICOsahedron, witlT a capsomere-like inorphological structure of a hollow
polygon at each vertex. This inorphological structure at the vertex of the ICO-
sahedral core membrane must be connected with the capsomere at the vertex of the
ICOsahedral capsid. The inner diameter of the inorphological structure is 30 A.
Thus the carnation roottle virus has in orphological passages, from within the core
to outside the capsid at the vertices of the ICOsahedral capsid. These passages can
similarly be interpreted as a releasing canal for the core SUIJstance of carnation
inottle virus.

The ICOsahedral capsid of rice dwarf virus (RDV) consists of 5 capsomeres
per edge (Total, 162 capsomeres) (Hosaka, in preparation) . The core membrane
of RDV is also ICOsahedral and has a in orphological unit at each vertex. Therefore
the in orphological unit at the vertex of the core meinIJrane must be in contact with



the capsomere at the vertex of the capisd. Thus it is possil)Ie that the capsomere
at the vertex of RD\I capsid forms a nlDTPhological passarre from within the core
to outside the capsid.

Tromans and Home ( 1961) reported that an ICOsahedral capsid of 41 X 174
phage had projections at its vertices and the projections might be involved in the
mechanism of the injection of the DNA of I^ XI74 phage.

Thus the above in orpholorrical data indicate that in .'eneral, the capsomere
at the vertex of an ICOsahedral capsid may function as the passage for the core
substance from within the core to outside the capsid.

The capsids of ICOsahedral viruses other than above described, also consist
of capsomeres of hollow prisms, although suclT a specialized orrraiT as the projection
is not yet known. The capsomere at the ICOsahedral vertex seems to IJe a hollow
pentagonal prism while others are hollow hexagonal prisms (\Vidly at a!., 1960 ;
Home and Wildy, 1961). The inner diameter of the capsomeres was estimated
to be 15-40A. (HowatsoiT and Grawford, 1963 ; Vasquez and Tournier, 1962 ;
Wildy at a!., 1960a; Wright at a1. , 1964). Therefore the hypothesis of the lineration
of the core substance througl\ the capsomere on other ICOsahedral capsids is it o1
impossible.

In some ICOsahedral viruses, as for eximple in poliovirus, the capsomere
arrangement on the capsid has not yet been identified I>y electroiT microscopy
(Home and Nagington, 1959). In such cases, the arrangement of a number of
structure units at the five fold symmetrical axes is tentatively ass timed as the inor-
phological apparatus involved in the release of the core substance.

In regard to the above hypothesis, it is interesting to recall that T-even phages
have their injection apparatus of DNA, tail, at the vertices of hexagonal pyramids
of their heads.

RELEASE OF \11RAL NUCLEIC ACID FRO\. I CAPSiD

3. Congm'ajion of und! nucleic acid railhiii nil icofahedi'al calfid and IIJ I'ela/ion 10 Ihe
TelcoJ, of nucleic actd.

Based on the above interpretation, an ICOsahedral capsid ntust have 12 in or-
phologically equivalent passages for' the core substance, because an ICOsahedral
capsid has 12 vertices and the 12 capsomeres at the vertices are arranrred sym-
metricalIy. 11 an ICOsahedral capsid contains a unit of nucleic acid, the core sub-
stance would lie released from one of the 12 capsomeres, as a single intact Linit.
It seems unlikely that disrupted pieces of a core sunstance are released from different
capsomeres. Recently, it has been shown that the parent viral nucleic acid remains
intact even in later stages of mengovirus (To hey, 1964) and RNA phage infection
(DoI and Spieg. Iman, 1964)

The problen\ arises of how the capsomere used for the release of the core
substance is determined among the 12 possible capsomeres, if the core sunstance
is released through only one capsomere as a SIITgle unit. The capsomere may I)e
determined I^, the configuration of the core SUI)stance within the ICOsahedral
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capsid or by factors other than the I>rimary configuration of the ICOsahedral nu-
cleocapsid, as for example, successful contact will\ the uricoating receptor. At
present, it is Impossible to give a conclusive answer to this problem. However, it
the latter is the case, the core substance must IJecome rearranged within the ICOsa-
hedral capsid, so that the end of the core substance can IJe adapted for release
throuuh the capsomere with successful contact witll an uricoating receptor. The
evidence that the viral nucleic acid has a regular structure within the ICOsahedral
capsid (Klug and Finch, 1960) seems to exclude the possibility of free rearrange-
merit of the core substance within the ICOsahedral capsid.

The lengths of the viral nucleic acids in the ICOsahedral capsids must be in the
order of 14 judging from their nuleic acid contents, but the diameters of most
ICOsahedral capsids are less than 100 run. Therefore the nucleic acid must be
folded an ' possibly form a bundle of fibers within the capsid. The tall-like structures
of GPV shown in Flu'. 2 would represent one such form of bundle of nucleic acid.
Klug and Finch (1960) studied th. .. wigu"^ti. n of the RNA of turnip y, now
mosaic virus (TYMV) within the capsid by X-ray diffraction and showed that
the RNA within the particle must possess some kind of regular structure and may
have 12 subunits. "This does not mean that the RNA cannot be a single chain, for
the "subunits" would refer to the mode of winding of the RNA chain". The most
probable explanation for the presence of 12 "subunits" of the RNA is that some
kind of folding of the RNA bundle occurs corresponding to the 12 vertices of the
ICOsahedral capsid, so that the RNA conforms to the caspid. If this is so, the
ends of the RNA bundle would not be distributed at random but possibly would
be at points relative to the folding points of RNA, that is, at the vertices of the
ICOsahedral capsid. Thus it is possible that the end of the IJundle of the viral
nucleic acid fiber is at a vertex of the ICOsahedral capsid and therefore the nucleic
acid may IJe easily released through the capsomere at the vertex. According to
this idea, it is possible that the configuration of the nucleic acid determines which
one of the 12 capsomeres the core substance is released from. The fact that some
of the fiber of T2 phaae DNA within the head are arranged parallel to the tail,
(North and Rich, 1961 ) seems to support the idea that viral nucleic acid is oriented
favorably for. its release through the releasing apparatus.

YASUHIRO HOSAKA

4 Relenre of 1111c/eic ncid fom Ihe icornhed?'al calfid rind led?'lang, in, n/ of Ih, calfidpi'Diein
richilllt/J

The N antigenicity of the poliovirus capsid containing nucleic acid is converted
to the H antigenicity of the empty shell by heating, \\, ith simultaneous liberation
of the ITUcleic acid (Hummeler and Hamparian, 1958; Hinuma at at. , 1963)
Hummeler at a1. , (1962) clearly demonstrated by electroiL microscopy that two
antigenic particles \\, ere agglutinated by respective specific antisera and did not
cross-react.

This antigenic conversion of the poliovirus capsid, of course, does not mean



a change of its amino acid composition. There must be an alteration of the \\, hole
arrangement of the capsid PTOteiiL subunits, IJecause a N antigenical particle is
completely converted to a H antigenical particle and a mixed antigenical particle
does not occur. It is anticipated that the structure of the capsomere through
which the nucleic acid is released, must be altered somehow OIL Talease of the
nucleic acid. However, the symmetry of the capsicl structure as a whole probalJly
would ILOt allo\\, an alteration of only a small part of the capsid protein subunits.

Here the question arises of \\, he ther the rearrangement of the capsid protein
subunits of poliovirus is required for liberation of the ITUdeic acid or is a result of
theirliberation. Holland and Hoyer (1962) found that themteraction of poliovirus
and tlTe plasma membrane receptor results In alteration of the capsid antigenicity
and loss of its resistance to proteolysis, Its specific attachment sites and its infectivity
but not in the release of the nucleic acid. Since these alterations of the poliovirus
capsid must be due to a rearrangement of the protein subunits, this indicates that
a rearrangement of the capsid protein subunits, can occur without release or the
nucleic acid. Holland and Hoya. suggested that these reactions might be
the first stage ones for the release of the nucleic acid. Although it is not yet
known whether. or not tlTe Tearranginent of the capsid protein subunits triggered
I)y the membrane receptor is the same as that accompanied by nucleic acid release
on heating, the I\\, o rearrangements are very similar. The above findings seem
to favor the idea that the rearrangement of the capsid protein is a prerequisite rather
than a result of the release of the nucleic acid.

The empty shell of poliovirus produced by heatinu was slidhtly smaller than
the intact capsid (Hosaka and Hinuma, unpublished). The contractioit of the
polio capsid, associated with the alteration of the capsid protein, may indicate a
mechanisin analogous to the injection mechanism of T-even phages. Empty
shells of smaller sizes than the intact capsids were observed with other ICOsahedral
capsid, polyoma virus (Wildy d a!., 1960) and cytoplasmic polyhedrosis virus
(H, s, k^ and Aimwa, 1964). Further Holland and H, ya. (1962) chowed that
the alteration of the capsid can be prevented I, y neutralizing antibody, possibly
because the antibody reactive sites bridge capsid subunits (A1meida at a1. , 1963)
in suclT a way as to hinder subunit rearrangement. This is one explanation for
the neutralization mechanism of one ICOsahedral nucleocapsid I^, one antibody
(Dull, .... at at. , 1956). Mande1 (1958, 1962) ^h. wed that th. antib. dy did
not prevent the attachment of poliovirus to ITost cells, when tlle concentration
of antibody Is not so high.

RELEASE OF VIRAL NUCLEIC ACID FRO\. I CAPSID 127

5. ReleaJe of Ihe co?'e JubJ/allce dullng edify ridgeJ of icoJtthed?'a! air"J 141ec/ion.

Many ICOsahedral viruses attach to, and enter host cells and release their
nucleic acid from the capsid into the host cells, dunn. early stages of infection.
Recently, these early stages have been extensively studied with the enterovirus-host
cell systems.
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The first attachment of poliovirus is temperature independent and reversible
by high concentration of salt, acid and urea and is inhibited by high concentration
of antibody (H. Hand, 1962; Mande1, 1962b). Th, subsequent Grit"an. , is tern-
perature dependent and the virus during this reaction is progressiveIy resistant to
antibody and to treatments which dissociate the first virus-cell complex (Holland
1962 ; Mande1,1962b ; Philipson and Bengtsson, 1962). The final reaction releasing
nucleic acid is probably also temperature dependent and beyond reach of antibody.
Recently, Philipson and Lind ( 1964) have succeeded for. first time in the isolation
of the uricoatino' roceptor for ECHO 7 virus from human erythrocyte membranes
and demonstrated that the high molecular and infectious RNA of ECHO 7 virus is
released from the capsid following the interaction of the virus with this receptor
in Din. o and that this reaction is temperature dependent.

The capsid of poliovirus altered, by the plasma membrane receptor becomes
sensitive to proteolytic enzymes (Holland and Hoyer, 1962) . The acquisition of
this sensitivity does not necessarily mean that capsid degradation is a prerequisite
for the release of the nucleic acid, because the criterion for the acquisition of such
lability is the sensitivity of the RNA infectivity to RNase after the capsid has been
treated with proteolytic enzymes and is not a test of the degradation of the capsid
itself. The further interaction of the altered capsid with uricoating receptors within
host cells naturally would expose its RNA. There are many examples of empty
shells that still retain their in orphological integrity after releasing the core substance.
Thus, the most probable sequence of events Involved in release ot' the core substance
dunno infection is the first rearrangement of the capsid protein subunits associated
with slight contraction of the capsid, next, the release of the core substance and then
the degradation of the altered capsid.

Eluted poliovirus (10klik and Darne11, 1961) has similar properties to the
capsid which has been altered by the plasma membrane receptors. The eluted
poliovirus is considered to be altered virus which did not contact with uricoating
receptors and was desorbed from cell membranes, being affected by unknown
factors.

For an intact ICOsahedral nucleocapsid to IJe infectious, the nucleocapsid \\, ould
have to follow the sequence of reactions described above, during the early stages
of viral infection. This means that, if one of these reactions is irucomplete or
defective, the nucleocapsid would not be infectious and this seems to be one factor
leading to low plating emciency reported for icosahedral viruses

In this paper, the release of viral nucleic acid from ICOsahedral capsids were
considered, irrespective of animal, plant and insect viruses. There is no I)asal
difference in the morphology and the chemical and physical nature among these

Therefore it is possible to assume some common aspects in the mechanism
of the release of the viral nucleic acid from the ICOsahedral capsids.

YASUHIRO HOSAKA

viruses.
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