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PREFACE

TiE suggestion that one of the Ciba Foundation’s small,
informal, international conferences should provide an op-
portunity for ion of some fund 1 aspects of
virology onginated in Cape Town, in conversations between
Professor M. van den Ende and Professor F. G. Young. The
latter, as a member of the Counail of the Foundation, pursued
the matter in detatl on his return to England, and the Director
readily took up the proposal,

The symposium was arranged for March, 1955, under the
title of “The Biophysics and Brochemistry of Viruses”, Sir
Charles Harington, Director of the National Institute for
Medical Research, consented to act as Chairman, and also gave
invaluable advice on bership and the c on of the
programme. Perhaps even more than on previous occasions,
the Director regretted hus inability to nclude 1n so small 2
group many of the outstanding contnbutors 1n thus field of
research, Those who could be invited and who honoured us
with their presence and contributions were as usual most
helpful and co-operative, both 1n the discussions and 1n the
prep: of this suk bl The Director hopes
to be able to invite other
and in the meanwhle offers them and other interested workers
such participation in this symposium as this volume can give
them.

A few explanatory words about the Ciba Foundation may be
useful here, though this 1s the 32nd book contamning proceed-
1ngs of our conferences to be pubhshed, and one or more of our
other activities may have come to the reader’s attention,

The Ciba Found: 15 an 1 centre, blis}
as an educational and scientific echanty under the laws of
England. It owes 1ts mception and support to lts Founder,
CIBA Ltd. of Switzerland, but 15
and exclusively by its distguished British Trustees,

v




vi PREFACE

The Foundation provides dation for scientif

workers who visit London from abroad, orgnmzes and hold
international f ducts (in conj jon with th
Institut National d’Hygiéne) a postgraduate medical ex
change scheme between England and France, arranges in
formal meetings for discussions, awards two annual lecture
ships, has imtiated a scheme to encourage basic researc
relevant to the problems of ageing, assists internationa
congresses and scientific societies, is building up a librar;
service in special fields, and generally endeavours to give aid i
all matters that may promote international co-operation ir
seientifie research.
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CHAIRMAN'S OPENING REMARKS
Stk Cmanries IamiNGToN

I rixp my task in opemng this symposium a somewhat
embarrassing one, since I am the only member of the group
who has made no scientific contnbuhon whatever to the
subject under di ; in these I can speak
only as a biochemist who has long been interested 1n the pro-
gress of virus research and who, because of the nature of his
10b, has d to a nodding with
developments t in the field, In this capacity I would Like to say
first that the most satisfactory feature of the present occasion
1s that the time has come when 1t 1s worth while to hold a
symposium within our terms of reference, secondly, may I say
how encouraging it 1s to see gathered here today so many of
those to whose efforts the important advanees have been due.

It happens that the Institute which I have the honour to
direct has been a home of virus research for many years. The
hustory of the work on viruses that has been carried on there
goes back mdeed to the time when virology had not yet
emerged as an independent subject of research and when
progress was still nlibited by failure to reahze that the

elementary biologieal facts the of
viruses could only be revealed by stud)cs of the infection m
the host. We 1 are proud to ber, as two out-

standing events in the scientific history of our Institute, that
studtes of this kind carried out there led to the major discover-
1es of the virus of dog distemper and of that of influenza, thus
openmg up a very wide field of work
Intrinsically important as these biological discovertes were,
however, they served themselves to emphasize that for a
advance in knowledge of the properties of
viruses the help of other branches of science would have to be
vBUs 1




4 Sir Coaxues Harivaron

called m. One of the chief preoceupations of the early
workers on viruses was the question of the particle size of the
agents that they were studying, and the first real contnbu-
tions to this problem were provided by the work of Barnard in
the development of ultraviolet microscopy and by that of
Elford on the preparation and use of filtration membranes of
graded porosity. It 1s indeed remarkable that by this simple
method Elford was able to make estimates of particle size so
closely 1n accordance with the values that have been obtained
m later years by the use of more complex and accurate
physieal procedures
The work of B d and Elford rep | no

more than the first elementary attempt ta apply the methods
of physics to the study of viruses and it Jeaves untouched the
question of thesr chemistry. The possibnlity of anything like
exaet study of the chemistry and physics of viruses had to
await the great achievement of Stanley when, in 1936, he
succeeded 1n erystallizing tobacco mosaie virus; this work,
with that of Bawden and Pirie and others, immediately made
the chemical and physical study of plant viruses an attractive
proposition 1 so far as the materal to be studied satisfied at
least one criterion of purity and homogeneity. Concurrently
the advances m biclogical methods of cultivation of animal

viruses, ansing from the egg culture methods of Goodpasture
and Burnet and the more recent tissue culture methods

developed by Enders and others, have made it possible to

obtain these viruses also in wwhat appears to be s homogeneous
state, and therefore 1 a suitable condition for the physieist
and chemist to work on thern.

What use has been made of these opportunities? Surely

a very full one and one that is ever wmereasing in vigour as we

shall learn in the course of this symposium. On the physieal

side, knowledge of the size and morphology of virus particles

has been revolutionized by the skilful apphcation of the high-

speed centrifuge and of the electron microscope, the capacities

of which have been and are being stretehed to the limit in the

effort to reveal more deteils of structure. As for what one
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might call the elementary chemistry of viruses, the erystalliza-
tion of plant viruses has become a commonplace; it 15 indeed
interesting to compare the matter of fact reception of the
recent news of the extension of erystallization to the field of
animal viruses in the work on poliomyelitis with the intellce-
tual shock that was administered by Stanley’s discovery
twenty years ago.

Even more impressive 1s the detailed biochemical analysis
of viruses that has been carmed out during the last few
years and 1s being so actively pursued today. We have
travelled a long way from the mysterious filtrable infective
particle of httle more than thirty years ago to the present
stage when we can envisage a typieal virus particle as a strue-
ture made up of nucleic acid with a coat of protein. Further-
more, we can distinguish between the two parts of the virus
structure, regarding the nucleic acid as the genetic materal,
whilst the protein coat determunes antigenie speaificity and
provides the mechamisms for attachment of the virus to the
host cell and penetration of the genetic materal into the cell,
presumably also the protein coat carres the specific enzymre
properties associated with viruses such as influenza  Now we
have even the evidence that the protemn and nucleic acid
portions of certan plant viruses can be dissocrated and later

bimed to form a uted nfective particle, and
that, in some cases at lcast, a partial breakdown of the protein
portion is consistent with retention of infectivity.

Clearly discoveries of this sort are providing the basis for
an understanding of the host-virus relationship and of the
process of virus multiplication. These are not only pheno-
wena of the greatest intrinsic biclogeal mterest but they
have implications extending far beyond the field of virus
research For virus multipheation 15 after all & spectal case
of protein biosynthests, and there is no doubt that this
general problem will be illuminated by the work that is being
done on the structure of viruses and on their ¢hemieal compo-
sttion. In saying this I have in mind such theories of virus
protemn structure as that developed by Crick on the basis of
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called in. One of the ehiel preoccupations of the early
workers On VIruses was the question of the particle size of the
agents that they were studymng, and the first real contribu-
tons to this problem were provided by the work of Barnard in
the development of ultraviolet microscopy and by that of
Elford on the preparation and use of filtration mmembranes of
graded porosity 1t 1s indeed remarkable that by this simple
nethod EMord was able to make estimates of particle size 50
closely m aceordance aith the values that have ‘been obtain
n later years by the use of more complex and seourate
physical procedures.

The work of Barnard and Elford represents, however, 10
more than the first elementary attempt to apply the methods
of physics to the study of viruses and 1t leaves untouched the
question of their chermstry. The possibility of anything like
exact study of the chemustry and physics of viruses had o
await the great achievement of Stanley when, in 1036, be
succeeded n erystathzing tobaceo mosaic virus this works
“with that of Bawden and Pirie and others, smmediately made
the chemnieal and physieal study of plant viruses an attractive
proposition in so far as the msterial to be studied satisfied at
least one enterion of punty and homogeneity. Conearrentls’
the advances m biologieal methods of cultivation of animi
viruses, arising from the egg eulture wethods of Goodpasture
and Burnet and the more yecent tissue culture methods
developed by Enders and others, have made it poss'lblc to
obtain these viruses also m what appears {0 be a homogentoss
state, and therefore in 2 suitable condition for the Ph)'ﬁ‘:‘st
snd chemist to work on them.

What use has been made of these oppothiﬁes? Surely
a very full one and one that 1s ever increasing in vigow? as w8
<hall Tearn 1n the course of this symposium. On the Phﬁ‘c’ﬂ
side, knowledge of the size and morphology of virus if’“s
has been revolutionized by the skilful applieation of the h"s'_h’
speed centrifuge and of the electron microseope, the capaaitie
of which have been and are being stretched to the Timit in 1h€
effort to reves! more details of structure. As for what 07¢
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might call the elementary chemistry of viruses, the crystalliza-
tion of plant viruses has become a commonplace; 1t 1s indeed
interesting to compare the matter of fact reception of the
recent news of the extension of crystallization to the field of
animal viruses 1n the work on poliomyehtis with the mtellec-
tual shock that was admnistered by Stanley’s discovery
twenty years ago.

Even more 1mpressive 1s the detailed biochemical analysis
of viruses that has been carmed out dunng the last few
years and 1s bemng so actively pursued today. We have
travelled a long way from the mystertous filtrable infective
particle of ittle more than thirty years ago to the present
stage when we can envisage a typical virus particle as a struc-
ture made up of nucleic aeid with a coat of protemn. Further-
more, we can distinguish between the two parts of the virus
structure, regarding the nucletc acid as the genetic matenal,
whlst the protein coat determines antigeme specifieity and
provides the mechamsms for attachment of the virus to the
host cell and penetration of the genetic matenal into the cell;
presumably also the protemn coat carries the specific enzymie
properties associated with viruses such as influenza, Now we
have even the evidence that the protein and nucleic acid
portions of certamn plant viruses can be dissoctated and later

bined to form a d infective particle, and
that, n some cases at least, a partial breakdown of the protein
portion is consistent with retention of mfectivity.

Clearly discoveries of this sort are providing the basis for
an understanding of the host-virus relationship and of the
process of virus multiplication, These are not only pheno-
mena of the greatest intrinsic biological interest but they
have implications extending far beyond the field of virus
research For virus multiplieation 1s after all a special case
of protein biosynthesis, and there 15 no doubt that this
general problem will be iMuninated by the work that 1s being
done on the structure of viruses and on their chereal compo-
sition. In saying this T have m mind such theones of virus
protein structure as that developed by Crick on the basis of
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the study of bushy stunt virus and also the discovery of the
unusual base hydroxymethyleytosine 1n phage nucleic acid,
which in Cohen’s view provides a biological trap mechanism
for the diversion of nucleic acid synthesis from host to virus,
Finally, we must remember that the practical objective of all
virus research 1s the discovery of methods of controlling virus
multiplication; so far as chemotherapeutic control ss concerned
there js no direction from which the solution of this problem
is more likely to come than the biochemical study of viruses,
and the remarkable expertments that have been done on the
incorporation of abnormal bases into virus nucleje acid may
well point the way that we should follow.

‘We seem thus to have reached a point at which brochemical
and biophysical studies of viruses have really come into their
own and offer the greatest prospects of advance. It was this
thought that encouraged those who were responsible for
arranging this symposium, and they will have their reward if
the exchange of views that is to take place here during the
next three days does something to accelerate still further the
progress that 1s already so encouraging.



VIRUS STRUCTURE: GENERAL PRINCIPLES

F. H. ¢ Crick axp J. D. Warsox*

The Medscal Research Councié Unl for the Study of the Molecular Structure of
ulogreal Sysems, Catendush Laboratory, Cambridge

Introduction

Ix this article we shall discuss some general ideas about the
structure of viruses. This 1s a hazardous undertaking. We
know of no principles so compelling that we can be certam
that they must be true; or, more correctly, those that must be
true—the rules for inter-atomic distances, for mstance—do not
lead directly to any interesting conclustons However, there
are certain ideas suggested by experience in related fields
(such as the study of protemn erystals) which we might well
expect to apply to viruses, or at any rate to small viruses.
Moreover we can make some use of that powerful but danger-
ous weapon, the prinaiple of simpliaity.

Qur 1deas fall into two groups. There 1s good evidence in the
case of three plant viruses, and mdirect evidence for certain
ammal viruses, that the protein component of a virus 1s made
up of sub-units. Our first set of 1deas concerns the question:
why does a virus have protemn sub-umits? We have not
p ly pubhshed this Our second deals with
the problem If there are sub-units, how are they arranged?®
This we have recently put forward elsewhere, so that we shall
only deal with 1t briefly This paper should therefore be read
in conjunction with our previous one (Crick and Watson,
1956).

‘We shall restrict our discussion in the first place to those
small viruses which econtain only protein and ribonucleie acid
(RNA): that 1s, the majonty of known plant viruses, and

*Ou leave from the Biology Depsrtment, Iarvard Umiversity, and supporfed
by a grant from the Nationsl Seience Fowndation (U S A [ Pro
s
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the study of bushy stunt virus and also the discovery of the
unusual base hydroxymethyleytosine in phage nucleic acid,
which in Cohen's view provides a biologieal trap meehanism
for the diversion of nucleic acid synthesis from host to virus.
Finally, we must remember that the practical objective of all
wvirus research is the discovery of methods of controlling virus
multiplication; so far as chemotherapeutic control is

there 1s no direction from which the solution of this problem
1s more likely to come than the biochemical study of viruses,
and the remarkable experiments that have been done on the
incorporation of abnormal bases into virus nucleic acid may
well point the way that we should follow.

We seem thus to have reached a point at which biochemical
and biophysical studies of viruses have really come into their
own and offer the greatest prospects of advance. It was this
thought that encournged those who were responsible for
arranging this symposium, and they will have their reward if
the exchange of views that 1s to take place here during the
next three days does something to aceclerate still further the
progress that 15 already so encouraging.
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Introduction

I this article we shall discuss some general ideas about the
structure of viruses, This 1s a hazardous undertaking, We
know of no prineiples so compelling that we can be certan
that they must be true, or, morc correctly, those that must be
true—the rules for inter-atomic distances, for instance~—do not
lead directly to any interesting conclusions. However, there
are certamn ideas suggested by experience in related fields
(such as the study of protein crystals) which we mght well
expect to apply to viruses, or at any rate to small viruses.
Moreover we can make some use of that powerful but danger-
ous weapon, the principle of stmplicity.

Our ideas fall into two groups. There 1s good evidence m the
case of three plant viruses, and indirect evidence for certam
animal viruses, that the protem component of & virus 1s made
up of sub-units. Our first set of 1deas concerns the questron:
why does a virus have protein sub-units? We have not
previously published this . Our second deals with
the problem. if there are sub-umits, how are they arranged?
This we have recently put forward elsewhere, so that we shall
only deal with 1t brefly. This paper should thercfore be read
I conjunction with our previous one (Crick and Watson,
1956)

We shall restrict our diseussion in the first place to those
small viruses which contamn only protein and nbonuclerc acid
(RNA): that 15, the majonty of known plant viruses, and

* On leave from the Biotogy- b
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certain animal viruses such as poliomyelitis and the various
encephalitic viruses.

The reason for protein sub-units

Our basie argument is that the protein component of a
virus 1s unhkely to be either one large molecule or, alterna-
tively, an assembly of small molecules, each of which is quite
different from all the others. More precisely, we mean by
*‘different”” that the sequence of ammo acids in any two such
small molecules 1s quite unrelated.

Our first assumption is that an essenhal requirement for s
virus of this type 1s that it should consist of a packet of RNA
protected by a coat of protein. It is found experimentally that
the molecular weight of the RNA 1s of the order of, say,
2 X 10% Imagine that this amount of RNA is folded as
compactly as possible, so that it forms a rather dense sphere.
Such a sphere could hardly be less than 150 & diameter, and
15 more hkely to be nearer 200 . We next surround this with
a layer of protemn, which we shall assume is more or less
continuous. There must be & minimum thickness for such a
layer; 1 A, for example, would be impossibly small. A more
reasonable mnimum value would be 10 3. Actually no pro-
tein crystal 1s known with a umt cell dimension of less than
24 X, so that perhaps 20 i would be a more realistic lower
limit. This would require a volume of protein of about 107 33,
or a molecular weight near 7 mllion. The details of the
caleulation are unimportant; the point is that we require a
large amount of protein. Notice that the ratio of protein to
RNA increases as we make the virus smaller; that is, if we had
considered a smaller amount of RNA we should not reduce
the amount of protemn required by very much. We can only
have a much smaller proportion of protein if the virus is
considerably bigger.

The model we have described must not be taken as a
detailed model of a virus. It is used purely for illustration. If
we follow through the argument for a rod-shaped virns of
small diameter we reach a similar conclusion.
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Thus, 1f our assumption that a small virus has to have a
reasonably continuous protein coat is correct, we ean conclude
that a relatively large amount of protein will be required for
it. Whatever the reason, the experimental evidence shows
cleatly that a considerable amount of protein is always
present. In Table I we have set out the figures for all the

Table I
Axtxo Actp axp Nrcrromioe Resipves v RNA Vimrses
Molecular % %  Nucleo- Amino

Weaght RNA Protan  hdes Aads

per per
Particle  Paricle

“fobacco mosaic virus 3 94 7,300 340,000
Potato virus X e 9 5,400 200000
Potato virus Y 5 95 1,200 630,000
Bushy stimt virus 16 84 4,400 62,000
Tumip yellow masaie

virus & 6000 27,000
Southern bean virus 21 70 3,800 43,000
Tobacco nngspot varus 60 7,200 83,000
T necrosis virus 18 82 3,200 45,000
Polomy ehtis 21 6 7,200 69,000

» 100 X 1 2 75 6,000  630¢

Fowl plague* 00x10% 2 L 6,000 680,000

The figures in this Table are only approvmate
* These virnses may contaln materfal from thelr hoet cell

small viruses for which data are available. Tt can be seen that
in every case the fofal number of amino acids always greatly
exceeds the fofal number of nucleotides.

Our next assumption is more difficult to justify. It really
falls 1nto three parts. We assume (g} that the amino acid
sequence of the protemn component of the progeny is deter-
mined wholly, or at least to a large extent, by the infecting
virus, (b} that this amino acid sequence is determmned by the
molecular structure of the RNA of the infecting virus, and not
at all by its protein component; {c) that the * coding™ 1mplied
in (b) 15 relatively simple.

Of course none of these assumptions is new, though we
believe that our argument as a whole is onginal.
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We wish, from these assumptions, to make a crude estimate
of how much protein can be *coded” by a given amount of
RNA. To fix ideas consider a scheme in which the first three
bases of the RNA chain 1s a code for the first amino acid in the
polypeptide chain, the next three bases for the second amino
acid, and so on. For an RNA chain of molecular weight
2 X 10% which has about 6,000 bases, this implies that we
can code for a polypeptide chain (or chains) of total length
2,000 amino acids, or about 230,000 molecular weight. To
form a protein coat, however, we need at least 10 times as
much as this, and probably 20 or 80 times as much.

At the moment we know practically nothing about the
“code”, so we cannot tell whether the estimate of three bases
to one amino acid 1s a good one. However, this ratio, which
we have taken as 8 : 1, can scarcely be less that 1: 1, and
a careful study of known amino acid sequences in (non-viral)
protems (Gamow, Rich and Yeas, 1956) suggests thata1:1
ratio 1s unhkely, since such a code necessanly puts consider-
able restrictions on the possible amino acid seq ani
these are not apparent.

The way out of this difficulty is obvious. There seems to
be no reason why the virus-cell system should not produce
a large number of copies of the protein molecules for which the
RNA of the virus 1s a code. The protein coat of the virus
would then consist not merely of one of these molecules, but of
a number of them, and n this way one can obtain a large
““molecular weight” from a system which can only produce
relatively small protemn molecules

We can now ize our arg in shightly d
terms. The information required to synthesize the virus
protein is contained in the RNA. As there is only a limited
amount of RNA it can only carry a hmited amount of inform-
ation. Thus the protein molecules of the virus can only be of
Itmited size. Rough numerical estimates show that this
amount, used once, is not enough to preduce a shell to cover
the RNA., Thus the coat must be built up of identical sub-
units.
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The Coding Ratio

If, as we surmise, the ““coding ratio”—the number of
nucleotides which code, on the average, for one amino acid~—
is a constant throughout Nature, the plant viruses present
very attractive material from which to obtain this ratio
experimentally. When we come to grips with the problem,
however, we run into formidable difficulties. Only for tobaceo
mosaie virus (TMV) ean we be even approximately sure of the
sub-unit size, and here the number of nucleotides 1n the virus
is approximately 50 times the number of amino acids in the
protem sub-unit. Ths figure seems much too large to have a
direct bearing on the coding problem. There are several
posstble explanations for the large value. One, which we must
consider most seriously, 1s that the RNA of TMYV controls the
synthesis of other proteins in addition to that which forms its
outer shell Another is that the virus may contain several
or many copies of the fundamental RNA chain Still another
possibility 1s that the protein sub-units are not all completely
identical, so that the RNA 1s responsible for the synthesis of
several closely related proteins. At first glance bushy stunt
virus locks more hopeful, as we find that there are only four
nucleotides per amino aexd residue in the crystallographic
sub-umit This answer, however, is probably musleading, for
the chemical data {de Fremery and Knight, 1955; quoted in
Caspar, 1956) hints that each erystallographte sub-unit may
contam perhaps five chemical sub-sub-umits, thus giving
20 nucleotides per amino acid residue, which seems unreason-
ably large. It 15 clear that much further work, from many

P hes (including that of will be required before
a reliable figure can be obtained.

Experimental Evidence

Tt would be mmposstble m a short article to review in detail
the evidence in favour of each of our assumptions, but we can
menton some of 1t briefly. We should state straightaway
that it is, at the moment, madequate m almost every case.
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The assumption that the RNA is protected by a coat of
protein 1s supported to some extent by the fact that these
viruses are not attacked by ribonuclease. The evidence for the
protemn coat 15 good for tobacco mosme virus (TMV) (see
Williams, 1956; Franklin, Klug and Holmes, 1956) and for
turnip yellow mosaic virus (Markham, 1951; Bernal and Car-
lisle, 1951; Schmidt, Kaesburg and B 1954). Even if
this assumption 1s wrong, Table I shows clearly that, what-
ever the reason, the protein/RNA ratio is large for all the
viruses studied.

For our assumption (a)—that the amino acid sequence of
the progeny virus 1s determined by the genetic specificity of
the infecting virus and not to any significant extent by the
host cell—the evidence 15 again only suggestive. It rests
largely on the existence of the mutant virus strains. These
strains breed true within the usual plant hosts and have been
shown (see Knight, 1956) to possess characteristic differences
in their ammo acid compositions. However a recent paper
(Bawden, 1956) suggests that the host cell may play a far
more rdle than ly supposed

Assumption (b)—that the amno acid composition of a virus
15 determmed by the RNA of the infecting virus—is sup-
ported by the classic experiment of Harrs and Knight (1952;
1955) in which they removed the terminal threonine from the
protein sub-units of TMV and found them again mn the pro-
geny, and more strongly by the very recent work of Fraenkel-
Conrat (1956). In a typical experiment protein from standard
TMV was combined with RNA from the Holmes ribgrass
strain. After infection the resulting progeny had a protein
component closely resembling that of the Holmes ribgrass
stram. Notice that it 1s immatenal to our argument whether
the infective unit 1s RNA alone* or the recombined RNA plus
protein. The essential experimental requirement is that no
protein from the Holmes ribgrass stramn should get into the
plant. This experiment of Fraenkel-Conrat’s 1s one of the

« Added In proof : sce the important recent paper of Gierer and Schramm
(1958) 1n which It.19 reported that the RNA slone is nfective
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utmost importance, not only for virus work, but for the whole
field of protein synthess, and we look forward to it being
repeated and extended by other workers® so that its apparent
conclusions can be established beyond doubt.

We know of no experumental evidence which directly
supports our third postulate (¢).

The arrangement of protein sub-units

We have very recently discussed this (Crick and Watson,
1956) 1n an attempt to answer the question, *Why are all
small viruses either rods or spheres?” Here we will put the
question the other way round and ask, “Given that the
protein component 1s made of sub-units, how will they be
arranged?”

In our view 1t 1s not very Irkely, though not impossible. that
the sub-units will aggregate in a random manner On general
grounds we would expect that the preferred arrangement will
be one in which every sub-umt has the same environment as
every other sub-unit This can only be done 1f the sub-units
are related by symmetry elements. The two most likely
arrangements are a sphernieal shell, having cubic symmetry,
or a cyhindrical shell, having 2 screw axs, though other
symmetries could occur. There are three possible arrange-
ments of symmetry elements which can grve cubic symmetry,
having 12, 2t and 60 asy ric sub-units resp
Thus we predict that many small spherical viruses will have
12n protein sub-units, where n 1s an integer. Our original
article should be consulted for details.

The X-ray evad has blished the of sub-
units for TMV {see Frankln, Klug and Holmes, 1956}, for
tomato bushy stunt (Caspar, 1956) and for turnip yellow
mosaic (Frankhn and co-workers, unpublished). Note that
the X-rays can only show that the sub-units are structurally
similar, not structurally rdentical, let alone chemcally idents-
cal Also note that the crystallographic sub-unit may consist

in proof _see the important recent paper of G et s0d Schramm
(mn) Rt réported that the RNA aloneus infectev ©
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of several chemical sub-units, which may or may not be identi-
cal. The X-rays are also incapable of showing whether the
sub-umits are held together by physical bonds only, or also by
chemical bonds, such as §-S bridges, which might be formed
during or after the aggregation process.

Very little 1s known about the detailed arrangement of the
RNA in these viruses. It is a reasonable hypothesis that the
RNA has the symmetry, or at least some of the symmetry
elements, of the protein component. This symmetry may not
apply to the precise sequence of the bases of the RNA but only
to the phosphate-sugar backbone.

1t is rather striking that the absolute content of RNA, for
both the rod-shaped and the spherical viruses, vares over
rather narrow lmits compared with the highly varying
amounts of protem. Almost all these small viruses contain
between 3,000 and 7,500 nucleotides and we wonder whether
there may be an effective lower hmit to the size of a virus
correspondmg to the amount necessary to make a moderately
sized protein molecule. There are reports of smaller viruses,
in particular the Rothamsted strain of tobacco necrosis virus
(Bawden and Puirie, 1950), but there seem to be strong doubts
whether these small particles of 150 & drameter are infective.
If they are we should have a virus of 1:5 X 10¢ molecular
weight, containing about 900 nucleotides. According to our
above arguments, this amount of RNA might be expected to
control the synthesis of a protein of 20-80,000 molecular
weight.

The possibility that the arrangement of the RNA may be
practically the same in all spherical viruses should not be
overlooked, since the ways of folding a fibrous molecule so
that 1t has cubic symmetry may be rather imited. For this
reason it is quite possible that microsomes, which also appear

spherical and are of a similar size to the smaller viruses
(actually a little smaller, but the percentage of RNA is
probably greater), may also have cubie symmetry, and per-
haps possess protein sub-units. In any case, since microsomes
contain only 2 limited amount of RNA, we would predict, by
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an extenston of our first argument, that no very large protein
molecule will be found that is not an aggregate, The frag-
mentery evidence available on large protein molecules (such
as myosin) is compatible with this idea.

Other Viruses
We shall only discuss this very bricfly We think 1t hkely

N N

ideas may have to be adapted somewhat mn special cases, such
as the influenza virus, the outer shell of which may not be
so well ordered as the imnner part and probably consists in
part of p of the host. B: such as T2,
present a very challenging problem. We feel that our xdeas
may apply to the separate parts, but even so the shape of
the head requires some special explanation.
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DISCUSSION
{Dr Caspar's remarhs were Wlustrated with a variely of models)
Caspar * 1 should like to make some comments to indicate how sym-
metry can lead to spherical virus particles. First, Dr. Crick has pomted
2ut' that you cannot have mirror symmetry in o virus because it 18
1 aim Af i nteia mmatan lan Mhpeafaas Shaus amn andes baen $1mag nf

operation on a structure—that afterwards it Jooks the same as it did
before. In thns case swwe would say that the wheel has a fourfold rotation
axis. Translational symmetry applies to a repeating linear. In bio-

metry. (The platome sohds actually have murror planes and a centre of
symmetry as well as rotation axes, but for illustration we ean jgnore
these.]

5yn)1metry does not tell us what & particle is going to look like; it just
indicates how the parts are related. We have expenimental evidence
from X-ray work 1 the case of bushy stunt virus that it has the
symmetry of the regular dodecahedron.” Dr, Klug and ir. Finch have
Plso found that turmp yellow virus probably has this same type of

symmetry.
Let us go back to the tetrahedron to mdicate how you get sub-umits
from symmetry. Consider one of the threelold rofation axes. If I

arbitranily put 8 sub-umt in any place, I bave to put ancther two,
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Telated by this threefold rotation axis, on the same face. Stnce there are
four identical faces I end up with twelve sub-umts, arranged in a very
defimte way. Likewise for the cube or the octahedron I shall end up
‘with twenty-four sub-units. In the dodecahedron there are twelve flve-
fold faces, 5o that this wilt lead to sixty sub-units, arranged m @ regulsr

way.
E T U

symmetry. ) . o . .
not been this hypothesis,

Wilkams Dr Cnick, 1s there any particular specification to the

coding that makes & eoding ratio of something like 1 to 10 and 1 to 20

quite unreasonable?
Foarts W
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Watson: The X-ray evidence of Caspar indicated that lhz pmtem
coat of bushy stunt virus 1 d from 60 simular sub- Each
sub-unit has a molecular werght around 125,000 and containg appron-
e riliipmptnr ity Sttt A N

argument? T
T¥atson. No, I mean the protemn shell 13 made up of a series of sub-
its, and the RNA 15 sufficient t0 code to proyide the information to

TIONT o et cner et ot o W bt A e
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say, for emmple, um me lcngth of an RNA chan in TMV i1 only 50
residues, a3 was

o gL resunaply call erystallization.
Enight Do you think that this perhaps explains why we have some
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Watson: The X-ray evidence of Caspar indicated that the pmtel;
bunits. Eacl

coat of bushy stunt virus is from 60 similar
sub-unit has a molecular weight around 125,000 and contains approw-
mately 1,100 amino acids. The RNA content of bushy stunt is 16 per
cent which corresponds to about 4,400 nucleotides. We thus find four

shamaig

sequences.
e

P (O P N P

argument ?

I¥atson- No, T mean the protein shell 13 made up of a senes of sub-
units, and the RNA 1s suffictent to code to provide the information to
determune the sequence m one of the protein sub-units.

know. In _l‘nct,ll think the real point of this :dea 13 to brning h?me
B i s A
expose 1tself to the whole of one sub-unit ?

Crick. \What we assume 15 that the RNA takes some extended form
and that the coding 13 done when the polypeptide chain 1s this extended
form, and that it subsequently folds up, That is the basic answer , How
. A TR T pranbtehiartiivri el o

itlion?
T Crich Perhaps T should say particle weight. We use that figure for
fllustration because that 1s approximately what is found It could be
that the RNA was 1n sub-umts itself, and the sub-units could be iden-
tical or different, However, I would be cautious about arguments that



STRUCTURE AND SUBSTRUCTURE OF VIRUSES
AS SEEN UNDER THE ELECTRON MICROSCOPE

Roriey C. WiLLiams
Virus Laboratory, Umternty of California, Berkeley, Califorma

I recent years the advances in electron microscopy have
been such as to allow us to obtamn rather precise information
ding the three-di 1 shape of individual virus
particles, and reasonably credible notions of the general
features of structural differentiation within some of the larger
viruses (see Teviews by Wilhams, 1954; Bang, 1955). In
addition, the mvestigation of shapes and sizes of some virus
substructures has been mitiated, with results so promising as
to indicate the of quite mvestig:
nleng these hnes. The electron mucroscope is \m\que mn
f about nd 1 virus
particles by direct optical imagery; other biophysical methods
must not only deal with the average properties of multitudes

of particles but also yield morphological information quite
ndirectly,

General appearance of intact virus particles

Only a score or so different viruses have so far been obtained
in sufficiently purified form to allow sigmficant electron
‘mcroscopic observations to be made, but from these observa-
tions certamn generalizations regarding shape and size may be
drawn. The largest of the objects properly called viruses are
about 800 mp. 1n diameter, while the smallest yet observed are
about unc-ﬁfteenth that suze. Althnugh detmled vanatmns in

rmmvhala s —mn e
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ypsin, and 1t needs some
active enzymc to tum \( protein into A-protein, for example, or alter-

finished virus.

Dulbecco: The idea of the erystallization of protewm units is useful also
to explamn some data, like pl ypic mixing of varuses.
It is known that the protein coat of a phage pnmclc produced in mixedly
infected cells can have variable proy f the
of the two parents, moremcr, the composmon of the proz:m,
determined by this property, 1s independent of the genetic composition
of the DNA of the particle. So that it seems that the phage coat iy
made up of umits which are budt independently and then assembled to-
gether with DNA.
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subsequently found to exist for all the T-phages by Willams
and Fraser (1053) using a freeze-drying techmque. Quite
distinet polyhedral figures are found for the particles of
tobacco ringspot (Steere, 1956), and less convinemngly so for
tomato bushy stunt virus (Willlams, 1953¢) On the other
hand, the freeze-drying method does not nvarjably produce
polyhedral structures, sincc the particles of poliomyelitis
virus (Schwerdt, Wiliams, Stanley, Schaffer and McClain,
1054), and of both components of turnip yellow mosaic
virus {Cosentino, Patgen and Steere, 1956) appear mvariably
to be spherical. The preeise form, 1if any, of the polyhedral
objects observed is difficult to determine, and, except for the
T-even phages, has been inconclusively inferred only from the
shapes of the shadows of the viruses The heads of the T-even
phages appear to be hexagonal prisms with bi-pyramidal
ends, the other polyhedra scem to have the general outhines
of dodecahedra. Only two of the larger viruses, influenza
(Wilbams, 1953¢), and the agent of memngopneumomtis
(Crocker and Williams, 1955), have been exammned by freeze-
drying methods. The former appears to be spheneal, while the
latter is gencrally sphencal with some signs of structural
deformation.

Tt mght be anticipated that the electron microscope would
be uniquely useful in the detection of whatever details of
structure exist upon the surfaces of virus particles. Thus far
- T o “ * this purpose has proven

* exception of the virus

.. N es when air-dried show

signs of surface nodules in regular array (Williams, 1953c}, no
surface detail of any apparent significance has been detected
upon any virus The reasons for this failure are not clear.
The electron pe has a lving power suffi to
allow discernment to be made of structural wrregulanities of
the order of 20 X in size, 1f sufficient electron contrast is avail-
able. So far, contrast can be imtroduced into the images of
intact virus particles only by the enhancement of topograph-
weal detail through shadowing methods, The shadowing
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non-uniform in size and appear to have a complex structure
involving an outer membrane, a less dense peripheral region,
and a dense core. The smaller viruses are distinguished,
generally, by an electron microscopic appearance of internal
) Ju{ y and of plete uniformity of size and shape.
Most of the smaller viruscs seem to mhabit the plant world,
but the apparent lack of small animal viruses may be due to
our inability to separate m identifiable form such small
objects from the welter of other similar particles found
sbundantly in ammal tissues (Willlams, 1953a; Bachrach and
Schwerdt, 1954).

Detailed morphology of some viruses

The direct nature of electron microscopic observation
carries withit a derable hazard of misleading information
ansing from the many artifacts involved in specimen prepara-
tion. A most serious danger is that our observations of
necessarily limited fields of view will be atypreal ; that false
impressions will be secured from a few micrographs that are
not randomly representative of an entire virus preparation.
A second source of misapprehension arises from structural
deformations brought about by the dehydration of virus
specimens i the course of preparation for electron rmeroscopy.
The former type of artifact has been rather thoroughly
elimmnated by the use of ive-field hni
(Sharp, 1949, Backus and Williams, 1950), while the latter
artifact may apparently be greatly reduced by the application
of one of the techmquesdeveloped for the preservation of three-
dimensional structure (Anderson, 1951, Willtams, 1953b).

The application of the techniques of preservation of three-
dimensional structure has given us new information about
the precise morphology of a few viruses in the intact form.
The most striking and unanticipated finding is that some of
the viruses, heretofore considered to be spherical, are in fact
polyhedral in shape. This kind of shape was first found by
‘Anderson (1951) for the T-even bacteriorhamee  and wac
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When frozen-dried, the particles of both components look alike
in shadowed preparations. Particles of the medium-sized and
smaller viruses, such as influenza, rabbit pamlloma, equine
encephalomyelitis, tomato bushy stunt, and poliomyehtis
(to name a few examples) when observed in unshadowed
preparations show no degree of dufferential electron opaaty
sufficient to suggest the existence of internal structure. Such
uniformity in the electron image 1s to be antieipated (Hall,
1955) in consideration of the small varations in mass-thicks
ness that would be expected to exist 1n a biological substance,
such as a virus.

Appearance of viruses seen in sections

Considerable success has been attamed 1n recent years i
the demonstration of virus particles within thin sections of
infected cells. In such sections the particles of the Jarger
vituses are transected, and electron micrographs of the
sections show evidence of structural differentiation within the
viruses So far, only the larger viruses have been identified
sufficrently well m sectioned cells to allow generalizations to
be made, but certainly 1n the case of meningopneumomtis
{Gaylord, 1954), fibroma (Bernhard, Bauer, Harel and
Oberling, 1955), vaccima (Morgan, Ellison, Rose and Moore,
1854a), and herpes stmplex (Morgan et al., 19545) there 1s a
consistent structural pattern. Each virus particle appears
to have a relatively opaque central core, surrounded by a
shell of transparent material, which 1n turn 1s surrounded by
one, or two, concentric membranes. Recently it has been
found by Bernstem (unpublished) that the heads of punfied
T2 phages, when stained with iron, show this same general
appearance. Unfortunately, 1t 1s difficult to assess the mean-
ing of the differences 1 opacity seen 1n the electron micro~
graphs. It 1s not known whether the stamn almost umversally
employed (osmium tetroxide) attaches to all or any portion
of the virus, and consequently 1t is uncertain whether the
relatively opaque core arises from o denser matenal in that
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metal 1tself obviously tends toward obscuration of the finest
detail; there 15 the further suspicion that the surfaces of all
objects are coated with tiny oil globules during normal
shadowing (Williams, 1952), thus causing the surfaces of
viruses to have a general “pebbly™ appearance. Another
cause of obscuration of surface detail may well be the fine-
scale deformations mcident to both air-drying and freeze-
drying of virus particles. A further cause of the generally
nondescript appearance of surface detail is the obvious one
that virus particles may simply have no periodic arrangement
of surface irregularities. It might be added parenthetically
that it is fairly easy to secure electron mucrographs which
seem to exhibit periodic structure upon the surfaces of virus
particles; all that is needed is an inferior micrograph which
combines under-focus with either an astigmatic or a moving
1mage.

Some evidences of internal virus structure have been
obtained from the electron mucroseopy of intact virus parti-
cles, observed either shadowed or unshadowed. The large
viruses of the psittacosis group, and of the herpes group,
exhibit a ““derby-hat” appearance after dehydration from
an Such diff of ngidity clearly
1mp]y a correspondmg internal structure, with a relatively
undeformable central core and an outer membrane, but the
morphological observations alone give no clue as to the
composition of the core. More precise information has been
obtained for members of the pox group of viruses, where
treatment with enzymes clearly indicates that the central
core i> composed in good part of nucleic actd (Dawson and
McFm'lane, 1948; Peters and Nasemann, 1952; Peters and

1954). The exi: of a central core of some
nature within the infectious component of turnip yellow
mosaie virus, and its absence in the non-infectious component,
has recently been demonstrated in electron micrographs by
Cosentino et al. (1956). In this case use was made of drying
artifacts to show that the particles of the non-infectious
component have, when drnied, a *““dimple” jin their centres.
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the planing of the 1ce block, but no high resolution miero-
graphs have yet been obtained.

Virus substructures

As might be ant} d, the electron pe 15 proving
uniquely useful 1n the visualization of the products of virus
disi ion and ly, especially in those cases
where some sort of biwological or chemical activity can be
associated with morphologieally distinetrve components of the
d d particles, An ple of this sort of appl
is found 1n studies made on the biological activity of certain
small particles ined from the ton of the fowl
plague virus (Schafer and Zilig, 1954). It was found that two
distinct, soluble components could be released from this virus,
one of which has antigenic and mmmumzing properties, and
the other of which has red cell agglutinating properties as
well, Electron micrographs show the two types of particles
to have very small, but distinctive, sizes; unfortunately, the
particles are so small and presumably so affected by drying
that their quasi-spherical appearance may well have no special
significance.

Bacteriophage
Two viruses whose disintegration has been rather thor-
oughly studied by electron py are T2 b h

and tobacco mosale virus. Fraser and Willlams (1953) were
v e e

matenal was i the form of distinct strands, rather thoroughly
mtertwined, the diamcter of which was about 20 i, The strand
length could not be determmned owing to the intricate coiling
of the material, but 1t was evident from the very few free
ends seen that the individual strands of DNA were at least
several hundred A long. Kellenberger and Arber (1955), and
‘Williams and Fraser (1956), have examined the structure of
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portion of the virus or whether it anses from the osmophilia
of that region. There can be no denying, however, that the
““larger” viruses (i.e., those larger than influenza) show quite
enough evidence of the structure described above to cause
virologists to believe in its reality.

Steere (unpublished) has recently developed a technique
which is applicable for the detection of some types of struc-
tural differentiation within viruses. In this method the
material, such as a virus suspension, a crystal, or a virus-
infected cell, is fixed by quick freezing, Part of the frozen
block 1s planed away to produce a smooth surface. This
surface is then sublimed in vacuo to a depth of about 100 i.
Surface detail will arise during the sublimation 1f there is a
differential sublimation rate between, say, & virus particle
and the surrounding ice. A shadowed replica 1s made of the
sublimed surface, and 1s then removed from the surface and
examined in the electron microscope. Only two viruses have
so far been exanuned 1n this manner, tobaceo ringspot in the
form of crystalhne material, and tobacco mosaic virus in the
form of natural inclusion crystals in harwr cells. The former
virus exhibits, apparently, space-filllng properties of packing,
with each virus particle showing pronounced regularity of
outline 1n transection. No detail of structure is seen over the
cut surfaces of the particles; perhaps one should not expect the
relative rates of sublimation of water hydrated with protein
and with nucletc acid to be different. It will be of great
interest to observe mixed crystals of turnip yellow mosaic
virus by this method of sublimation-replication. The inclu-
sion crystals of tobacco mosaic virus exhubit a considerable
degree of regulamity of orientation of the imeluded virus
particlet, as might be expected. The particles appear stacked
in plates, with the individual rods not exactly perpendicular
to the faces of the plates. The arrangement of the rods in the
plates, and of the plates with respect to each other, is appar-
ently that deduced by Wilkins, Stokes, Seeds and Oster
(1950). So far there has been no detail of structure apparent
within those virus rods which have been transected during
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presumably protein structures There 1s some evidence that
at least the distal hall of the tail sheath 1s composed of &
helieal wrapping. Since it seems feasible to separate and
purify the tail fibres m small quantities, 1t would appear that
here is a species of fibrous macromolecule of some interest,
possessed as it is of a distinctave type of bological specifieity.

Tobacco mosaic virus

The apparent regulanty of the structure of tobacco mosaie
virus (TMV), as contrasted with the complexity of structure
of the bacteriophages, makes it seem most likely that electron
microscopie observations of 1ts substructures will have con-
siderable relevance in relation to structural information
gleaned from other types of inquiry. As mentioned previously,
even the highest resolution micrographs of the particles of
the intact virus are disappomtingly lacking 1n information;
all that can be discerned 15 a straight rod of indeterminate
cross-sectional shape and exhibiting no regularity of detail
in its surface structure Some years ago an attempt was made
to see if the cross-sectional shape could be inferred from obser-
vations of very short fragments of the virus rods preduced
by some osallation (Willlams, 1952) The observations,

bseq d inf lly by Hall and by Kaesberg
{personal communications), indicated that these short frag-
ments are frequently seen m cross-section as fairly regular
hexagonal platelets, From these appearances it was concluded
that a most likely form for the intact particle was that of an
elongated hexagonal prism The X-ray observations, how-
ever, (Watson, 1954; Franklin, 1955) conclusively show a
helreal strueture for the protem of the virus rods, and the
internal packing appears to be such as to make an overall
hexagonal contour unlikely. We are now left with the dilemama
s to why short portions of the rods should exbit hexagonal
outlmes despite the more mtricate external contour predicted
for the entire particle by the X-ray results,

As Schramm (1947) has shown, 1t is possible to disintegrate
TMV by treating it at high pH and to recover the protein
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the components of disintegrated T-even phages, with particular
attention given tothetail structure. Disintegration was accom-
plished by treatment with oxidizing agents (Kellenberger and
Arber) and by freezing and thawing (Williams and Fraser).
The effect of the oxidizing agents (such as H;0,-alcohol) is
to solubilize a portion of the distal end of the tail, leaving an
intact, inner core and a small number of slender fibres at the
very tip of the core. This disintegration of the tail sheath
takes place 1n only its distal half. The oxidized tail structures
are still capable of adsorption to host cells, but only in 3
reversible manner. The discovery that the tail sheath is more
resistant to disintegration by oxidation in its proximal half
reminds one of the observation by Levinthal and Fisher (1933)
that phage particles, sheared off their host cells after pro-
longed adsorption, exhibit tails of only half length.
Williams and Fraser (1956) were able to make quantitative
observations of the adsorbing prochvities of the components
of disjoined T2 phages by application of particle-counting
techniques (Backus and Wilkams, 1850). They confirmed the
previous indications that separated phage heads are incapable
of adsorption, The head structure itself is frequently left quite
intact, and filled with DNA, despite the apparent removal of
the entire tail. The separated tails arc able to adsorb just as
efficiently as they do when part of the itact phage. The
freezing and thawing accomplishes a partial, or even complete,
disintegration of the tail sheath, occasionally uncovering a
stiff core of length equal to that of the entire tail, Although
the evid is pl it is believed that the naked cores
do not adsorb to host cells. The tail fibres may be separated
from the tails, and appear to have a distinctive size and shape.
They are about 6 mp. in diameter and usually appear in the
form of an obtuse V, the total length of which is quite con-
stantly 180 mp. The V frequently breaks at the tip, as
evidenced by the frequent oceurrence of straight fibres some
65 mye. long. The separated tail fibres are capable of complete
adsorption to host cells. Neither the core nor the tail fibres are
attacked by rib 2t or desoxyrib 1 and are
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treated at high pH. In neither case, however, was the identi-
fication of the threads with RNA buttressed by any sort of
chemical test.

Hart {1955) has developed a technique whereby TMV may
be very mildly and controllably degraded with sodium dodecyl
sulphate at elevated temperature and immediately dried
for examination in the electron meroscope. This treatment
produces rods whose ends show signs of degradation, in that
they are seen to have protruding from them a core matenal of
about 50 & diameter. The core appears to be axially localized
where 1t jomns the residual intact rod. Treatment with RNase
causes the core matenal to disappear, but treatment with
DNase or with trypsin has no effect From these experiments
it would appear that the core is RNA and that it 15 axally
localized in the intact virus In general the protruding RNA
shows no sign of fraying into thinner fibnls. The electron
micrographs do not, as yet, appear to offer any answer as to
whether or not the RNA is arrayed around a true hole on the
axis of the virus rod, and whether or not the RNA is single or
multiple stranded.

Re-assembly of tobacco mosaic virus

The re-ag ve p of the protemn obtained from
tobacco mosaie virus by treatment at high pH were shown
by Schramm (1947) It was found that a lowering of the pFH
produced a type of re-assembly of the protemn sub-umts (the
“A-proten”) The aggregated matenal gave ultracentnfuge
patterns indicating the presence of particles like those of
native TMV, but the particles were devoid of infectimity.
That this tendency towards regular aggregation is not
Testricted to the protemn derived from TMV was shown by
Takahash: and Ishii (1953), since they were able to cause an
abnormal protemn extractable from infected plants (the
X.-protein) to aggregate mto rods, shown by electron micro-
scopy to be hol 11 distinguishable from native
TMV. As mught be expected, the aggregated X-protemn is
not infectious. It should be noted that, slthough the rods
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portion in an apparently native form. This material 15 mostly
in the form of particles of molecular weight ~ 100,000, too
small to be di d with any morphological significance in
the electron microscope. Not all the protemn is reduced to this
size, however, and furthermore, the 100,000 mole wt. units
readily aggregate into somewhat larger structures. Conse-
quently, when the protein fraction 15 observed under the
electron microseope, some particles are seen whose size is
sufficient to disclose a distinctive shape—that of an approxi-
mate disc with a central hole, hike & machinist’s washer
(Schramm, Schumacher and Zillig, 1955; Fraenkel-Conrat and
Williams, 1955). The central hole has a diameter estimated
to be 50 4, and inasmuch as the protemn material is known to
be devoid of RNA, it 15 reasonable to suppose that the hole
represents the space occupied by the RNA in the intact virus.

The nuclerc acid fraction of TMV can be obtained in appar-
ently undegraded form by tr of the intact virus with
detergent (Fraenkel-Conrat and Singer, 1954). Attempts in
this laboratory to photograph the RNA so prepared have
been quite frustrating, Although 1t is clear that some kind of
stranded materal 1s bemng observed, there is no distinctive
type of fibre seen; rather, there appear to be gradations of

ﬁbre vudths all the - way from bare]y discernible threads to
Yomms Bl +ha PNA

mts, and
* * solution

is lost during drying.

Despite the disappointing appearance of the purified RNA
from tobacco mosaic virus, it has proved possible to demon-
strate its localization within almost mntact virus rods. Inttma-
tions of 1ts locahzation have been presented by Stahmann and
Kaesberg (1955), and by Schramm, Schumacher and Zillig,
(1955). In the former demonstration it was shown that
occaslonal particles of frozen-dned TMV are fragmented
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nor has an active preparation failed to show them in appre-
ciable numbers,

By the use of Hart’s technique 1t has been shown that the
reconstituted matertal contains its motety of RNA in the
form of a central core (Fraenkel-Conrat and Williams, 1955).
The only discernible distmnetion in this regard between the
two kinds of TMV, native and reconstituted, is that the latter
is distinctly more labile to the effects of the detergent and
elevated temperature used to disclose the mner core.

Recently 1t has proved possible (Fraenkel-Conrat, 1956) to

Lt membs boa anlla

vannmet biba A n mavad aw huhed vl

. '

infectivity, and the progeny viruses are found to possess the
strain charactenistics of the virus which furnished the nucleic
acid. It is perhaps unnecessary to add that the electron
microscope shows the reconstituted matenal to be identical
{except for length distribution) to native TMV.

No 1nvestigation has yet been made of the kinetics of the
Teconstitution reaction by following the change of length
distribution as a function of time followmng the mixing
together of the two components. At the concentrations so
far employed the reaction 1s physically completed 1n a very
few minutes, and it 15 hkely that we have always examined the
products after the physical reaction 1s complete. It does
scem a hittle surpnising that we have never observed any
incompletely formed particles, m the sense of particles that
are fully formed throughout only a portion of their length with
a bit of RNA left over at one end

It now begms to appear (Fraenkel-Conrat, 1956) that
infection can be obtained from solutions in which essentially
no full-length TMYV particles, either native or reconstituted,
are present, The active solutions are believed to be pure
RNA, and are infectious when rubbed upon tobacco plants
m suffiently high concentrations, The same solutions, when
assayed at the much lower concentrations employed n the
tests for reconstituted activity, show no infectivity. Electron
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obtained from the aggregation of both the A-protein and the
X-protein have the same diameter and genera] appearance of
TMYV, they do not possess the monodispersity of length
exhibited by the latter (Willlams and Steere, 1951). There
appears to be a morphological identity between slightly
aggregated X-protein (with particle weights around 10¢) and
particles of similar s1ze of partially aggregated A-protein; that
is, they both appear as discs with central holes.

Schramm and Zillig (1955) have recently shown electron
micrographs which they interpret as indicating that the rods
of aggregated A-protemn exhibit a periodicity of transverse
surface structure. Electron micrographs obtamned in this
laboratory do not support this conclusion, but rather, show
the same sort of pebbly structure upon the surface of the
A-protein as 15 seen on the surface of native TMV particles,
aggregated X-protein, and re-constituted particles of TMV
nucleoprotein (to be discussed below).

It was found by Fraenkel-Conrat and Williams (1955) that
the A-protein derived from tobacco mosaic virus and the RNA
obtained by treatment of the virus with sodum dodecyl
sulphate will combine stoichiometrically at a pH above that
at which the A-protein alone will aggregate to form rods.
The re-combined nucleoproten contains about 6 per cent
RNA, as does the native virus. The resulting rods are identical
in appearance with the virus, except that there 15 a large range
of distribution in length, Most of the rods are less than 8,000
long, some are precisely that length, while a few are longer.
It is difficult to set precise figures to these estimates, because
the length distribution varies from one preparation to another.
Fraenkel-Conrat and Williams also found that the reconsti-
tuted rods, from non-infective component materials, have an
infectivity, varymg from preparation to preparation, but
sometimes amounting to about £ per cent of that of the
native virus. Although the reconstituted matenal is hetero-
disperse in length, there is a high degree of correlation between
the presence of rods of length >> 8000 A and infectivity; at
no time has an inactive preparation shown rods of this length,
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nor has an active preparation failed to show them 1n appre-
ciable numbers,

By the use of Hart’s technique 1t has been shown that the
reconstituted material contams its motety of RNA mn the
form of a eentral core (Fraenkel-Conrat and Williams, 1955).
The only discernible distinction 1 this regard between the
two kinds of TMV, native and reconstituted, is that the latter
15 distinctly more lahile to the effects of the detergent and
elevated temperature used to disclose the inner core.

Recently it has proved possible (Fraenkel-Conrat, 1956) to
Teconstitute what mught be called a2 mixed, or hybrid, virus.
It is found that the protein of wild-type TMV will recombine
with the RNA of Holmes nibgrass. This combination has some
infectivity, and the progeny viruses are found to possess the
strain characteristics of the virus which furnished the nucleic
acid. It is perhaps unnecessary to add that the electron

i pe shows the d maternial to be identical
(except for length distribution) to native TMV

No investigation has yet been made of the kineties of the
Teconstitution reaction by following the change of length
distribution as a funetion of time following the mixing
together of the two components. At the concentrations so
far employed the reaction is physically completed 1 a very
few minutes, and 1t 1s Iikely that we have always examtned the
products after the physical reachion is complete It does
seem a httle surpnsing that we have never observed any
wncompletely formed particles, in the sense of particles that
are fully formed throughout only a portion of their length with
2 bit of RNA left over at one end
. It now begmns to appear (Fraenkel-Conrat, 1956) that
Infection can be obtained from solutions i which essentially
no full-length TMYV particles, either native or reconstituted,
are present. The active solutions are believed to be pure
RNA, and are infectious when rubbed upon tobacco plants
in suffi ly high The same soluti when
assayed at the much lower concentrations employed mn the
tests for reconstituted activity, show no nfectivity, Electron
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micrographs of solutions of RNA which prove to be infectious,
and those which do not, are unfortunately identical in appear-
ance and are quite uninformative. In no case, however, do
they disclose the presence of any rods of length approaching
8000 A.

The results of electron microscopic investigations of the
structure of tobacco mosaic virus appear to be quite generally
consistent with the X-ray and chemical evidence., It would
seem that there 1s a central core of RNA, perhaps i itself
hollow, around which is wrapped in helical fashion the idents-
cal protein sub-umts. Either the grooves in the virus surface,
postulated by Franklin (1955) are quite shallow, or else fhe
conditions leading to the electron mucroscopie examination
are such as to obsecure the visualization of these grooves.
For nfection, 1t appears that either an intact virus rod (ie.
one cc its full pl of length of RNA) is
necessary, or else that the RNA fraction alone must be in
sufficient concentration to guarantee that a minimal number
of fully intact RNA “umits” are present. VWhether or not
pure RNA 1s in aitself infectious remains to be seen; all that
can be said now 1s that highly purified RNA appears to be 50,
and that, at any rate, solutions devoid of full-length TMV
rods can earry infectivity if tested at sufficient concentration.
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DISCUSSION
Pune Dr Willams, what 15 the physical form of the ring spot pre-

vizes
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Sllows am amalysis of the morphogenesis of the phaps. Cortairts the
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o T2 ve Uk LY & dacob and E. Wollman, the genelic
material of the phage is Teproduced, phage heads are formed, and
some proten analogous to the tay S-protein 15 produced. But the
Phage particles are nat organized and w Froesdbatln e
to one defactive gene wt .
group  One has, of course
3t seems as though one
orgamzation of the phage paricle.
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excess of carrier of RNA that had been shown not to have B[;!{' :clh:uty‘.

opposite half-leaves of the same plants
One knows 10 an expenment how many virus rods of TMV/m! will
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titre of native TMV by’a factor of 20,000 or so, changes the mfectivity
of the punified RNA preparation not apprectably.

In the electron microscope, we can observe the RNA at a concentra-
tion such that, 1f TMV particles of length about 8000 A were prescnt, W€
would be able to detect them at approximately 10% to 5 X 10% pat-
ticles per ml With the TMV and the test plants which we use, after
making the necessary anthmetical correction to account for dilutions,
we are able to obtain mfectivity of the amount we would obtain, from
5 X 10° particles per ml , if only TMV were present. So that in some-
thing which'ts demonsttated by the electron microscope to be devoid
of TMV particles, at any rate above the 5 x 10%/ml. level, we get an
infectivity that could be due to contamimnant TMV only if at least
approximately 5 X 10% particles per m! were present. It looks as if,
within a safety factor of aboat 100 to 10,000, we do not have enough
physical TMV partieles to account for the lesions observed with the
RNA preparation.

Pirte. \What do you call  particle? _ —

would be about 200 or 300 A.
Pirie But we think they can be infective.
Williams* If you are sure, this 1s a very interesting statement.
Purie: Now the other pomt that puzzles me about your observations
. e R P e O Y e a

e nbren?



Discusston

that were not infectious, a3 sometimes occurs, and we Fave never found
Sre 1¢H fnfedt! 3 - i v
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Whether 1t needs still to be rods 300 my., long I don’t know, but perhaps
not as 1t remams in the flud after
However, nether Pine nor T have ever maintamed that patticles of any
entical length were necessary for mfectivity. .
Fraenkel-Conrat and Willams failed to note that the protem inhibits
mfectivity because the test they made, mixing concentrated virus an
protein and then diluting the mixture before testing, was the wrong
type. They should have tested the effect of concentrated protem on dilute
virus preparations.




X-RAY DIFFRACTION STUDIES OF THE
STRUGTURE AND MORPHOLOGY OF
TOBACCO MOSAIC VIRUS

Rosauxn E. Frankury, A Krue axp K. C. Horues
Birkbeck College Crystallography Laboratary, Uniternity of London

Introduction

Tre Xeray diffraction diagram of any substance is a
Ppattern directly related to the structural regulanty within the
substance In general, the higher the degree of order in the
structure investigated, the greater will be the amount of
information contamed 1n 1ts X-ray diagram. The scale of the
structure which can be investigated by this method ranges
from atomic dimensions to a few tens or hundreds of
Angstroms.

The earliest X-ray diffraction pictures of plant viruses
(Bernal and Fankuchen, 1941; Carlisle and Dornberger, 1948;
Bernal and Carlisle, 1948} showed them to have a very highly
ordered mnternal structure In recent years, great progress has
been made 1n the study both of the chemical constitution of
plant viruses and of the molecular structure of protemns and
nuclete acids m general. This, together with advances in the
techniques—both experimental and mterpretive—of X-ray
diffraction, makes it appear probable that mtensive study of
the X-ray diffraction patterns of plant viruses could now lead
to detailed knowledge of the molecul: of both the
protein and the ribonucleic acid in the intact virus particle,
and the structural relationship of the one to the other.

. This paper describes the early stages of such a study which
is being carried out on tobaceo mosaic varus (TMV). This
virus was chosen both because 1t 1s that which has been most
extensively studied by chemical and physicochemical
methods, and because it is readily obtained in the form of
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onentated gel preparations {Bernal and Fankuchen, 1941}
which give excellent X-ray diffraction disgrams.

An X-ray dilraction photograph obtained from an orien-
tated gel of a normal strain of TMV is shown in Fig. 1. Ttis
obvious that the amount of information contained in such 8
photograph 1s very large indeed. There is, however, no ston-
dard or direet method by which this information can be ex-
tracted. Some progress towards an interpretation of such
photographs can be made by subjecting them to a detailed
comparison with photographs obtained from related sob-
stances, such as ch 1 dified TMV preparations or
ather strains of the virus, It is shown below that such cont-
parisons have already provided some new information con-
cerning the morphology of the TMV particle, the hchc!_ﬂ
arrangement of the sub-units of which the virus protein is
built up, and the Iocation of the nbonucleic acid (RNA) in the
particle,

Protein sub-units in tobacco mosaic virus

End-group analyses of TMV protein, both at Berkeley and
Tublngen, mndicate that the protein is built up of sub-units
of molecular weight 17,000-18,000 (Harris and Knight, 1952,
1955; Schramm and Braunitzer, 1933; Braunitzer, 195%;

h Braunitzer and S ider, 1954; Niu and Froenkel-
Conrat, 1955a, b). The cysteine content of the virus protein
also gives a minimum molecular weight of shout this value

St otz wmen

for V- mombaln b

orien-
tote . . wdered
repeating structute within the virus particle. It s clearly of
interest to determine the relationship between the structural
sub-units indicated by X-rays and the chemical sub-units of
the protein,

Watson (1954) showed, by means of X.ray diffraction, that
yhe structural sub-units are set 1n helical array about the long
axis of the virus particle, and that in the axisl repeat period
of 69 A there are 8n - 1 such sub-units distributed over three
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turns of the helix. There has been considerable uncertainty
as to the value of n. Watson suggested that the value of n
was 10. More detailed measurements by Franklin (1955q)
confirmed that the structure was helical and had 8n 4+ 1
sub-units on three turns of the helix, but indicated that n
nught be 12 rather than 10.

We now believe both the above estimates of the value of n
to be false. We shall therefore briefly explain how they arose,
and why the more recent estimate of 16 for n 1s constdered
much more rehable.

If there are u {= 3n -+ 1} sub-units on three turns of the
helsx, then a diffraction maximum may be expected to oceur
in the axial direction on the u' layer-line, but on no layer-
line lower than this. Watson observed a strong and appar-
ently axial maximum on the 31st layer-hne, and hence
concluded that u was 81 (te. n =10} X-ray dwgrams of
better onentated TMV preparations (Franklin, 19554) showed,
however, that this maximum les well off the axtal direction.
It can therefore give no information as to the number of
sub-units, A maxmnum on the 37th layer-lne, lymg appar-
enily on the axis, indicated that n rmught be 12 However, the
orientation of the preparation was still not good enough for
it to be established with certamnty whether or not this maxt-
mum was truly axial

When a search was made on the equator and low layer-
hnes of the X-ray dizgram for evidence which might corro-

borate either of the above estimates of u, no such evidence
was found, A fresh approach to the problem was therefore
made,

For this purpose, a mereury substituted TMV prepared by
Dr. H. Fraenkel-Conrat, was used. In this preparation,
Mercury is bound to the sulphur of the cysteine residue of the
Vvirus protein, i the form -Hg-CH,, to the extent of one
Mercury atom to sbout 20,000 molecular weight of virus.
Since there 1s only one cystemne residue in each chemical
sub-umt of virus protemn, and since the amount of mercury
bound is only shghtly less than one atom per chemical
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sub-unit, the distribution of the mercury atoms in the virus
particle will be directly related to that of the chemical sub-
units,

From s detailed, quantitative comparison of the Xeray
dsffraction diagrams of the mercury-substituted and normat
TMV preparations it was possible, 10 effect, to determine the
X-ray diffraction diagram of the mercury in the mercury-
substituted preparation From this 1t could be deduced,
first, that slf {or nearly all) the substituted mercury lay at a
radial distanee of 57-0 4 1:0 & from the axis of the virus
particle and, second, that 1 the axial repeat period of 69 1
the mercury atoms fay m 49 positions equally spaced along
three turns of a helix (the radius of the helix bemng 57 4).
Independent evidence of this arrangement of the mercury
atoms was obtamed from five different parts of the X-ray
diagram.

Since there 15 only one mercury site on each ehemucal sub-
umtt of protem, we must conelude that there are 49 chemical
sub-umts on 3 turns of the helix

Retuming to the X-ray diffraction diagram of normal TMYV,
we find that a self-consistent interpretation of much of the
diagram s obtamned if 1t be supposed that there are 49
structural sub-units tn 8 turns of the helix. There is thus
strong evid thet the sub-umts d i hemical
methods on the one hand and by diffraction measurements
on the other are identical.

The helical arrangement of protemn sub-units is shown
schematically in Fig, 2 (Other features of this diagram are
discussed 1n later sections }

¥¢ remanns to constder the implications of the above conelu-
sions with regard to the relationshup between the molecular
weights of the sub-umt and of the complete virus particle.
Taking the particle length to be 3000 X, there arc 49 x fgg?
== 2180 sub-units in the complete helix. If the malecular
weight of a sub-unit is 17,000, tins gives s fotal molecular
weight of 862 % 10t for the protein or, assuming a nucleie

EY
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actd content of 6 per cent (Knight, 1951), & molecular weight
of 38-4 X 10° for the virus partcle. If the sub-unmit weight is
18,000, the particle weight caleulated in this way is 40-7 X 108,

PARTICLE
XIS

HAXIMUM RADIUS

MEAN RADWS %

helix), the helical groove and its accompanymg
hetical ndge extending beyond the mean radns of
the particle, and the hollow axial core The ser-
rated character of the helical ndge 1s not shown.
‘The nucleie acad 13 shown at a radmus of 40

Our results therefore suggest that the molecular weight of
TMV 15 about 40 X 10% This is in good agreement with the
values obtamed by Schramm and Bergold (1947) using
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sedimentation and diffusion measurements, and by Oster,
Doty and Zimm (1947) and Oster (1950) using light-scattering
measurements. On the other hand Williams, Backus and
Steere (1951), using a direct method involving weighing and
clectron microscope measurements, found the particle weight
to be 50 X 108

‘We shall not attempt here to decide between these con-
flicting values. We wish to stress, however, that, as far as
the chemical and X-ray determination of the particle weight
of TMV 1s concerned, the value, 40 X 108, arrived at above
refers to the RNA together with the protein sub-units which
follow the helical arrangement described. On the basis of the
X-ray data alone we cannot exclude the possibility that the
virus particle contans small amounts of protein organized
in a different way.

It 1s tempting to try to check the correetness of our helical
parameters, and of the rather low particle weight which they
seem to indicate, by comparing the measured density of TMV
with that caleulated from the model described here. However,
we now know (Franklin and Klug, 1956) (see below) that the
particle has not a simple, cylindrical surface, and the caleu-
lated density is too sensitive to the mean particle radius
assumed, to be of any great value. If we take the mean par-
ticle radius to be 75 & and the radius of the central hole to be
20 A (sce below), the calculated density is 1-30 g./ml, in good
agreement with the measured value, 1305 g./ml. (J. T. Finch,
unpublished). (The higher value, 1-87 g./ml. obtained for the
reciprocal of the partial specific volume, is probably due to
adsorption of water by the virus,) If, on the other hand, we
take the mean radius to be 77 & (Franklin and Klug, 1956) the
caleulated density, 1-22 g.fml. is too low.

Morpholegy

It has been shown above that TMV protein is in the form
of sub-units set in helical array about the particle axis. It is
hard to imagine these protein sub-units being of such & shape
that, when helically linked, they would completely fill all
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space (except that required for the nucleic acid) in a perfectly
cylindneal particle. In fact, X-ray diffraction measurements
1ndicate both that the virus particles are hollow, and that, at
the outside of the particle also, the sub-units are not 2 *“ perfect
fit”, These points are discussed below.

The radial density distribution in the TMV particle can be
caleulated from the equatonal diffraction data if the signs
of the diffraction maxima are known. The signs can be
determined by the use of a heavy-atom derivative of the
virus,

This has been done by Caspar (1956) using a lead derivative,
and by Franklin and Holmes using the mercury preparation
deseribed above. The result obtamned by Franklin and Holmes
is shown n Fig 8 {full-lme curve), Since the measurements
are made on gels of TMV 1n water, the density values obtained
tepresent the amount by which the electron density of the
virus excceds that of water. In Fig. 8 this 1s plotted as a
function of radial distance from the particle axis. It 1s clear
that the particle 1s hollow (or water filled) out to a radius of
about 20 A.

Bernal and Fankuchen (1941) found that the mter-particle
distance mn dry orientated tobaeco mosaic virus preparations
was 152 &, and this value has subsequently been accepted as
the particle diameter. Inter-particle distances measured by
the electron microscope agree well with this figure. It 15 clear
from Fig. 8, however, that the mean particle density remams
high out to distances of more then 80 A from the particle axis,
there being a strong density maximum at about 78 4. It follows
that the mazunum radws of the particle must exceed 1ts
B . — . * 0 lerby

he 8rd

i while

the mean radius of the particle was 77 4, the particle was
rather deeply furrowed by a helical groove following the
helrcal arrangement of the protein sub-umts. Further, there
was evidence that the nidge defining the helical groove was
serrated rather than continuous. This suggested that the
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ridge could be considered as a helical array of knobs, one knob
for each sub-unit,

— TMY
—~~= TIV PROTEIN

DENSITY

aaows 2
Frc 3 The radu} density distribution 1

(2} tobaceo mosaic varus (full curve), and
{b) repolymenzed, nuclec ad-free, tobaceo mosale
irus protew (dotted curse) (cf, Frankln, 1936).

[ (U PR A, N

These features of the shape of the protein sub-unit are
indicated schematically in Fig. 2, which shows a short length
of the virus particle cut in half slong a plane through the
particle axis. {The serrated character of the helical ridge is
not shown in the Figure.)
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The nucleie acid

No mention has so far been made of the ribonucleic acid,
which is present in TMV to the extent of about 6 per cent
(Knight, 1954). We shall now discuss some information
concerning its location and molecular arrangement in the
virus particle, derived from a comparison of the X-ray
diffraction dragrams of TMV and of repolymerized, RNA-free,
TMV protein

‘When TMYV 1s treated with dilute alkali (pH 10-5)(Schramm,
1947) the protein is broken down to a molecular weight of
about 100,000. The nucleic acid can then be separated by
electrophoresis. On lowermg the pH, the protemnrepolymenszes
to form rods which, in the electron microscope, closely
resemble the virus particles except for a more random distr-
bution of particle lengths. X-ray diffraction diagrams of
repolymerized protem prepared mn this way by Professor G.
Schramm have been obtaned by Franklin {19550). They
bear suffici; bl to the X-ray of the mtact
virus to show that the structural arrangement of the protem
must be essentially the same 1n the two matenals. They also
show important differences, however, and these are bemng
systematically investigated.

From the equatonal scattering of the nucleic acid-free
Protein, the radial density distribution n the repolymerized
particle has been calculated (Franklin, 1956). This is shown in
Fig. 8 (dotted curve) where 1t 1s compared with the density
distnbution in the intact virus. It 1s clear that the principal
difference between the two curves ts that the very promnent
density maximurm at a radus of 40 A 1 the virus 1s replaced
by a density minimum 1 the nucleic acid-free protem. We
can only conclude that the nuecleic acid 1s responsible for this
density peak in the virus. Stnee the phosphate groups m
nucleic acid act effectively as “heavy atoms” in X-ray
iffy 1t 15 the phosph gar back-b chain of the
nuclere acid which hes at & radial distance of 40 &,

In view of the observation by electron microscopsts that
the nucleic acid appears to form a central core in the virus
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particle (Schramm, Schumacher and Zillig, 1955¢, b; Hart,
1955a) this result 1s somewhat surprising. However, a study of
diffraction differences between the virus and the nucleic acid-
free protein in the non-equatorial regions of the X-ray
diagrams provides very ample confirmation that the struc-
tural difference between the two substances lies mainly at a
radius of about 40 A,

It will be noted that the density mmnimum at 40 4 in the
nueleic acid-free virus protemn is no broader and no decper
than the minima at 60 4 and 73 4, It scems, therefore, that
the nucleic acid must be fitted 1n a very compact way into the
structure of the virus protem.

Since the nucleie acid is both deeply embedded in the virus
protein and rather tightly fitted into it, the chain direction
of the nucleic acid molecule must clearly be directly related
to the helical arrangement of the protein sub-units. Owing
to the small amount of nueleic acid in the virus, and to the
relatively large radius on which 1t lies, there is only a very
small number (2 or 3) of ways of forming a regular structure
for the nucleic acid complying with this condition. Much
further work remains to be done to determine with certainty
which of the few possible paths the RNA molecule follows.
However, 1t should perhaps be mentioned at this stage,
because of its relevance to electron microscope and other
studies of the virus, that the arrangement favoured by the
measurements made so far 15 that 1n which a single nucleic
acid molecule follows the line of the main protein helix (pitch
23 A} throughout the length of the virus particle. {The other
possible arrangements involve a number of nucleie acid
strands following helical paths inchined at a smaller angle to
the particle axis.)

It has been shown by Hart (1955b) that, not only can a part
of the protein be removed from the TMYV particle while leaving
the RNA apparently intact and preserving infectivity, but
also that the RNA exposed by this treatment is covered up

again when more TMV protein is supplied. This suggests
that the RNA molecule docs not run through the middle of
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individual protein sub-units, but rather that the sub-umts
pack together in such a way as to leave space for the RNA
between them,

Liattle is known concerning the structure of the RNA
molecule within the virus particle. Companson of the bire-
fringence of TMV with that of repolymenzed TMV protein
(Franklin, 1955b) indicates that the base groups are more
nearly parallel than perpendicular to the particle axis, and
this is in accord with the ultraviolet dichroism measurements
of Seeds and Willuns (1950) and Perutz, Jope and Barer
(1950). The collapse of the ordered structure of the nucleie
acid-free, repolymenzed protemn on drying (Frankhn, 19555)
shows that the nucleie aeid 1n some way stabilizes the hehical

of protein sub-units. Both these observattons
accord well with the single-chain, flat-helix hypothesis des-
cribed above, though neither can be considered to add much
additional weight to the hypothesis.

Discussion

It is clearly desirable, not merely to summarize the results
which have so far emerged from X-ray diffraction studies of
TMYV, but, since the research s far from 1ts final stage, to
diffe iate between hypoth 1 interp ion and well-
founded conclusions.

It is well established that there 15 a helical arrangement of
3n + 1 sub-units on 3 turns of the helix. Measurements on
mercury-substituted TMV provide strong evidence that n is
16, giving 49 sub-units on 8 turns, Further confirmation of
this is found 1n the form (to be descnibed elsewhere) of the
contnbution of the RNA to the X-ray dragram of TMV. Smce
the value of n 1s of fundamental importance n relating X-ray
10 chemical data, it 1s intended to seek yet further confirma-
tion by making measurements on other heavy-atom deriva-
tives of TMV. There 1s, however, very strong mdication that
the value, 16, for n is correct; it certainly cannot be n error
by more than one unit.

This leads us to the conclusion that, either the particle
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molecular weight of TMV is about 40 X 10% or not all the
hemical sub-units are included in the helical arrangement
suggested.

We wish to emphasize that, while the results described
above suggest strongly that the sub-units detected by X-rays
are to be identified with the chemical sub-units, they do not
require that all the sub-units be rigorously identical. Just
as chemical studies indieate a strong chemical similarity of all
sub-units, so X-ray measurements indicate a strong general
structural similarity, The possibility of minor differences
among the sub-umts cannot, however, be elimmated. Indeed,
there is some indirect evidence that there may be & small
number of different kinds of sub-units,

When TMYV is broken down by mild treatment with alkali
or detergent, a homogeneous end-product of molecular weight
about 100,000 (Schramm, 1947; Schramm and Zillig, 1955) is
obtained. This probably consists of a group of 6 sub-units.
If the protein is further degraded, to a molecular weight of the
order of that of a single sub-unit, it can no longer be re-aggre-
gated to form TMV-lke rods. If this stable group of, probably,
6 sub-units exists 1n the same configuration as that in which
1t will ultimately be incorporated into the TMV particle, the
situation of the sub-umits at the ends of the group must differ
from that of those in the middle. This suggests (but by no
means proves) that there may be a small structural difference
between different sub-umts in the group.

Concerning the external shape of the TMV particle, we
regard the existence of some form of helical groove as certain.
The form of the groove 1s such as to permit a substantial
Qegree of interlocking between neighbouring parallel particles
(Franklin and Klug, 1956) and the outer radius of the particle
is appreciably greater than 75 4, the mean radius, Beyond
this nothing is known of the exact shape of the groove, and
the schematic representation in Fig. 2 should not be taken
literally. .

It is too early to speculate profitably about what is,
perhaps, the most fundamental question of all in the problem
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of the internal structure of TMV, namely the structural rela-
tionship between the protein and RNA 1n the virus, It is,
however, certain that the phosphate-sugar back-bone cham
of the RNA lies at a radial distance of about 40 i from the
particle axis The RNA 1s thus deeply embedded 1n the virus
protein. It is not yet possible to say definitely whether there
is a single RNA molecule following the line of the primary
protein helix throughout the length of the particle, or whether
there are a number of RNA molecules following helical paths
which are inclined at a smaller angle to the particle axis.

However, there is a good chance that these questions may be
answered in the near future The preparation by biochemusts
of new heavy-atom denvatives of TMV, and of substances
related to 1t, together with further improvements in the
techniques of obtaming and mterpreting X-ray diagrams,
should eventually lead to the determnation of the structural
configuration of both the nucleic acid and the protein parts
of the virus.
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DISCUSSION

Wiltiams* 1 have two comments to make. I belteve that these results
with respeet to the grooved, penipheral contours would explam one ff

sort of direct Conlaliol us yvus Lo,
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irus rods come together sideby.side there should be o fuily decp
channel, but there 13 not—the channel is seen to be rather shallow.

calv I Q0L fike re-polymerted proceut witt TUNA BGUCd B F80UUIL,

Bawden+ ke Willams we have often noticed, i electron micro-
graphs, that separaled particles of TMV appeared to be wider than are
Particles when orientated and packed tightly, suggesting that they can
fit into one anuther

W draw pictures for us.
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Watson. Dornberger-Schiff published a paper in 1040 in which she
said that TMV must be groos ed, potnting out the observed diameter of
single particles Was always greater than those caleulated from groups of
particles lying stde by side  She postulated a hehical structure to ex-
plain the graoving, Hoswever, her proeise model was very wrong. She
made the pitch of the helx 68 A and the drameter 300 X,

Crack: The paradox 1s, 1sn’t it, that the hittie core that you see isso stiff?

Ba:eden I there any necessary gonflict? Dr. Frankhm 1s working
with ntact virus particles, whereas to see this central core with fhe
electron microseope the partieles have first to be degraded with detergent
or soracthing,

Williams *That »s all nght, but the overall diameter 1n the electron
microscope seems to be too small.

Frankhn - It 3s not sure that there 19 more than one BNA strand.

$¥atson: The problem ss whether there 13 one strand or1s strands, You
night think that «f there were 15 strands you would bave seen & frayuf
in electron microscope pictures.

Hawden Bot when the virus s veally broken down, surefy very small
fibres do eccur. 1 thought we were shown a preture of some tins mormning?

Isn’t the central core possibly an artifact, produced n partaally
distupted particles?

Frankhn, Bt i 1t 15 4 single chain gowng around ma ratker large corl,
it 15 rather hard to see how it would fit 1 wath this apparently shiff core.

Waltioms 1 think that the hazards of surface tension artifacts are
great with respect to the electron mucroscopy, the strapds, of course,
could pull together into a cord upon drying.

Dulbeccs An electron nnerascope phatograph of the pratein without
nuclele acud, viewed end-on, showed & hole. What about the particle
wehieh sti2l has aucleic acid present, would 1t show a hole also? Hase
sny observations been made? Because according to the diagram which
has been shown, 1t should not mahe any difference whether the RNA 18
in or not, for the size of the hole

Walhoms, X don't belese that a 20 & umt hole would ever show up.

Frankhin: 20 & 18 & radws, not a dismeter.

Dulbecco. In this case, we bave 10 admit that when the RINA goes out,
2 Jarger hole remains, which would suggest that some protews poes cut
with the RNA

Ok X thnk that as unbihely. Dr. Franklin’s dais show that when
you reconstatitte the protemn ajone 1t is very simalar to the complete
Yirus. ¥ thipk you might see the central hole 1 the wiact virus if you
sheed arross

Pinie. About how much of the nuclerc aerd would you have to say 1#
in your helex? Half of it or whot?

Frankin- Withm expersmentat error, all of 1t In fuct, the ntegrated
value of the RNA peak came out ta be about 12 per cent, which 1s Just
what ane would expect because the density fs measured with zespect to
water, aod the density of nuclese acd with respect 10 water is about

t thst of protein.
wgﬁ this qua‘:mn of the core, from the small amount of data we have
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which produees it. In this way one gets a satisfactory, consistent preture
Thus is all done from non-equatorial measurements With the earher
sugzestions involving a smaller number of structural sub-unts, each of
which contamed two chernical sub-untts, one reached the conclusion that
the whole of the diffraction diagram of the equator was due to protemn
(o nuclete acid) Iying at a very small radu, and was therefore forced to
conclude that the outer particle_of the virus particle was disordered,



MATERIAL IN VIRUS PREPARATIONS NOT
NECESSARY FOR THE MANIFESTATION OF
CHARACTERISTIC VIRUS PROPERTIES

N. W. Pirie
p Station, Herts

So far as is known, viruses only multiply in cells that are
themselves metabohzing; an extract contaiming virus is there-
fore always likely to contain irrelevant products of the host’s
metabolism as well. Some of these will be normal components
of the uninfected host, some will be by-products of virus
multiplication, and some will be produets of the host’s reaction
to infection. The only ones that concern us here are those
likely to get carmed into the virus preparation, and this can
either happen because the properties of the material, for
example its particle size or behaviour with precipitants, are
similar to those of the virus, or else because the material is
attached to the virus.

Normel host components that are simply mixed with the
virus need not detain us long. Their properties can be
discovered by experiments on the uninfected host and their
removal, though 1t may present considerable technical
difficulties, should in theory always be possible. The only
point of theoretical interest is the difficulty of deciding what
should be used as the normal control tissue. Many virus
infections upset the host’s metabolism so much that a tissue
reduced to a cachectic state by some non-mfective agent or
by old age mght well be a more relevant control than un-
damaged tissue of th.e same age (cf. Px:'iF, 195(341), .

preparation. At the one extreme is scopoletin (Hest,
.13 ¢

made
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1944), & pyrone which is present in much greater concentra-
tion in tobacco plants after they are infected with tomato
spotted wilt virus; at the other extreme are non-mfective
protemns that ble the viruses Ily. These have
been found in extracts from many virus-infected tissues and
those accompanying influenza virus (von Magnus, 1953), the
Brown-Pearce tumour (Kidd, 1946), turnip yellow mosaic
virus {Markham and Smith, 1949) and tobacco mosaie virus
(TMV) (Bawden and Pire, 1915, 1956, Takahashi and Ishn,
1952), have been studied in detail. Therr particles are char-
acteristically either smaller or less dense than those of the
virus, and it is on these differences that separatton depends.

It is now g d that virus infe 15 a
complex metabolic dlsturbance m which non-infective com-
panion protemns are made as well as the virus. There 1s no
reason to assume that all the non-infective companions have
physical properties very unlike those of therr viruses, and some
may be so similar as to make separating difficult, for it is
already known {Bawden and Pinie, 1938) that infective virus
pr can be made 1ve without gross changes
m therr physical properties. There 1s statistical evidence that
one infecttve particle of some bacterial viruses 1s sufficient to
initrate an infection; but there 1s no satisfactory evidence that
any virus preparation has been made, every particle of which
will generally initiate mnfection. With plant viruses the evi-
dence is mcomplete, many thousands of particles from even
the best preparations are necessary Sites on a leaf vary
their nfectibility (Kleezkowsks, 1950); this suggests that
much of any moeulum 15 bound weffectively. Much of 1t 15
Probably wasted. We have therefore no means of messuring
the proportion of mfective particles in a preparation, Further-
more, there 1s no reason to assume that the same particles are
infective at all sites or on all hosts.

If only a small proportion of the particles in a virus prepar-
ation 15 mfective, the fact that most of the particles have a
certain shape or size 15 of doubtful sngmﬁcance. And with
pleomorphie viruses, such as TMYV, there is no basis for
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dogmatism about the range of particle sizes with which in-
fectivity can be associated. There is even less reason for con-
fidence that the properties of the infective particles are the
same when they are produced in different hosts. This is often
asserted m general articles about viruses, but the evidence is
meagfe and there is some ewidence to the contrary, Thus
TMV particles in leaf exudates from different hosts have
different average Iengths {Johnson, 1951). Bawden (1950)
has deseribed a strain of TMV that infects both beans and
tob: plants sy ly. Pref ions from the two hosts
show many significant duferences i their properties but revert
to the properties charactesistic of the other host on being
returned to 1t, Several of the possible mterpretations of this
phenomenon are relevant to the present discussion. The
nfective agent may be only a small proportion of each pre-
paration and the two hosts may make different companions;
part of ench particle in esther type of preparation may be a
host component acquired ether tn vive or during the separ-
ation; infectivity may be a property spread over more than
one type of particle 1n each host and the ratios of the different
types may vary with the host, the protemn-synthesizing
mechanism of the host may have its own plan for the types of
protein synthesized {as 15 suggested by the common appear-
ance of species specific antigenic determinnnts) and this may
be overcome mncompletely by the wtruding virus. The last
possibility is 1n many ways the most probable. It depends on
the assuraption that viruses multiply by diverting the normal
machinery of the host {ef Bawden and Pirie, 1053) and it
extends the scope of discussion greatly, for it also depends on
the assumption that part of a virus particle may be speerfically
inessential and only have to meet rather broad speeifications,

This is @ theme that has already been discussed (Pirse, 19505).

The end products of extensive virus purification often

differ significantly from the matenal that existed in vivo,

We should not therefore aceept the common assumption that

anything that can be removed ,fmm & viru§ p‘rcpamtion

without loss of infectivity js an impurity. Criteria of such
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Procrustean simplicity, 1f generally applied, would have far-
reaching consequences, for there are many structures attached
to us, and to which we are attached, that could be dispensed
with, The biologically important unit 1s the one that normally
exists in the cell or is effective in conveying infection from cell
to cell, even although the simplest form of the varus has great
chemical and physteal interest. This distinction can be
clearly made with tobacco mosaie virus because durnng
“‘punfication” there are changes that can be recognized by
the ch of the serum prectp by precip n with
salts and by measurement of varous physical properties.

This hmiting state of the virus has been called TMV(L)
(Prrie, 19562, ). It 15 the state i which material 15 generally
handled in chemical and physical Iab 1es, but 1t would be
as wellif a description of the properties observed were prefaced
by fuller details of ancillary properties and of the technique
used in the purtfication, so that this could be more definitely
assured, The fact that a certain laboratory has at one time
produced a virus preparation with certain properties gives us
no reason to suppose that other preparations of what 1s
ostensibly the same virus will always, or even ever, have the
same properties Fine chemical manufacturers find 1t neces-
sary to state the relevant properties of each batch of the low
molecular weight substances with which they deal-  fortiori
such a statement 15 necessary with very large proteins.

From among the vartous types of TMV preparation that
can be made it 1s not possible at present to single out one as
the 1deal from which all the others are denved by deletion,
accretion, aggregation or dissociation. The only reason for
starting the discussion with TMV(L) 1s that it 1s the largest
and most stable form of the virus and has fewest components,
Its only recogmzed components are protein, nuclele acid, and
the cations needed to keep the preparation neutral. There 15
10 evidence whether the fragments that can be made from it
after varous types of fission can be fractionated into more
than one type of protein and nucleic acid. Some or all of the
terminal threomne may have been removed from 1t, depending
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dogmatism about the range of particle sizes with which in-
fectivity can be associated. There is even less reason for con-
fidence that the properties of the infective particles are the
same when they are produced in different hosts. This is often
asserted in general articles about viruses. but the evidence is
meagre and there is some evidence to the contrary. Thus
TMV particles m leaf exudates from different hosts have
different average lengths (Johnson, 1951), Bawden (1936)
has described a strain of TMV that infects both beans and
tobacco plants systemically. Preparations from the two hosts
show many significant differences in their properties but revert
to the properties characteristic of the other host on being
returned to it Several of the possible mterpretations of this
phenomenon are relevant to the present discussion. The
infective agent may be only a small proportion of each pre-
paration and the two hosts may make different companions;
part of each particle in either type of preparation may be a
host component acquired either in vivo or during the separ-
ation; imfectivity may be a property spread over more than
one type of particle in each host and the ratios of the different
types may vary with the host; the protein-synthesizing
mechanism of the host may have its own plan for the types of
protein synthesized (as 1s suggested by the common appear-
ance of species specific antigenic determinants) and this may
be overcome incompletely by the intruding virus. The last
possibility is in many ways the most probable, It depends on
the assumption that viruses multiply by diverting the normal
machinery of the host (cf. Bawden and Pine, 1958) and it
extends the scope of discussion greatly, for it also depends on
the assumption that part of a virus particle may be specifically
inessential and only have to mect rather broad specifications.
"This is & theme that has already been discussed (Prrie, 19505).

The end products of extensive virus purification often
differ significantly from the material that existed in vito.
We should not therefore accept the ption that
anything that can be removed from a virus preparation
without loss of infectivity is an impurity. Criteria of such
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P implictty, 1f g Ily applied, would have far-
reaching consequences, for there are many structures attached
to us, and to which we are attached, that could be dispensed
with. The biologically important unit is the one that normally
exusts in the cell o is effective m conveymg mnfection from cell
to cell, even although the simplest form of the virus has great
chemical and physical interest. This distinction can be
clearly made with tobacco mosaic virus because durng
“purification” there are changes that can be recognized by
the ch of the serum preeip by precipitation with
salts and by measurement of various physical properties

This imiting state of the virus has been called TMV(L}
{Pirie, 19564, b). It is the state in which matenal s generally
handled in chemical and physical laboratories, but it would be
as well if a description of the properties observed were prefaced
by fuller details of ancillary properties and of the techmque
used in the punfication, so that this could be more defimtely
assured. The fact that a certain laboratory has at one time
produced a virus preparation with certain properties gives us
no reason to suppose that other preparations of what 1s
ostensibly the same virus will always, or even ever, have the
same properties. Fine chemical manufacturers find 1t neces-
sary to state the relevant properties of each batch of the low
molecular weight substances with which they deal- a fortiori
such a statement 15 necessary with very large proteins.

From among the vamous types of TMV preparation that
can be made 1t is not possible at present to single out one as
the 1deal from which all the others are derived by deletron,
accretion, aggregation or dissociation. The only reason for
starting the discussion with TMV(L) 1s that it 1s the Jargest
and most stable form of the virus and has fewest components
Tts only recogmized components are protein, nucleie acid, and
the cations nceded to keep the preparation neutral. There is
no evidence whether the fragments that can be made from it
after various types of fission can be fractionated into 1a0re
than one type of protein and nucleic acid, Some or all of the
terminal threonine may have been removed from it, depending
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on the techniques used in the preparation. Apsrt from this
labile threonine, none of the N should become unsedimentable
on the ulfracentnfuge or unprecipitable with trichloroacetic
acid when the preparation is incubated with p tytie
enzymes, and none of the P when it is incubated with a ribonu-
clease. The preparations normally handled, however, contain
material that is attacked by these enzymes (Pirie, 1956a).
This material can be avorded or removed in various ways.
The sunplest is to let leaf sap age for a few days at room
temperature. From some saps 1t ean be removed nearly com-
pletely by freezing, but the treatments most likely to be effec-
tive with all saps are heating to 50-60° or the addition of
phesphate, These bl P are largely r d
duning fractionation by 1soelectrie precipitation or salting out,
but preparations made quickly by ultracentrifugation retam
them and vamous other substances, such as mbonuclease
{Pirie, 1958a) and some coloured substances {Ginoza, Atkinson
and Wildman, 1954). Al these can be separated from centri-
fugally punified virus by incubating it with citrate, phosphate
and a few other agents, and ultracentnfuging again. All the
methods of separation that have been used alter the serolo-
gical behaviour and physical properties of TMV; these two
P may nat ly be d, but the connec-
tion has been imvariable so far.
There are four different ways in which these removable
s may be iated with the virus. {1} They may
be normal but not essentwal, at any rate when the virus is
transmitted mechanseally. (2} They may be rehies of the virus
synthcsizmg system that remamn attached to some virus
porticles to an extent that depends on the awrcumstances _af
the multiplication and extraction. It s only if there is varia-
bility in the hment that this cond daffers from the
fisst. (8) The cormbination may take place after virus synthesis;
either normally in the infected cell or as an artifact during the
pracess of virus purification when the virus is exposed to cell
components with which, in ravo, it was not in contact. !4) Th‘ere
say be no union with the virus, but other materisls with
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similar properties may simply accompany it. This mechanical
JUr e A A D

more fully, The necessity for a component in a virus depends
on the environment in which 1t 1s tested Thus Wollman and
Stent (1952) find that fresh T4 virus 1s able to infect Bacterium
coli in simpler media than virus that has matured. The
apparently inactivated, mature virus 1s, however, able to
infect colt if tryptophan 1s added. The nature of the change 1s
not known but 1t is clearly only lethal under certain conditions
of testing and, if the change should turn out to be the loss of
3 component, that component 15 nessential so long as tests
are made in the of tryptoph Other AL
might well be possible 1f w e used a sufficient group of co-factors
during testing. Simularly, TMYV can be modified by such treat-
ments as acetylation or removal of threonme (Harns and
Kmght, 1952) without loss of infectivity. It 1s possible that
only those particles that were not mfective mn the first place
are undergomg change 1n these treatments, 1t 15 more probable
that the modified particle 1s restored to 1ts original state when
it is introduced into a susceptible cell. The photoreacthivation
(Dulbeceo, 1950; Bawden and Kleczkowski, 1953) of some
bacterial and plant viruses probably depends on a stmilar

hanism. Here virus preparations that have been exposed
to ultraviolet hight for so long that they give very few lesions
when moculated to test plants kept m the dark, give mare
than ten times as many if the test 1s made i the light. With
this system there 1s no reactivation when the virus alone 1s
Hluminated, If the origin of the preparation were not known,
and f testing in the dark were normal, the preparations might
have been said to consist mainly of a non-infective virus
companions. Photoreactivation has so far only been found
after the damage done by ultraviolet ight, and even then not
for all viruses. Tts importance for this discussion 1s that
ifferences in the conditions of testing control the decision
whether certain particles arc varus particles or not.
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This dependence of infectivity on the metabolic or nutri-
tional state of the host leads to the suggestion that a com-
ponent that is plentiful in the host may become dispensible
m the virus. To take an extreme case: if the interpretation
that Fraenkel-Conrat and Wilhams (1935) put on their
expcriments with mixtures of protein and nucleic acid
separated from TMV 1s correct, and if infectivity can be
restored by their unton in vilro, eithcr component might be-
come an infective agent if the metabolism of the host produced,
or were stimulated to produce, an abund: of normal
protein or nuclerc acid. The position is in many ways analo-
gous to that with mutant strains of micro-organisms that have
lost the ability to synthesize a certain amine acid and so are
“dead " unless that amino acid is supphed in the medium,

The idea that parts of the vivus synthesizing system may
reman attached to the virus offers a ready explanation for the
enzymes sometimes found as inessential components of
viruses. It would also explamn the host component found in
influenza virus (Kmght, 1946); this appears to be part of the
virus particle {Smith, Belyavin and Sheilield, 1955), and it is
relevant to this di ion because di ials from
different hosts can fill the same rle.

Associations taking place during the extraction and puri-
fication of the virus are very common (Pisse, 1846, 1949, 1053).
They are generally recognized hen extracts made in different
ways, or from hosts mn different metabohc states, yield
viruses with different propertics; the position is made clearer
when 1t 15 also possible to make the suspected complex
artificially. Thus Carr (1953) found variable amounts of
hacmin in preparations of fowl tumour wiruses and showed
that he could increase the amount in the virus by adding
haemin at an early stage in the purification; Hoagland, Ward,
Smadel and Rivers (1912) increased the amount of catalase
fn vaccinia virus preparations in a similar way. Ginoza,
Atkinson and Wildman (1951) could festore the coloured
smaterinls to TMV, from which they had been removed, by
adding *purified” virus to sap and isolating it over again.
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There is no reason to think that any of the enzymes that
have been reported in TMV preparations (cf. Pirte, 1956b) are
genuine constituents of the virus, but 1t would be premature
to accept the common generalization—viruses do not contamn
enzymes. This is partly because we may not be looking for the
correct type of enzyme, and partly because there 1s good
evidence that mfluenza virus (Henle, 1958) and the virus of
fowl erythromyeloblastosis (Beard, Sharp and Eckert, 1955)
contain a pol, h and ad triph ase
Tespectively, The associations formed as a consequence of the
virus meeting substances with which 1t was not 1n contact
170 are often apparently not fortmtous but shed Iight on the
mechanisms of normal invasion or multiplication. Thus
Davenport and Horsfall (1948) suggest that the lung compon-
ent, with which the pneumoma wirus of mice combmnes when
the virus is prepared by grinding up whole lungs, plays a
part in vivo 1n controlling the nature and spread of the infec-
tion. There is similar but transient combmation between
influenza virus and a 3 of egg all L
(cL. Henle, 1953), but 1t 15 destroyed by the virus and so does
not appear m the final preparation. Tumour viruses give
many examples of capriciously non-infective extracts and of
extracts g virus with apy 1 dified prop
These vaniations i behaviour are probably often due to com-
b.matlon between the virus and anti-viral antibody, either
circulating or anchored, made by the host (Carr, 1944), but
complex formation with normal host components and the
production of virus companions probably also play a part.
The fact that this hiterature 1s extensive, confusing, and not
always consistent, should not lead us to neglect the pheno-
Taena that are there.

Detailed chemical and physical work has so far been con-
fined to the very stable minonity of viruses and they have
often been studied after considerable modification, This is a
‘:ic‘ful.begmning, but to give the study generality and make it

y useful, these acad studies need to be extended
to less stable viruses and to viruses in the state in which they
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This dependence of infectivity on the metabolic or nutri-
tional state of the host leads to the suggestion that a com-
ponent that is plentiful 1n the host may become dispensible
in the virus. To take an extreme case: 1f the interpretation
that Fraenkel-Conrat and Williams (1955) put on their
experiments with mixtures of protein and nucleic acid
separated from TMV 1s correct, and if infectivity can be
restored by their union in vitre, etther component might be-
come an infective agent if the metabolism of the host produced,
or were lated to prod: an abund of normal
protein or nucleic acid. The position 1s in many ways analo-
gous to that with mutant strains of micro-organisms that have
lost the ability to synthesize a certain amino acid and so are
*“dead” unless that amino aeid is supplied in the medium.

The idea that parts of the virus synthesizing system may
remain attached to the virus offers a ready explanation for the
enzymes sometimes found as Inessential components of
viruses. It would also explain the host component found in
influenza virus (Kmght, 1946); this appears to be part of the
virus particle (Stmith, Belyavin and Sheffield, 1955), and 1t 1s
relevant to this discussion because different materials from
different hosts can fill the same r0le.

Associations taking place during the extraction and puri-
fication of the virus are very common (Pirie, 1916, 1149, 1953).
They are generally recognized when extracts made in different
ways, or from hosts in different metabohe states, yield
viruses with different properties; the position is made clearer
when 1t is also possible to make the suspected complex
artificially. Thus Carr (1953) found variable amounts of
haemin in preparations of fowl tumour viruses and showed
that he could increase the amount m the virus by adding
haemin at an early stage in the purification; Hoagland, Ward,
Smadel and Rivers (1942) increased the amount of catalase
n vaccinia virus preparations in a similar way. Ginoza,
Atkinson and Wildman (1954) could restore the coloured
materials to TMV, from which they had been removed, by
adding “purified” virus to sap and isolating it over again.
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DISCUSSION

Andrewes. This was done by Gy e and Putdy, usiny both the Rous and
the Fujinami sarcoma, but with the Rous sarcoma you cannot do the
test readily using two different hosts The advantage of the Fumami
sarcoma 13 that you can make these tests using two different hosts and
that helps to unscramble this problem
N Dutbecco 1don’t think so At least wn the case of the Rous sarcoma,

the rabbit Now, tn rafro, the antivirus serum inactivates virus very
rapidly, and irresersibly, whereas the antihost serums will not do
anything te the virus

However, 1f you mfect the cells of the chorioallantoic membrane with

Bm

R . - .

views
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probably transmit infection from ccll to cell in vivo, This
phase of virus rescarch will only develop when the artificiality
of most virus preparations is recogmzed and when, as 2
corollary, the extent of the alteration 1s defined.
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L S

niques

Walson* Do you think that 80 per cent contanunation was physically
attached to the TMV particles?

Pinie: No, I don’t thunk the preparations that I make, which I begin
to think are getting pure, have asmuch as that But I think it 1s possible
for people to have that amount m the preparations that they give to the
physicist to make X-ray measurements on

Caspar I would hike to make a comment about this question of
punification 1n relation to the X-ray results I punfied my TMYV by two

true TMV 157 .
2rie_The munmal one 15 0 55 or 0 58 per cent phosphorus.
Wafson But 1n a recent manusenpt, you indicated that some TMY
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chicken, you could get infective extracts fromit. But he, as vatious other

people had done, found that as time went on the extracts diminshed

in infectivity, and at the same time, the serum titre went up, It was

that that made him correlate the fall ininfectavity of tumour extracts

with t‘hv: prcsnplmtu‘)_n or c(:mbmatlon of the virus inside the ammal
. '

direct action on the virus.,
Isaacs: Tsn't there a virus which is aggregated by antiserum to the
host cell?

vIrus using serum (a) agawnst 8 normal component, and (b) agawnst 3

Forssman antigen.
However, I am melined to agree that this does not mean that Beard
has shown true neutralzation, beeause I think that his method of
e P L o O T 0 s

* piri: You can have a preparation from which you would strip



SOME RECENT DEVELOPMENTS IN THE
CHEMISTRY OF VIRUS MUTANTS*

C. A Knicnr
Varus Laboratory, Uniersity of Califorma, Berheley, Californa

It has seemed for many years that the different biological
properties exhibited by virus strams {also called mutants or
vanants) must reflect differences in the chermical structures
of the viruses themsclves. This possibility has been most
extensively mvestigated with strains of tobacco mosaie virus
{TMYV), which consequently will be made the focal pont of
discussion here.

The mnfectivity of TMV has been shown to be assocrated
mainly, if not exclusively, with characteristic rod-like particles
whose dimensions are about 15 by 300 my (Stanley, 1989;
Williams, 1954) and whose molecular weight 1s about 50 X 10%
(Williams, Backus and Steere, 1951). It has been supposed
by some that mutation of TMV results in strains whose
particles may differ significantly from those of the parent
strain n size or shape However, this does not seem to be the
case (Bernal and Fankuchen, 1937, 1941, Stanley, 1948;
Knight and Oster, 1947). In fact, there is, to the author’s
knowledge, no convineing evidence that the particles of any
virus strains daffer from one another i size and shape any
more than the particles of any single strain differ from one
another, which 1s slight by present methods of measurement

Ap ) 1 il 15 also ch: of
virus strains. From phosphorus and other analyses, it has
been concluded that TMV and 12 of its strains are all composed

* Sore of the work cited herein by the author and his collaboratora has been
aided by grants from the National Institutes of Health, United States Public
Health Service
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preparations hz}d phosphorus values as Jow as 0-45, VWhich do you

L . . *+  pleomorphic.
N - - value 15 the ont
wmen m.nws LUE JEQUIIT SLILCLULE, Vi neLler lms stuetare is intimately
he y 3% 2 second qu

1 should llke to ask about your guess. Do I underﬂand that you
expect that it wall eventually be possible to show that the protein part
alone 18 infective?

Pine- That was s puess when I wrote the paper. Now it is claimed
that RNA without protein can be nfective. I do not see whya sufficiently
wigorous host mught not find other normally non-mfectne materials,
mfective.

. Crick- This seems to me rather different from the simphfied vmf.th::f



SOME RECENT DEVELOPMENTS IN THE
CHEMISTRY OF VIRUS MUTANTS*

C. A. Kxtent
Virus Laboralory, Unitersuty of Calyforma, Betheley, Califorma

Ir has seemed for many years that the different biological
properties exhibtted by virus strains {also called mutants or
variants) must reflect differences in the chermcal structures
of the viruses themselves. This possibility has been most
extensively investigated with stramns of tobacco mosaie virus
(TMV), which consequently wil be made the focal point of
diseussion here.

The infectivity of TMV has been shown to be associated
mainly, if not exclusively, with characteristic rod-like particles
w%mse dimensions are about 15 by 300 mg. (Stanley. 1939,
Williams, 1954) and whose molecular weight 15 about 50 X 10
(Wilhams, Backus and Steere, 1951), It has been supposed
by some that mutation of TMV results mn strams whose
particles may differ significantly from those of the parent
stramn 1 size or shape However, this does not seem to be the
case (Bernal and Fankuchen, 1937, 1941, Stanley, 1943,
'}\mgl‘\t‘and Oster, 1947). In fact, there 15, to the author’s

" ge, no ing evidence that the particles of any
Virus strains differ from one another m size and shape any
more than the particles of any single strain differ from one
another, which 15 shight by present methods of measurement.

A pronounced chemical similanty 1s also charaetenstic of
virus strains, From phosphorus and other analyses, 1t has
been concluded that TMV and 12 of 1ts strams are all composed

» Some of the work eited herein by the author and fus collaborato
d s bas been
;].2;;{ ‘:%e grants from the National Institutes of Iealth, Unried States Public

8
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of about 94 per cent protein and 6 per cent nbonucleie acid
{Knight, 1954). Strains of tomato bushy stunt virus were also
found to have the same general composition {deFremery and
Knight, 1935), although tins differs greatly from that of the
TMV strains

Progressing from the more general to the detailed composi-
tion of virus steains, {t was found that strains of TMV often
differ 1n the proportions, and sometimes kind, of amino acids
m their protein components (Kmght, 1954). However, it is
important to note that differences m protein composition
did not prove to be an mnvariable rule for strains. For example,
it hns not yet been possible to distinguish in any way between
the compositions of TMV protein and the protein of the
masked strain (M). The protems of some other pairs of strains
seem likewise to be identical in composition, and this lack of
distinction appears to apply also to some strains of tomato
bushy stunt virus (deFremery and Kmght, 1955).

In the ease of the nucleic acid components, it has been found
that the nuelaie aexds of 16 distinctive strains of TMV have
the same proportions of purine and pyrumdine bases {Mark-
ham and Srmth, 1950; Knught, 195t; Cooper and Loring,
1954). Smmlarly, no differences have been found in the
comapositions of the nucleic acids of 8 straws of tomato bushy
stunt virus {(deFremery and Knight, 1955), 2 strams of cucum-
ber virus (Krught, 3954}, and the T even-numbered bacter-
ophages (Wyatt, 1953). The nucleic acids of 7 strams of
potato virus X were also found to be very similar in composi-
tion (Markham, 1953).

To summarize the compositional studies, it can be concluded
that mutation of a virus 1s sometimes, but not always,
accompanied by detectable changes in the composition of the
protein. By con'tmst, the nucleie aewds of virus strains scem

has been made between
ogical properties of TMV
e , » In protein composition,
where they exist, are responsible for observed mn
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the immunochemical properties, and arc probably also
involved in certam host-virus relationships as evidenced by
different rates of movement of strains in a given host and by
somewhat dilferent host ranges. In the case of bacterial
viruses, host specifieity and other properties have been clearly
Iinked to the protemn (Herriott, 1951) However, the pre-
viously mentioned fact that some virus strains seem not to
differ at all in composition, even though their biologeal
properties are quite distinet, suggests that there may be vital
differences between strams i the structural features of thewr
protemn or nueleic acid components

As a beginning of the search for possible structural differ-
ences 1n the nuclere acids of virus strans, the nucl‘elc acnds‘ of

acetic acd {TCA) (Reddi and Kmght, 1956) About 14 per
cent of each nucleic geaid was found m the TCA-insoluble
fraction, and analyses showed that the components of these
fractrons differed substantially in composition from the mntact
nuclete acids, that they were rch m purine and poor mn
pynmidine, and that they averaged about 6 nucleotides n
length, Within the hmits of the method of analyais used, the
TCA-msoluble fractions of all § stramns appeared to have the
same compositton. This finding emphasizes In & new way
the similarity in composition, and possibly also in structure, of
the strain nuclele acids. Clearly, much more work must be done
m order to establish whether or not there are sigmficant
structural differences in the nucleic acids of strains of TMV;
however, even at this stage 1t 15 apparent that the stram
nucleie acids do not possess grossly different sequenices of
nucleotides

New information bearing on the strueture of TMYV, and of its
protein in partieular, was obtamed by treatment of the virus
With the enzyme, Caﬂ)o*&ypephdase (Hﬂrns and Knight, 1952,
1955; S and 1954). Ths
enzyme caused the specific release of about 2900 threomne
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residues per mole of virus. The threonine released is assumed
to represent the carboxyl-termmal (C-terminal) residues of a
corresponding number of polypeptide chains in the virus
molecule. Confirmation of the C-terminal threonine has been
made by a strictly chemical method (Braunitzer, 1934; Niu
and Fraenkel-Conrat, 1955a). From the number of C-terminal
threonine residues and on the basis of a molecular weight of
50 X 10°% 1t ean be caleulated that the virus is made up of
about 2900 repeating sub-units whose molecular weight is
about 17,000,

Turning to strains of TMYV, treatment with carboxypepti-
dase was found to release only threonine, and this in equiva-
lent amounts, from 13 strains of the virus {Knight, 1955).
Unrelated plant viruses similarly treated gave results which
were qualitatively and quantitatively distinct from those
found for TMV and its stramns. Hence, this provides a basis
for predicting that stramns of a virus will probably possess the
same C-terminal amino aexd. Of greater significance is the
indication that strains of TMV are composed of similar, 1f not
identical, numbers of chemical sub-umts.

There appears to be no frec ammo-terminal (N-terminal)
end of the TMV peptide chains, either 1n the intact virus or
in the isolated protein sub-units (Fraenkel-Conrat and Smger,
1954). 1lence, 1t has been concluded that the N-terminal ends
of the TMV peptide chains are bound 1 a ring structure; this
ring 1s hydrolytically sphit, together with lesscr amounts of
other peptide bonds, upon heating with trichloroacetic acid
to give proline as the mamn N-terminal acid (Schramm and
Braunitzer, 1953; Schramm et al,, 1954). The N-terminal
amino acid of strains of TMV has not yet been mvestigated,
but from the great sirmlarity of the strains in other respects,
it is assumed that they will also be found alike with regard to
this struetural feature.

Further detals of the chemieal structure of TMV and its
strains are now under investigation. Schramm and Braun-
jtzer (1935) have described the splitting of TMV protemn
by trypsin to yield 11 peptides including a erystalline one
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contaming 21 amino acids.* Except for the erystalline one,
the peptides were not 1solatcd, but were assumed present from
the results of end-group analyses, We have also mvestigated
the tryptic digests of TMV protein, using as starting matenial
the sub-umt protein obtained from TMV by treatment with
detergent (Sreenivasaya and Pirie, 1938, Fraenkel-Conrat and
Singer, 1954),

The peptides resulting from tryptic digestion of TMV
protemn have been separated on filter paper by electrophoresis
at pH 7 1n one dimension followed by chromatography in
butanol-acetic acid-water in the second dimension. A typical
chr after spraying with ninhydrin and marking,
1s lustrated diagrammatically in Figure 1. About 14 spots
are consistently observed on such chromatograms and these
may wnclude the 13 peptides to be expected on the bass of the
specifieity of trypsin, which 1s known to split the peptide
bonds mvolving the carboxyl groups of the armmine and Iysine
residues  Sp g of sumilar g with Saka-

to yield ormthine (from arginine}, lysine, and threonme as the
C-termunal ammo acids. Traces of phenylalanme and leucine
were also found, which together with two or three fainter spots
on the mmhydnn-treated ch ndicate a small
amount of chymotryptic digestion. It 1s very difficult to
eliminate all of the chymotrypsin from trypsin preparations,
but even with the shight contammation, it 15 clear that
tryptic digestion of TMV protemn 1s both quite complete and
highly specific.

The trypnc pephdes described above are bemng isolated by
vanous b, d to analyses for end.

groups,

% Schramm and Andarar (1057) calemlatad 4hat $humn <oa o -
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residues per mole of virus, The threonine released 15 assumed
to represent the carboxyl-terminal (C-terminal) residucs of 2
corresponding number of polypeptide chains in the virus
molecule. Confirmation of the C-termmal threonime has been
made by a strictly chemical method (Braunitzer, 1054; N
and Fraenkel-Conrat, 1955a). From the number of C-terminal
threonine residues and on the basis of a molecular weight of
50 % 109, it can be caleulated that the virus is made up of
about 2900 repeatmng sub-units whose molccular weight is
about 17,000,

Turmng to strans of TMYV, treatment with earboxypepti-
dase was found to release only threonine, and this in equiva-
lent amounts, from 13 strains of the virus (Kmght, 1955).
Unrelated plant viruses similarly treated gave results which
were qualitatively and quantitatively distinet from those
found for TMV and 1ts strams. Hence, this provides a basis
for predicting that strains of a2 virus will probably possess the
same C-terminal ammo acid. Of greater sigmficance is the
indication that strains of TMV are composed of similar, 1f not
identical, numbers of chemical sub-umts.

There appears to be no free amino-termnal (N-terminal)
end of the TMV peptide chamns, either m the intact virus or
1m the 1solated protein sub-umits (Fraenkel-Conrat and Singer,
1954). Henee, 1t has been concluded that the N-terminal ends
of the TMV peptide chamns are bound 1n a ring structure; this
nng 1s hydrolytically spht, together with lesser amounts of
other peptide bonds, upon heatmg with trichloroacetic acid
to give proline as the main N-terminal acid (Schramm and
Braumtzer, 1958; Schramm et al, 1954). The N-terminal
ammno acid of strains of TMV has not yet been mvestigated,
put from the great similanty of the strains in other respects,
it is assumed that they will also be found altke with regard to
this structural feature,

Further details of the chemieal strueture of TMV and 1ts
strains are now under investigation. Schramm and Braun-
itzer (1935) have described the sphtting of 'TMV protein
by trypsin to yield 11 peptides including 2 crystalline onc
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with the most divergent ammo acid compositions, namely
TMV and HR,* it was found, as expected, that the peptide
patterns were grossly different, having only a few similanties.
Next, comparing TMV with the stramn, YA, which appears to
daffer from TMY only mn having 1 more arginine and 1 {or 2)
Tess 1soleuctnes per protemn sub-unit, it was found that very
similar peptide patterns were obtamned. Nine of the peptide

-t ' T 8 or 4 differ. Fmally,

se ammo acd content
+ 7 the same distnibution
of peptides was found In fact, a muixture of tryptic digests
of the 2 strains yiclded the same pattern of peptides as given
by TMYV alone (see Fig. 1}

Studies are also bemng made of the products resulting from
chymotryptic digestion of TMV and some of 1ts sirains.
Chymotrypsin, 1t will be recalled, splits peptide bonds next to
tyrosine and phenylalanine, and to some extent leucine
{Sanger and Tuppy, 1951). After chymotryptic digeshion of
TMV protewn, 20 or more peptides can be detected by ron
exchange chromatography (N, | data) or by

paper el D! and chr t, hy In either case,
a method to separate cleanly all of the peptides has not yet
been worked out and hence, chymotryptic digests of TMV
strawns have not been surveyed in the manner of the tryptic
digests as illustrated in Figure 1. On the other hand, dmitro-
phenylation of the mixture of peptides released by chymo-
tryptie hydralysis of TMV protein and certain of the strain
protemns permitted the isolation by two-dimensional paper
chromatography of several peptides (N and Fraenkel-
Conrat, 1955}, After identifying & certain peptide as 2 hexa-
peptide derived from the C-terminal end of TMV peptide
chains, attention was directed to sumilar produets obtamed
from the strams M, YA, and HR The hexapeptides from
TMV, M, and YA proved to be identical, having the sequence

* The protemn of the 1R strun was found to differ from that of TMYV in the
Broportions of 13 of the 16 ammno acids which they contatn i common, and 1

addition was found %o contain lustidine and metBione, amino acds entirely
lacking w TMV (Koight, 1947)
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amino acid content, and sequences of the amino acids. In
the meantime, however, sigmificant comparisons have been

~————— CHROMATOGRAPHY

made of the &

electrop! 3
of several strains @

~——ELECTROPHORESIS ~——

d fonal patterns ob d by paper
horesis and chromatography of the tryptic digests
£ TMV. Starting first with a pair of strains
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ever, 1nsultn has only ¢ chams whereas TMV has about 3,000,
and 1t may be that the repetition of a small change several
thousand times would affect the biological properties of a
macromolecule. But the tryptic digests of TMV and M seem
to yield exactly the same peptides, which presents a case Just
the oppostte of that for the insubins. The msulins represent
lly different molecules with app ly the same
biological activity, whereas the virus protems seem to have
identical chermical structures but very different brological
praperties, Quite possibly the structucal studies on the virus
protemns have not progressed far enough to reveal subtle
differences; on the other hand, the key may lie in the nucleic
acids, since TMV and its strains are nucleoproteins A decisive
réle has 1n fact been claimed for the nueleic acid by Fraenkel-
Conrat (1956) as a result of experiments on the reconstitution
of virus from the protemn of TMY and the nucleic acid of HR.
The symptoms produced upon infection of tobacco wnth such
2 proved to be ch stic of HR.
1t was suggested that the nucleic acid alone 15 mfecuous and
causes a disease characteristic of the whole virus from which
the nucleic acid was derived. Gierer and Schramm (19564, b)
have also elaimed that TMV nucleic acid alone 1s mfectious,
However, from the pomt of view of virus replication, it
15 difficult to picture how two brologically distinet strams of
virus, ike TMV and M, could have ecither 1dentical protemn
or 1dentical nucleic actd components It scems more reason-
able to assume that a difference m one compenent would be
reflected m a difference in the other. It 1s apparent that
further structural studies must be made on both proteln and
nucleic acid before a 1 preture
of virus mutatton can be drawn.
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threonyl - seryl - glyeyl - proly! - alanyl - threonine, while the
sequence of the HR hexapeptide is threanyl (threonyl, slanyl)-
prolyl-alanyl-threomne. Thus, the strain which differs most
from TMV m amino acid content, HR, has some differences in
amimno acid Sequence as near as the fourth amino acid in the
145-residue chawn, whereas the sequences of strains similar to
TMV in composition continue the same for at Jeast several
residues farther, It has occasionally been suggested that ino
strains such as TMV and M might have the same amno acid
content, but quite diff 1 of the
amino acid residues. Although the present data are very
fragmentary, it 1s already clear that there is not a complete
reshuffling of sequences of ammo acids 1n the proteins of TMV
and M, nor in YA either,

Few conclusions can be drawn os yet regarding the chemical
structure of the protems of TMV strams. However, s
mentioned earher, it seems from the quantutative determin-
ation of C-terminal groups, that the various stratng constst of
essentially the same number of chemical sub-units  The next
question {assuming unormity of the sub-units) 1s how
similar or &iff are the sub ts of strains?
Wo matter how closely or distantly related in biological effects
the stramns may be, thewr protemn sub-umts share certain
charactenstic features. Thus, the sub-umts for all strains
terminate i threonne, and 1t has been shown for four strains
that this identity of structure extends hack 3 anuno acid
residues into the approximately 145-residue cham, and for
3 of the 4, the same sequence 1s found for the first 6 C-texmmal
residues and may extend appreciably further,

One may wonder then to what extent the biologieal actavity
of a virus is afTected by a few changes in amino acid sequence
along a sather extensive peptide chain. I one reasons from
the findings on insulin, 1t mught be concluded that small
changes have no effect, for 1t was shown that smsulins from
3 species which dulfer structurally only m the sequence of
3-residue segment of one of the peptide chains possess identieal
Biological pctivities (Brown, Sanger and Kitai, 1955). How-
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condstions fn which mfected plants are grown. In the same way, many
Vanants can be separated, by using local sngle levions m Nicohiana
- ? A p

9
e e c A
point. * R

Bumei. Could we have some information as to what serologieal
differences, 1f any, there are between these stramns®

Emight- A good many of the strawms can be distinguished serologically
and were, in fact, many years ago by Bawden and Pirie. Some of them
are distinguished with dificulty, for exarple the J 14 D) 1 and the
— e 34 mm chad wedh Aienlte af At all from TV

Bawden Manly because they are serologically retated  But they alo
protect plants agamnst one another, sre morphologically inths-
tinguishable, and they have the same general cheaneal and physieal
P“z?ertlcs

PRI USRI YR

Pirte+ With our strams you don't
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DISCUSSION

Tenrf®  Awmnme tha chening wn wwhink wat find duffovannae A yan onn.

Tt is easy to isolate variants from it that cause different

- Lant.
tomato plan and the symptoms they cause also depend on the

kinds of symptoms,




Rnight: Tn Tietkeley, T would say that we have foss tendency for the
manked atraln to revert to ordinary TS
Tlawden: Possibly because your glasshouse temperatures are higher

than ou;
Knight
- L} . .

they eause much more sevese symptoms
Rawden: You would perhaps agree that the common strain is the
comman one becatse it renchies the highest eoncentration and fa the
moat {nfective,
Knight, Yen.

. N
. - \ . .

T
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N nt'gzmn- Were the masked stram and the TMV grown in the same
1051

EKmght. Yes, m what we call Turkish tobacco,

Isaacs. Do you get the same competition 1f you grow the same virus
in twao different hosts?

Vas althanab 4% o hoe ont bone o0 3 23 e TWa

whether we grew the virus in phlox or in tobacco We have also analysed
the nucleic acid components derived from virus ohtamed from phlox
and tobacco and find them to be indistingurshable
Wiihams. Dr. Kmght, have you ever done any amino acrd analysis of
the X-protemn®
R A e e [, - C-

antistld Plepdred agasy 1My, enauol mosale and SUCHDA IDUSAK

from certamn, because the antibody content of a serum depends on the
rabbit used, the number of injections 1t gets and the amount of virus
injected. YWhen only a small amount 15 mjected and the serum has a
small itre, ViTus strains often seem to be less closely related serologically
than when a lot 15 mjected and sera have large titres, for when mue
virus 15 1njected Lies are gty against qi

from orusaly +bire
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Entght- In Berkeley, I would sy that we have less tendency for the
masked stramn {0 revert to ordmary TMV

Bawden: Possibly because your glasshouse temperatures aro higher
than ours,

Kmght ; Yes.

Spooner+ Does the masked strain when 1t is growing 1 a plant pro-
duce any symptoms? Docs it produce as much virus?

Cnight The mashed strain when grown in Curkish tobaceo produces

20 symptoms and hence the term ‘masked”,

they cause much more severe symptoms

Zawden You would perhaps agree that the common stramn 1s the
common one because 1t reaches the highest concentration and 1s the
most mfective,

Knght, Yes

Williams What 1s the recent story on that which 13 neither nucleie
acid por protemn i TMV? Do your analyses add up to 100 per cent?

Knight We had 1t close to 100 per cent on our ofiginal ammno acid
analyses but we allowed oursclves 5 or 10 per cent varation on each
~e RO TR RO ORI YR S N T Py e R

get nd of it The problem I was eoncerned with was whether it 1s &
gu}’\luni hcomp%nent o gets 1n during the preparatu
arkham. Doesn’t the DNA just acco
payi i, Doesmt ihe DA Just account for about 4 nuoleotides per
e Yes
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GENERAL DISCUSSION
Crick Mr. Ba\vdejn, you said that the A-protein was an inhibitor.

T heneta Lo

1 1fuged when the prep fon has about 10 per cent of the
onginal infectivity, there 1s a bir pellet o leoproted
he origmal

that 1s infective, but weight for weight, less so than t!
virus preparation,

" ce va s [RPUE N

1t will ot cause lesions because mfection 1s mhubited by the other
protem there

Crick You do not know, m your infections case, whether you have
got any RNA?

Bawden - There is some nucleic acd left mn the preparation. Tests
for nucleic acid work down to about 5 per cent of the orgmal nucleie
acxd 1n the virus preparation; 1if there 1s less than this, some people
say there 1s none, some say there 1s less than 5 per cent.

It may be that the mncubation with ammonium sulphate pm‘l\iucﬁ

h e S S Juti SE R PORPY
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Prrie: The one-sixth would have come down into the bottom
Iayer probably. It would move down the tube but it wouldn’t com-
pact nto & pellet so that if you sumply poured off the supernatant
you would say 1t had not sedimented, if y ou siphon off the top layer
you would say that 1t had

T¥atson- But you siphoned off the top layer, 1s that nght?

Pire. Yes.

Watson- And this contains no activity ?

Pire: If tested crudely enough.

Watson, You add ammontum su]phnte and thus causes the forma-
tion of the small precipitate?

Purier Yes, near enough. The results vary according to which
precise way you do 1t—if you add sufficient ammonium sulphate to
get only partial p sulphate
on 1ts own 15 not untably mfectmus, but if you now ultracentnfuge
it, only a part of 1t seduments and 1t 1s that sediment from the am-
motum sulphate premp\tauun wluch appeaﬁ tc- Fecaver q\nt,e s

sulphate in 4 stages to et successive fractions, s ont of the second
fraction that the mfective matenal 1s obtaned,

Smth Mr, Bawden, if you take these different fract:ons at serial
time intervals, 15 there a quantitive increase of the mhibstory sub-
stance?

Batwoden: Yes The mhibiting protemn 1s produced n proportion to
the amount of the virus broken down by exposure to alkals,

Watson You mean you are not Just selecting for a certam fraction
already there?

Bawden How could e know for cert.aln? But I tl-unk it s at

anes ng manr
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ttme taking only the supernatant so as to clear away the intact rods.
The second supernatant 1s then piven a thud sedimentation and
the supemnatant flmd poured off. Presumably anything that existed
m this second supernatant of a length compurable to what we
are talling about, would be thrown down te the bottom of the
centrifuge tube The top materal from the thurd sedimentation
15 poured off earrying with 1t the protemn and the mhibitor, and the
material at the bottom of the tube, when taken up with water snd
tested for anfecta ity, shows none I think this procedure would
ehmnate any doubt but that protem can be prepared that by aself
15 nen-nfectious,

Bauden Yes, 1thmk there s ttle doubt of that,

IWelhiams. The mteresting thing that you report is that apparently
the nuclere acid winch comes out of TMV shen prepared by the
lugh pH treatment s an a state suck that, when it and the protemn
are put back together by treating with ammonium sulphate, followed
by centrifugation, mnfeetisty results Can you think of any reason
why Schramm failed to get snfectivity when be tried thus re-assembly
many years aga”

Bauden. Yes, I think it was because he tested for mfectivity in
the presence of protein that mlubits infectson, If the protem s
wholly agaregated, which can be done by ineubating wath phosphate
or, better stil, with trypsin, the sedumented pellet will not be tafec-
t1ve when resuspended.” It 1s only when some fractionation, such as
your method of with Iphate, makes a
eritical part of the prey 2 ble that an corn
penent 18 detectable. .

Sualton. Bo 1 understand that trypsin does not digest the protein
nhtbitar?

Bawden Certamly not reacdhly, but I don’t know if 1t 15 as resisiont
as intact TMV

v. d Ende I wonder if there 15 not canfusion betsseen two hines
of argument Mr Bawden, 1 thunk, has explauned one possibility

very clearly, that there may be e residue of mfective particles m the
nucleic aerd preparation which are removed from an ihibitor by
centnifygation. Dr Williams, this moring, explaned to us that ifhe
takes the deposit from hus preparation winch he presumes contams
pueleic acid only, he ean find no rods 1 1t at all; but he can find rods
in fresh virus preparations which have a lower sfective titre than
his nucleic aaad preparations  If themfeetivity of the nucleie acid de-
pended on the presence of resudual rods as suggested by Mr. Bawden
there should be enough fo be seen by electron photosicrography.
3 illiames: ¥ was referning thas morming Knmm!y, in the quantiiat-
jve statements that I attempted to make, to assaying the nuelele
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acid fraction for the presence of rods Actually, the quantitative
examunation of such matenal by electron microscopy 1s rather sensi-
tive and I think T can pomt that out by a numerical example, If
one starts with a preparation of RNA whose concentration 1s, say,
1,000 ug./m! , and 1f one sediments this at high speed to throw down
whatever there 1s in the way of TMV-hke partteles, this sedimentable
material can be taken up m about & tenth the itial volume.
Effectively then we can examine whatever has sedimented from
nucleie acid at a concentration of 10,000 ug /ml  We examine the
material that has been thrown down from the mmitial nucleic acid
solution and then taken up 1n & small yolume of water

no less than 10° TMV particles/ml’, we feel that the electron mecro-
scope assay gives us o thousand-fold factor of safety.

Watson 1In the last group, do you see many particles 500 a 1n
length?

this question of the virus being ntact and concentrate instead on
secing how pure you can get your RNA preparation and still get it
infective The real pomt 15 what techniques can you use to remove
the 1 per cent of the protem® I do not know whether, say, trypsm
would remove sufficient of 1t
Does papamn attack TMV protem?
T‘zlrgwdm Noj nor has any other enzyme we have tested destroyed
Wilhams 1 think the diffieulty 1s that the protemn which remains
s probably not the fully broken-down unit of molecular weight

migrate at different rates

T should Like to ask Dr. Williams 1f there 15 a possibility that
nucleie acid ions could be with
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numbers of virus rods and that these rods might escape detection
m the electron microscope. My thought is, the virus 1s known to
have a tendency to aggregate on the acid side of the isoelectric
pomt, and one dilutes these things for spraying mm electron micro-
scopy with water which 1s on the acid side. Is there any danger that
intact virus rods might aggregate under such condittons thus mtro-
ducing severe sampling problems into the spray drop counting
techniques?

Wailliams Does aggregation take place severely at pH’s of the
D}r’der of 5 57 I thought you had te drop considerably lower than
that.

Knight: No, 1t tends to aggregate as soon as you get below
neutrality, and 1t gets progressively worse as you go down.

Williams, Observations have not been made with material at
lugher pH, but they should be,

Schéfer: Grerer and Schramm (1956 Z. Naturf., 11b, 138) have
recently done some work on the mfectivity of the isolated nucleic
acid fractton from TMV  They showed that i contrast to the native
TMYV particle, the mfectivity of their nucleic acid traction1s destroyed
by RNase; furthermore, the infectivity of the nucleic acid fraction
1s ot neutralized by TMV antiserum, which neutralizes intact TMV.
Finally they showed that their infectrve fraction 15 sedimented
1n the ultracentrifuge ke DNA rather than Itke TMV. I think that
these are three points m evidence for the activity of the nucleic
acid fraction

Williams: The smilanties between that report and the work
done by Fraenkel-Conrat which I am reporting here, are the differ-
ences of sedimentation behaviour between the RNA fraction and

8 EE R . - P S

fective, but whether 1t requires the presence of some protem to
11 Crek cter

' e for the infec-

N le? How does it

* was about 2 per

we heard earher
1t 15 Clel Uit it abihn sus gy se peey tightly fitted to-
gether. When you separate the RNA and protemn, and then recon-
B itute the protemn back 1nto rods, 1t 1s sntigenetically unchanged?
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numbers of virus rods and that these rods might escape detection
m the electron microscope My thought 1s, the virus 1s known to
ha‘vel a te‘ndcnc}"‘to aggregate on the acid side of the isoclectric

ducing severe sampling problems into the spray drop counting
techniques?

Williams Does aggregation take place severely at pH’s of the
order of 5 57 I thought you had to drop considerably lower than

that.

Knight* No, 1t tends to aggregate as soon as you get below
neutr: Lity, and 1t gets ely worse as you go down.

Williams, Observations have not been made with material at
higher pH, but they should be.

Schifer. Gierer and Schramm (1956, Z. Naturf,, 11b, 188) bave
recently done some work on the mfectivity of the 1solated nucleic
acid fraction from TMV. They showed that in contrast to the native
TMYV particle, the infectrvity of therr nuclerc acid fraction is destroyed
by RNase; furthermore, the infectivity of the nucleic actd fraction
15 not neutralized by TMV antiserum, which neutralizes intact TMV.
Finally they showed that therr mfective fraction 15 sedimented
1 the ultracentrifuge ke DNA rather than like TMV. I thik that
these are three pomnts i evidence for the activity of the nucleic
acid fraction, i

Walhams: The sumlaritics between that report and the work
done by Fraenkel-Conrat which I am reporting hers, are the differ-
ences of sedimentation behaviour between the RNA fraction and

[ T IR

I
"

' 1we for the mnfec-
A le? How does it

N was about 2 per

we heard earlier
1t 15 clear tab Lt sudid tie paucias ass g ooy tightly fitted to-
gether. When you separate the RN.A and protein, and then recon-
stitute the protem back into rods, it 1s antigenetically unchanged ?
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Sto .
differ ' .

nucleoprotein rather than the reconstituted protein.

Stoker Yes, but there are two rather different questions here, I
think. You might expect a less orderly reconstitution without any
nucleic acid, but I also wondered 1if the nuclelc‘ acd from B, for
avamnla P e B i

et A b Fan

protein esther to protect 1t or for some mechanism to enable 1t to
enter the cell. Dut exceptionally 1t may come across a cell which is
damaged in some way, or in a particular state of multiplication, or
having something abnormal about 1t, so that Just occasionally the
RNA pets put mnto the right place on tts own accord. Would that
not fit the part?
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can 'delcct the injury is that the nucleic acid of these rods is now
e Lk T Ll L ae as v TR fekend

material.

Harington* Yes.

Tilliams Hart’s experiment 1s a nice one, because, with respect
1o the reconstitution, it leaves entirely out of the question the possi-
bility that the nucleic acid fraction used 1n the reconstitution is
contammnated. Hart doesn’t use any separated mbonucleic acd
fraction, but rather only that RNA which is still attached to the
virus

Sanders Does this m any way suggest that the function of the
protem 1s to help the RNA into the cell or simply to protect it from
damage? After all, the ntroduchion of virus into a plant cell is &
pretty rugged process, and I feel that the function of the protein
may be simply to protect the RNA until it has been thrust through
the cell wall into the intenor cytoplasm.

{Filliams s it also possible to speculate that perhaps within the
cell the infectious umt, in travelling from one cell to the other in 2
systemic Infection, travels as RNA rather than as the entire TMV
rod. This might make the techmcal translation somewhat more
sumphfied.

Burnet There 1s one pomt which interests me here  Assuming Lﬂwt

Phatns e . PR SUTEE e e S

microscopy the whole ailair IS IMPOSSIDIE AL Lut Prestil LuLe, sitive
AR Eai DRt S S )

r obvious reasons. bchachman has been domng s otk wiln
\fﬁtmviolet optics for which the dilution of the R VA is of the order for
which one finds the very rapid decay of infeetivity with time, and so
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the whole thing is uncertain at the moment ; one doesn’t know the
answer.
Harris- Mr Bawden, is the inactivating effect of RNase on the
native virus completely reversible?
P it i34 . e n

powerful an mibitor as RNase.

Harris- At what pH was the trypsin expeniment carred out?

Bawden At pH 7 or 8, values where trypsn 13 proteolytically
active.

Iarris In my own experience the pH at which the native virus 1s
exposed to the action of proteolytic enzymes appears to be rather
:mtxcal In the case of Tll’\'ﬂxﬁ 15 probably true to say tha't' the

Iyse; they are also hydrolysed by pepsin and papam.

Harris In the native state?

Zawden Yes, potato virus X quite readily, but not by nibonu-
clease.

Harris Can you be sure that trypsin 1s attackimg the native virus®
Is 1t not possible that, as in the ease of TMV, some kmd of base-cata-
lysed denaturation reaction has to oceur before the virus becomes a
substrate for the enzyme?

Pirie Potato X 1s rather more stable 1n alkal 1n the absence of
trypsm. TMV always goes off from 8 5 onwards, whereas potato X
goes up toabout 9 5 or so
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can detect the injury is that the nucleic acid of these rods is now
partly susceptible to ribonuclease digestion, whereas before treatment
with detergent it is not.

Harington But Andrewes was talking about injuring the cell,
and makmg 1t more aceessible to the RNA.

Kmght. But the Hart experiments would seem to indicate that
the protemn has something to do with the infectious quality of the
taterial.

Harington: Yes.

Hilams Hart’s experiment 1s a mee ope, because, with respect
1o the reconstitution, 1t leaves entirely out of the question the possi-
bility that the nucleic acid fraction used 1 the reconstitution is
contarmnated. Hart doesn’t use any_separated mbonucleie acid
fraction, but rather only that RNA whch is still attached to the
virus,

Sanders' Does this 1 any way suggest that the finction of the
protew Is to fielp the RNA into the cell or simply to protect it from
damage? After all, the introduction of virus into a plant cell is a
pretty rugged process, and 1 feel that the funetion of the protein
may be stmply to protect the RNA until it has been thrust through
the cell wall into the mterior cytoplasm,

Falliams- Is 1t also possible to speculate that perhaps within the
cell the infectious umt, i travellmg from one cell to the other in 2
systemie mfection, travels as RNA rather than as the entire TV
rod. This might make the technical translation someshat more
simphfied.

Burnet. There 1s onc point which intercsts me here, Assuming that
these RNA preparations are infeetive by virtue of the RNA in them,
does thss provide any evidence mn regard to the Iength of nucleotide
chains necessary to carry tlle full genetic determnants of the virus?

....... abamnd At aon B A



UNITS ISOLATED AFTER SPLITTING
FOWL PLAGUE VIRUS

WERNER SCHAFER
Maz-Planeh-Institut fir ¥arusforschung, Tubingen

In estabhishing biochemtcal reaction charns, the first step 1s
usually to 1solate the different constituents, the second to
mvestigate therr structure. Fmally one has to establish the
sequence of the constituents and the mode of their formation.
In a similar way we try to elucidate the reactions which lead
to the multiphication of an amimal virus.

For several years the virus of classical fowl plague (KP) has
served as a model for amimal viruses m our laboratory. Three
different types of particles which appear during the multipli-
cation of KP virus have been 1solated 1n a highly purified
form: the infectious elementary particle (Schafer, Munk and
Armbruster, 1952). the soluble antigen (s-antigen) (Schéfer
and Munk, 1952z), and the so-called ‘incomplete forms’
(Schafer, Zillig and Munk, 1954). The ‘filamentous particles’
which are also observed (Hotz and Schafer, 1955) have not
yet been 1solated,

The pext step was the investigation of the structure of the
1solated particles. We began with the study of the elementary
particle (Schafer and Zilhg, 1954, Zillig, Schafer and Ullmann,
1955), which 15 the mtial as well as the final produet of the
multiplication process.

One gets a better understanding of the structure of the virus
Pparticle by sphtting the particles and exarmmnng the degrada-
tion products This has been done, for example, with tobacco
mosaic virns (Schramm, 1947; Gierer and Schramm, 1956).
KP elementary particles can be split with ether—the method
also used by Hoyle (1952) for the degradation of influenza virus.
Two main produets have been 1solated and studied in detail.

0
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Stoker, Is anything known about the distribution of nbonuclease
in the plant cell?

Pirte The leaf cell is rather rich in ribonuclease, and tobacco
Ieaves, anyway, are poor in protease. In fact, it 15 rather dilficult to
demonstrate any protease 1n the tobacco leaf at all; you can doit
but 1t 15 not easy.

Stoher 1s the nibonuclease distnbuted in any particular place in
the cell?

Pirte: There is some concentrated on the microsomes but only a
fifth, say, of the total. Most of it appears in the ultracentrifuge
supernatant from leaf sap (Holden, M, and Pirie, N, W. (1955).
Brochem. J , 60, 39 ; Pine, N. W (1950). tbid.. 47, 614).

Walliams* With respect to the nibonuclease 1n the plant cell, 1
suppose this rmght well account for the great difference m infectinity
between the RNA itself and the intact virus. I presume that the
juice that comes out of the leaf upon mechanical moculation would
contam nbonuclease.

- . . 1

1t 1s clear there are two difficulties here: one is that you have to
have a method for removing just the end, and this is technically
tricky; 1t might possibly be done by damaging the virus very slightly
by reacting with one of the enzymes which attack RNA, The other
15 the danger that, even when You hasve done 1t, o protein of that
ption might not be replicable—it might not fold up properly
for example. My pomnt 1s that the ends of the molecule of RNA are
about the only places you can get at to eharacterize it at all.
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WERNER SCHAFER
Maz-Planck-Institut ftir Virusforschung, Tultangen

Ix establishing biochemiceal reaction chains, the first step 1s
usually to 1solate the different constituents, the second to
investigate their structure. Finally one has to estabhsh the
sequence of the constituents and the mode of their formation
In a similar way we try to elucidate the reactions which lead
to the multiphcation of an ammal virus,

For several years the virus of classteal fowl plague (KP) has
served as a model for animal viruses in our laboratory Three
different types of particles which appear durmg the multipli-
cation of KP virus have been 1solated 1in a highly purified
form: the infections elementary particle (Schafer, Munk and
Armbruster, 1952), the soluble antigen (s-antigen) (Schéfer
and Munk, 1952z), and the so-called ‘incomplete forms’
(Schifer, Zilhg and Munk, 1954) The *filamentous particles’
which are also observed (Ifotz and Schifer, 1955) have not
yet been isolated,

The next step was the investigation of the structure of the

P Jean A leao .

PSP N

multiplication process.
One gets a better understanding of the structure of the virus
particle by splitting the particles and examining the degrada-
tion products., This has been done, for example, with tobacco
mosaic virus (Schramm, 1947; Gierer and Schramm, 1956).
KP elementary particles can be spht with ether—the method
also used by Hoyle (1952) for the degradation of influenza virus
Two main products have been 1solated and studied in detail
o1
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In the following I wish to give a survey of the properties of
the products obtained in comparison with those of the intact
particles. The localization of the degradation products in the
elementary particle will be discussed. Finally I want to point
out how far the elementary particle and its components corre-
spond to the s-antigen and the ‘incomplete forms’,

Methods

Highly purified concentrates of KP virus ‘Rostock’
obtained from infectious egg flnd were shaken up with ether
at 87° C for some hours. The ether must be free from peroxides.
The water-phase contamed two products, characterized by
their different biological activities In accordance with Hoyle
{1952), one was named haemagglutinin; the other was
called ‘gebundenes Antigen’ (g.-antigen) 1n contrast to the
s-antigen, which exists as an independent umt in the infee-
ted tissue. The h lutinm can be separated from the
g--antigen by adsorption on red cells or by preparative electro-
phoresis. After separation the two units were punfied and
concentrated by fractional centrifugation (Schafer and Zilhg,
1954).

The preparations were examined phystcochemically by the
Svedberg method, u.v, spectrophotometry, electron mmcro-
scopy, and partly also by electrophoresis. Chemically we con-
centrated on determmmg the type of nuclerc acid and the
amount. The brol on luded the h: g
glutination (H.A ) test, the mfectivity test, which was done m
embryonated eggs, and the testing of the sero:mmuno]oglcal
behaviour, For the of the i power
formol vaceines were prepared and mnoculated into chickens
1n senial dilutions. Fourteen days later, the state of immunity
of the animals was tested by infection with ~ 108 MLD,,, and
thus we determined the mmmimal protective 50 per cent dose
(MPD5,) (Schafer, 1955b).

For the sero]oglcal studies we used five antisera which were

obtained from mice and rabbits.
KP mouse serum was obtained from mce infected with a
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mouse-adapted KP ‘Rostock’ virus. Since this virus
multiplies 1n mice, the serum is expected to contain anti-
bodies against all virus-speeific umts, which show antigenic
activity m the course of virus multipheation,

Another serum (FM/1 mouse serum) was obtared from
mice, which had survived an infection with influenza FM/1
virus, passaged in mouse lungs (Schéfer, 1955¢) This serum
reacts, as will be demonstrated later, only with certain units of
KP.

All the other sera onginated from rabbits, immunized with
highly purified preparations of either intact clementary
particles {KP-rabb.-serum) or with g.-antigen (g.-antigen-
rabb.-serum) or with haemagglutinm (H.A -rabb.-serum).
All rabbit sera were absorbed with the ‘normal component’
of egg fluid 1n order to eltminate non-specific reactions (Munk
and Schifer, 1951)

The muce sera were used for complement fixation (CF) tests
(Schafer, 1951), the rabbit sera for precipitation reactions

2 to the qu e techmque of Hedelt

(1939).

Properties of the Virus Elementary Particle and its
Degradation Products

The infectious umit of KP, 1 ¢ the virus elementary particle,
is a spherical particle 70-80 mu. m diameter as shown by elec-
tron microscopy (Fig. 1) and the Svedberg method. Our
latest data show 3-4 per cent RNA  Small amounts of DNA
which were occastonally found are probably due to impurities
The lipid content, of the particles 15 relatively high: about
25-30 percent ™ 7T
tol:4 405 X "
reaction 1-58 4 o .
expressed as N, 1 owvv 1 100 A v g 11 Uie ur test
44 6 £ 25 2 X 108 g N are needed for a positive result 1n
an assay with KP mouse serum, whereas with FM/1 mouse
serum one has to take 18 times the amount of antigen
{Table T). The clementary particles are precipitated by
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In the followmng I wish to give a survey of the properties of
the produets obtained in comparison with those of the intact
particles. The locahization of the degradation produets in the
clementary particle will be discussed. Fnally I want to point
out how far the elementary particle and its components corre-
spond to the s-antigen and the ‘incomplete forms’.

Methods

Highly purnfied concentrates of KP virus ‘Rostock’
obtamed from infectious egg fluid were shaken up with ether
at 87° C for some hours. The ether must be free from peroxides
The water-phase contained two products, charactenized by
their diffcrent brological activities. In accordance with Hoyle
(1952), one was named haemagglutinin; the other was
called ‘gebundenes Antigen’ (g.-antigen) in contrast to the
s-antigen, which exists as an independent umt mn the infec-
ted tissue. The haemagglutinin can be separated from the
g.-antigen by adsorption on red cells or by preparative electro-
phoresis, After separation the two unrts were punfied and
concentrated by fractional centrifugation (Schafer and Zilhg,
1854).

The preparations were examined physicochemically by the
Svedberg method, u.v. spectrophotometry, electron micro-
seopy, and partly also by electrophoresis. Chemically we con-
centrated on determimng the type of nucleic acid and the
amount. The biol 1 tion luded the h o
glutination (HLA.) test, the infectrvity test, which was done in
embryonated eggs, and the testing of the seroimmunological
behaviour. For the examination of the mmmumzmg power
formol vaccines were prepared and moculated into chickens
in ser1al dilutions. Fourteen days later, the state of immunity
of the amimals was tested by infection with ~ 109 MLDy,, and
thus we determined the mmimal protective 50 per cent dose
(MPDj,) (Schafer, 19556).

For the serological studies we used five antisera which were

obtained from mice and rabbits.
KP mouse serum was obtained from mice infected with a
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mouse-adapted KP ‘Rostock’ virus. Since this virus
multiphes in mice, the serum is expected to contain anti-
bodies against all virus-speeific units, which show antigenic
activity in the course of virus multiplication

Another serum (FM/1 mouse serum) was obtamned from
mice, which had survived an infection with mfluenza FM/1
virus, passaged in mouse Jungs {Schafer, 1955a). This serum
reacts, as will be demonstrated later, only with certain umts of
kP,

All the other sera originated from rabbits, immunized with
highly punified preparations of either intact elementary
particles (KP-rabb.-scrum) or with g.-antigen (g.-antigen-
rabb.-sermm) or with haemagglutimin (H A -rabb.-serum)
All rablnt sera were absorbed with the ‘normal component’
of egg lwad 1n order to elimimate non-specific reactions (Munk
and Schifer, 1951).

The mice sera were used for complement fixation (CF) tests
(Schafer, 1951); the rabbit sera for precipitation reactions

ding to the e tech of Heidel

(1939)

Properties of the Virus Elementary Particle and its
Degradation Products

The infectious umt of KP, 1.e. the virus elementary particle,
15 a spherical particle 70-80 my. 1n diameter as shown by elee-
tron mucroscopy (Fig 1) and the Svedberg mcthod. Our
latest data show 34 per cent RNA Small amounts of DNA
which were occasionally found are probably due to impurities.
The hpid content of the particles 15 relatively high about
25-30 per cent. The MLDy, ding to egg tests correspond:
told 305X 10%g N ™ ) )
reaction 1 58 + 0-08 X " '
expressed as N, 15 300 - o
44-6 4 25-2 X 104 g. N are needed for a positive result 1
an assay with KP mouse serum, whereas with FM/1 mouse
serum one has to take 18 times the amount of antigen
(Table 1). The elementary particles are precyptated by
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anti-KP as well as by ant-ILA. rabbit serum but not by the
g--antigen serum (Fig. 2).

The h lutimin from -y particles has a dia-
meter of about 30 mu (Fig. 8) Nucleic acid could not be

1

Preciont
my N

K2 R Serum

A - R9bD Serum

G dntrgen Rabd-Serum

o s 010 Antigen mg ¥
Fia 2 Precipitation of the KP elementary particle

detected (Fig 4). Haemagglutinin alone or in muxture with

specific 1mmumzing activity as the elementary particle,
whereas the speaific haemagglutinating activity 1s approxi-
mately 20 times larger (Table 1) It contams the receptor-
destroying enzyme of the virus particle and shows nearly the
same serologtcal behaviour as the intact particle. Like the
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Fic. 4. Ultraviolet spectra of haemagglutmun and
g-antigen.
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elementary particle it is precipitated only by KP and
H A. rabbit serum (Fig. 5). A positive CF is obtamed by KP

Frecwit
e ¥ £2 pops-Serum
azx
o5
are
s o A= 208 Serum

G Antigen-Raph-Serum
25 dos 10 antgen mg N
Fie 5 Preciptation of the haemagglutinm

not by FM/1 mouse serum. With the latter serum, as pre-
viously mentioned, the elementary particles gave a positive
vEvs 5
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test only when relatively high amounts of antigen were
used.

The g.-antigen 15 still smaller than the haemagglutinin.
According to electron microscopy its diameter is about
10-15 my. (Fig. 6); as yet we have not been able to determine
the particle size by Svedberg methods because the g.-antigen
tends to form cham-like aggregates. It contains about 10-15
per cent RNA and 1s probably the only nuclerc acid-contaming
component of the infectious unit (Fig. 4). Biologically the g.-
antigen can only be demonstrated by serological tests (Table).
With the exception of the CF test with KP mouse serum, its
pattern of serological behaviour is different from those of the
intact elementary particle and of the haemagglutinin, Thus
i the CF test with FM/1 mouse serum even a very small
amount (5-2 £ 4-1 X 10-% g. N) of g.-antigen grves a positive
reaction. Of the three rabbit sera, only the homologous serum
precipitates the g.-antigen (Fig 7) So far 1t has not been
possible to ascertain whether the g.-antigen can give protec-
tion to chickens against KP. It scems doubtful whether the
protecting capacity discovered 1s a property of the g -antigen
itself, beeause the relatively hugh MPD,, (3200 x 10-8 g. N)
may easily be due to small impurities m the preparations used
for the test.

The question can now be raised as to where the degradation
products are located in the elementary particle. The haemag-
glutinin must be part of its surface, because the reactions
taking place on the surface of the elementary particle can be
reproduced with 1solated haemagglutimin. This is the case
with the fixation on cell receptors and with the receptor-
destroying enzyme activity. The localization of the haemag-
glutinin can be demonstrated even more clearly serolmmuno-
logically, Thus antih in rabbit serum not only
precipitates the haemagglutimn, but alse the intact ele-
mentary particle. Furthermore, antibodies aganst haemag-
glutinin are produced even when intact elementary particles
are injected into rabbits. Here the virus does not multiply.
Therefore it is Jikely that only antigen of the virus surface can
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be immunologically actrve. In the elementary particle, the
g.-antigen cannot under the same conditions elicit the pro-
duction of antibodies, Furthermore, the specific antiserum
against the g.-antigen does not precipitate intact elementary
particles 10 contrast to antiserum against haemagglx'ltimr'n.
We therefore suggest that the RNA-containing g -antigen is

PBrecipt © &ntigen - RabhSerumy
my N -

o015

4P Bop Sepum
e s
s aos o amigen myh
I16 7 Precpitation of the g -antigen

located inside the elementary body. The results of the CF
test are 1n agreement with this suggestion. FM/1 mouse serum
does not react with haemagglutinin but with g.-antigen, In
order to get a positive CF with F3/1 serum and concentrated
elementary particles, one needs a relatively high amount of the
latter. But upon shaking up the concentrates with ether,
their antrigeme activity in CF 1s markedly inereased (16-32
fold). This result suggests that the original concentrates
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contained a few elementary particles, the g.-antigen of which
was accessible to antibodies. The ether extracted the lipids,
which act as a binding material, and 1ncidentally liberated
the g.-antigen of the other particles.

Apparently the function of the haemagglutinin is to bring
the reproductive material of the virus in contact with the host
cell. The g-antigen, however—which is located inside the
particle—due to 1ts RNA content must be closely related to
the reproductive system. Concerning its structure, it is only
this sub-umt of the KP virus which corresponds to the infec-
tive particles of smaller viruses like most plant viruses.

It is hoped that a future detailed chemacal analysis of the
two degradation products will provide further knowledge of
the ct 1 groupings responsible for the different biological
functions of the virus. Such investigations might also provide
quantitative data on the amounts of g.-antigen and haemag-
glutinin d 1m the el y particle, A ding to
our present knowledge of the RNA content, the elementary
particle contains about 20-40 per cent g.-antigen. This value,
however, is valid only under the premise—which still has
to be strengthened—that the g.-antigen 1s the only RNA-
containing component of the virus particle.

Comparison of the Virus Elementary Particle and its
Degradation Products with other KP-specific Units

As mentioned earlier, two further virus-speaific particles
could be 1solated besides the elementary particle from the
infected tissue, namely the s-antigen and the so-called
*incomplete forms’.

As proved by physicochemical (Figs. 8 and 9), chemical and
serological methods (Schifer, Munk and Mussgay, 1956), the
s-antigen has so many properties in common with the g.-
antigen from elementary particles (Table I) that doubtless
these two units bear a close relationship to each other. The
only diff that app d in vaccination exp s is,
as already di d earlier, not signifi The close relation-
ship between the two particles favours the hvpothesis that the
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eontained a few elementary particles, the g.-antigen of which
was accesstble to antibodies. The ether extracted the hpids,
which act as a binding material, and incidentally hberated
the g.-antigen of the other particles.

Apparently the function of the haemagglutinin is to bring
the reproductive matenal of the virus in contact with the host
cell. The g-antigen, however—which 1s located inside the
particle——due to 1its RNA content must be closely related to
the reproductive system. Concermung its structure, it is only
this sub-umt of the KP virus which corresponds to the infee-
tive particles of smaller vwruses hike most plant viruses.

Tt 1s hoped that a future detaded chermeal analysis of the
two degradation products will provide further knowledge of
the chemieal groupings responsible for the different biological
funetions of the virus. Such insestigations rught also provide
quantitative data on the amounts of g -antigen and haemag-
glutinin contamned i the elementary particle. According to
our present knowledge of the RNA content, the efementary
particle contams about 20-40 per cent g -antigen. This value,
however, is valid only under the premise—whsch still has
to be strengthened—that the g.-antigen 1s the only RNA-
containing component of the vicus particle.

Comparison of the Virus Elementary Particle and its
Degradation Products with other KP-specific Units

As mentioned earlier, two further virus-specifie particles
conld be isolated besides the elementary particle from the
infected tissue, namely the s-antigen and the so-called
‘incomplete forms’.

As proved by physicochenmeal (Figs. 8 and 9), chermeal and
serological methods (Schifer, Munk and Mussgay, 1956), the
s-antigen has so many properties in common with the g.-
antigen from elementary particles (Table I) that doubtless
these two units bear a close relntmnshxp to each othet. The

nly difference that d i v jon exp s is,
Zs ﬁ)lreﬁd d earlier, not signif The close relation

ship between the two particles favours the hypothesis that the
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tion of the different fic units 1s und d. Labelled
virus (Wecker and Sclufer, 1956) wall prove useful in reaching
this goal.

REFERENCES

Gizrer, A, and Scurawy, G. (1936) Z. Naturf., 11b, 138

NemrLbencrr, M (1939). Dact Reo, 3, 49.

Ilorz, G, and Sciaren, W. (1055) Z. :\umr/.. 100, 1.

Hovr, L (1932), J. Hyg, Camb ,

Mok, K, and Scwares, W (1051) Z I\nturf 6b, 372

scmn:n, W.(1951) Z Naturf , 6b, 207

W (1933a) Z Neturf, 10b,

Scmm w (lDaSb) Arch e.rp Vet Illed 9, 218

Scrarer, W., and M K. a) Z Naturf,7b, 573

Scuarer, W, and \[ 52). Z. Naturf , 7b, 60!

Scriarer, W, Munx, K, and ARwsrosTER, O. (1932) % Naturf ,Tb,
20

199

[Dm:ussmn of this paper was postponed until after the paper by
Mr. Ada —Ed |



102 Wenver Seniren

s-antigen in KP is the R’NA-containing unit of the virus,
which is released from 1t during infection and then multiphes
in the host cell,

For some time 1t has heen known that the ‘incomplete
forms’ are non-sofectious but able to haemagglutinate and
that they sedument more slowly m the centnfuge than ele-
mentary particles {Schafer and Munk, 19525) Since the same
is true for haemagplutimn (Takle Ij, the ‘incomplete forms’
and the haemagglutinn could be identieal, But closer
exammnation, especially by electron microscopy (Figs. 3 and
10}, prored hoth to be different; in contrast to the haemag-
glutinm, the ‘incomplete forms® of KP are balloon-like
particles measuning 30-550 my. m the flattened state. One
further possibulsty may be briefly mentioned, namely that the
haemagglutimn may be a sub-umt, not enly of the elementary
particles, but also of the ‘incomplete forms’. It must be
panted out, hosever, that i to the } utini
wolated from clementary particles, the ' meomplete forms”® are
mceapable of protecting anmals from KP infection (Table 1)
The significance of this difference 1s not yet understood. 1We
hope that the disintegration of “incomplete forms’ will give
smore information on ths question,

Conclusion
T thunk €hat the results presented here bring us somewhat
nearer to a better understanding of the multiphcation of an
anumal virus. It scems to me an espeesally important finding
that the elementary particle in the form of g.-antigen includes
an RNA-cont £ which ponds, not only
3

iy, but also ck fly and phy t Jly to
the 1solated s-antigen. This gives us some idea about the
nature of the s-antigen. Certainly, further elumidation of the
multiphieation process will be ganed by extending study of the
structure from the clementary particles to the other virus-
speeific units, especially to the ‘incomplete’ and “filamentous
forms’. But a rounded picture of the multipheation process
will not be achieved until the sequence and the mode of forma-
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the extraction of lipid-bound phosphorus from the virus
particle was thercfore investigated. Secondly, the extent to
which nucleic acxd was extracted from the dried virus by a
hot 10 per cent (w/v) sodum chloride solution was studied,
the criterion adopted being the absorption at 260 my. of virus
materal (in alkah) before and after such extraction.

The validity of both approaches was assured by showmg
that nucleic acid was not extracted by the lipid solvents used
and, in the second case, by using a digest of a nucleic acid-
free protein to correct for the contribution made by the virus
amino acids to the absorption at 260 my. (Ada and Perry,
1954)

A chloroform-methanol mixture was found to be the most
efficient solvent for phospholipid extraction. The phosphorus
in the defatted virus residue, when fractionated by the
Schmidt-Thannhauser (1943) procedure, yielded values of
1-0 per cent RNA and 0-04 per cent DNA. All matenal with
a maximum absorption at 260 mg. was extracted by the 10 per
cent salt solution. The extract contaming the nuclerc acid was
analysed as follows. The indole test for deoxypentose (Ceriotti,
1952) gave a result which indicated that the DNA content of
the virus was less than 0-02 per cent. In a virus of particle
weight 8 5 x 10% this may amount to a DNA fraction of
mol. wt. = 7 % 10%; the mol. wt. usually assigned to DNA s
about 5 X 108 (e.g. Rowen, Eden and Kahler, 1953). On this
basis, DNA, 1f present at all, cannot be considered an integral
part of the virus particle. The RNA content by u.v absorption
{2, = 9,200) was 0-86 per cent (Ada and Perry, 1954, 1956).

The virus nucleic actd was punfied by precipitation from the
extract by lhe addmon of ethanol and furthex' analysed. The

d sugar, b dby acid h lysis, was 1solated
and identified as mbose by chromatographic analysis. The
nbose was recovered to the extent of 92 per cent of that
expected by theory (Adx and Gottschalk, 1956). Fom- bases
were found g with either hydi ¢ Or
perchloric acds and separation by one- or two-dimensional
chromatography. They were 1dentified by their chromato-
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Eancy analyses of mfluenza virus punfied from infected
allantoie fluid {Taylor, 1944; Kmght, 1047} indicated the
presence of lipid, protein, nucleic acid and carbohydrate in
excess of that required by the nucleic acd content. Both nibo-
nuclerc acid (RNA) and deoxyrhonucleic acd (DNA) were
considered to be present, estimates i the case of RNA varying
from0Otod-6 per cent, and ranging from 8 percent to O 3 per
cent m the case of DNA (Taylor, 1844; Knught, 1947; Graham,
1950). Identifiestion of the nucleic acid was largely based on
colourreactions for pentoses and deoxysugars, and the amounts
present were estimated from the intensity of these reactions
and from the amount of phosphorus left in the dried virus
after extraction with hipid solvents. XKmght, however, was
able to 1solate from the purified virus 2 sample of nuclete acid
which proved to be susceptible to the action of punfied ribo-

1 thus estabhshing the p of RNA in the virus
particle.

Qur work, reported here, has been concerned with the con-
tent of BNA in influenza virus and the base ratios of the viral

BNA.

Jdentification and estimation of the virus nucleic acid

Two hes using ind dent eriteria were made in

the prcse‘nt work. In view of the high phospholiptd content

{Taylor, 194 1) it seemed posuible that the high vnh.xes for

nuclese acid phosphorus obtained by eatlier workers might be

due, at least partly, to phospholipid which resisted extraction

by the lipid solvents used. The effect of various solvents on
104
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How does this result compare with the situation found with
other viruses? In the case of certain plant viruses and the
T2 coliphage, infeetion of the host cell under certain conditions
results 1n the formation of particles which, though closely
related serologically, chemieally andfor structurally to the

PR IR S IS S—"
03 06 09 12 15
NUCLEIC ACID CONTENT (PER CENT)

Fic. 1 Relationship between the infectimity/
hacmagglutinin ratio and the nucleic acid con.
tent of wnfuenza virus

X single pnsssge (0 05 ml, ID; =10 —
, 42 b
© donble passage (each 1 0m! undiated
i
@ triple passage (each 1 ¢ ml undiluted
fluid)
For explanation of curves 1 and 2, see text.

virus particle, are non-infectious. Analyses mndicate that the
non-infectious component(s) contains none or only a mmor
fraction of the nucleic acid present in the mfections Pparticle
(Markham, 1951; Jeener and Lemowe, 1953; Rich, Dumtz
aniifNewmark 1955; see Epstem 19;3)

virus d no nucleic acid and
& not contribute to the infectrvity ttre, the relation between
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graphic and spectragraphic behaviour ss adenine, guanine
cytostne and uracil. The presence of trace nmounts of other
bases eannot be excluded however {Ada, unpublished).

Throughout most of the work reported hereunder, the salt
extraction method has been used for solation and estimation
of nucleie aed,

RNA as a functionally significant component of
influenza virns: the relation between infectivity and
nucleic acid content -

Von Magnuy (1916} and later Fazekas de St. Groth and
Graham (1954) have desentbed conditions of infection of the
allantots which result tn the production of “incomplete”
wfluenza virus. It has been shown (von Magnus, 1954)
that, winde the haecmagglutnating, enzymic and serologeal
beh: of fete virus 19 b d pared with

d virus, the iplete virus 1s less wnfective, the degree
of incompleteness bemg mdiented by the ratio of mfectivity to
haemagghatumn, 1/4. In this aspeet of aur work, the type A
stratn PH8 was used  Standard virus was prepared by one
passage of diluted moculum, mcomplete virus by two or three
senial passages of undiluted inocula. The nucleie acid content
of a large number of virus preparations whese A valses
ranged fram 6-5 to 342 has been determied with the results
plotted n Figure 1.

Here the value of log,, YA 18 plotted against the nueleic
aeid content, the Iatter being estunated from the absorption at
266 my. of the salt extract. Despite 8 eonsiderable vanation,
both i the mfectinity of virus preparations of simufar nuclete
acid content and i the nucleic ncid content of virus prepara-
tions of smilar nfectivity, st s clear that a reduction in the
I{A ratio is accompaned by a decrease i nucleie acid content
1n & smaller sexies of expertments, a simular trend was found
when the T/A value was plotted agamst the nucieic acid con-
tent as estimated from the amount of phosphorus present in
the 10 per cent salt extract {Ada and Perry. 1956).
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content above a certain value, arbitranly chosen as 1-0 per
cent in Figure 2, can induce continuing infection, that 1s, are
fully infectious, A parent particle with a smaller amount of
nucleic aeid, e.g. 0 8 per cent, may give nise to a family of
particles in which the distribution of nucleic acid 1s more like
that pictured in the second preparation (Fig. 2) where theres
a larger proportion of particles which may undergo restricted
multiplieation. Perhaps one stage 1s the formation of particles
which haemagglutinate but do not multiply. The important
point is that only those particles which are fully mfectious will
contribute to the infectivity titre, as this 1s estimated by the
process of mit dilution. The vanation in the nucleic aerd
content of virus preparations of similar infectivity could be
explamed m this scheme Provided the proportion of fully
infectious virus 1n two preparations was simlar, the frequency
distribution of nucleic acid contents m the remaining portions
could vary markedly, resulting in different mean values.

This general imnterpretation would be consistent with the
conecept of int d grades of ! (Burnet,
Lind and Stevens, 1955), based on the observation that -
complete virus produced a higher yield of haemagglutmin in
one growth cycle than would be expected from the infectivity
titre.

Proportion of bases in virus nucleic acid: specific
differences between A and B strains of virus

In line with earlier findings (Markham, 1953, Knight, 19531)
demonstrating the speaific nature of plant virus nucleic acids,
the nuclee acid assoctated with influenza virus purified from
infected allantoie fluid has been found to possess very con-
stant properties as indicated by the proportion of the nitro-
genous bases. In the case of the A stram PRS, the values
g’btamed are presented mn Table I When the nucleic acid of &
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infectivity and nucleic acid content for mixtures of incomplete
virus with mfectious (i.e. containing 09 per cent nucleic seid}
virus would be expressed by curve 1, Figure 1, If incomplete
wirus contained © 40 per cent nuclelc acid, o value slightly
Ihugher than the Jonest smounts found in our experiments, the
relationshup would be expressed by curve 2, Figure 3, Cleatly

s R
G RESTRICTED MUCTIPLEATION { conmnumg

(ECTUS INFECTION

LUTININ

o3 o6 X T2
HUCLEIC ACHD CONTENT (P18 GENT]

Fio. 2, Possible frequency distribution of pucleic scsd wn four hypothe
theal virus whi (IfA} eateas

0se
vary from 8 0 3

neither curve, nor any that could be drawn between them,
fits the experimental data, and 1t can be conclusded that
incomplete virus 15 not uniform with respect to nucleie acid
content.

The possible frequency distribution of nucleie acd in four
hypotbetieal virus preparations whose /A values vary from
6 to 8 is presented in Fagure 2. For simpheity, a continuous
spectrum of puelesc zeld content is assumed in cncl_x case,
Tt woay be that onfy virus particles with a nuelefe acid
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values within each category are not significant (p > 0-1)
{Ada and Perry, 1956).

The demonstrated range of values for this ratio 1s thus
1-22—1-28 for A strams and 1-38—1 43 for B strauns,

Ts this proportion of bases charactenstic of the nucleie acd
in the virus particle or 1s 1t shared by other nucleic acid
fractions 1n the 1nfected host cell? If the RNA in an alkaline
digest of the uninfected host cell 1s analysed, a value of about
06 for the ratio ademne 4 uracil/guanine + cytosine 1s
found. In the infected host cell, however, there 1s one sub-
stance which 1s of particular mterest in this connection. This
is the soluble complement fixing antigen.

Relationship between the nucleic acid moieties in the
soluble complement fixing antigens of the virus particle
and of the infected host cell

One of the most intriguing phenomena assoctated with
fection by mfluenza virus 1s the production of a “soluble™
antigen which, when mixed with specific convalescent serum,
will fix pl This soluble ! fixing antigen
{CFA) 1s group speaific, all A strains producing a CFA which1s
sharply distinet from the soluble CFA produced during a B
strain infection. This cellular soluble CFA 1s a much smaller
particle than the infective virus particle.

Recently, both Hoyle (1950) and Schafer (1955) have
shown that controlled degradation of the virus particle with
ethyl ether releases a soluble antigen which also reacts with
spectfic convalescent serum. On punfication, this virus
soluble CFA was found to be a nucleoprotein Dr. Edney and
Y have tried to find out if the cellular soluble CFA 1s a nucleo-
protem and 1f so, what 1s the relationship between the nuclete
aeid moieties of the two antigens?

Virus soluble CFA was prepared from an A type virus by
Schafer’s method The cellular soluble CFA was liberated from
infected membranes by several cycles of freezing and thawing
(Fulton and Isaacs, 1953), sedimented from the extract by high
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Table I
PROPOATION OF HASES I TRE Nucxf;xc A0 Frov PRE(AY axp ¥rox LEE{B}
Virus

Nucleotide compontion (ax moles per 100 moles nucleotide}

Virus
Adensne Guanine Cytosine Urest

PR8(A} 231400 22405 2OLOY 328405
LEED) | 230202 ®3403 § 2W1ar0s ) BEROR

Elson and Chargaff (1954) have shown that ribonucleie acids
from dfferent sources may be charasterized sceording to the
value of the ratso, adenine + uracil/guanine <+ cytosne; vhen
evalunted 1n this fashion, the two virus nuclere acids are found
to differ signifieantly (p < 0-05} The nuelele acids of four
other A stramn and two more B strain viruses were anafysed
and the ratios caleulated with the result shown in Toable 1L

‘Table X§

Varues 0F Tag Ratio, ApCNINE + URactt /{GUANINE + CYTOSINE OF INE
Nucrrre A2ps Frox FIvE A axp Farere B Sraams op Inrrussza Vievs

Virgs Number of Adenine + uranl
Strawn txpenmenid Grarng + cylosine
5 127 $0-02
MRL 2 3 22 4 0-0L
A WSE 2 120 £001
SWINE 2 1 24 £ 008
cAM z 1285008
LEE 4 142 G-04
n oML a 1333008
ROB 2 188 %0 J

The difference hetween the means of any pair of A and B
~iruses is significant {p < 0-05); differences between the mean
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base proportions of the virus nucleic actd are more irregular
than and differ appreciably from those of allantorc fluid virus.
This is shown in Table IV. For comparison the base propro-
tions of a ribonucleoprotem also present m the mfected cell
are tabulated as well Both the vanability in the lung virus

‘Table IV
Tre ProPoRTION OF Basts 1N THe NrcrLrIc Acto or Viaus (MEL) Grown 1y
TEE ALLANTOIS AND 1N Tir CHIck Emarv0 LUNG, AND 07 A Nt:.CLEOPROTFIN
IsoLATED ¥ROM INELCTED LUNGS

Nucleotula comportson Cper 100 woles
uper nuclaotide) 4drmna + wrari]
1pers Guanme ¥ Culomne
ments | Adensna | Guamns | Cwtorme | Oract

Allentolo 2 [230408[10 640 1|25 40 1{32 0507 122
fluid viras
Luog virus 5 (20540 7(28 4x2 1|27 720 8]25 422 s 078

Nusleoprotein 20 7:£0 3|33 2:£0 627 8+0 8118 30 5 [y
{rom nfected
luogs

values and the fact that they lie betsween those of the allantoic
flmd virus nueleie acid and those of the host cell nucleic acid
would favour the interpretation that the lung virus 1s con-
taminated with host nucleic acid, If we restriet the term
“contamination™ to mean the attachment of material to the
surface of the virus particle, two considerations make this
unhkely (1). The punfication procedure includes two eycles
of adsorption to and elution from red cells, & process which,
being enzymic m nature, hmits the amount of possible
surface contamination of the virus particle (2) The nucleie
el veeowia -

PO A N

on the surface of the virus particle to an extent suggested in
Table IV would result m an overall nucleic acid content m
such a complex of 2-8 per cent,

Other relevant information should also be mentioned. The
sedimentation diagram suggests a very wide range of particle
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speed centrifugation (Ada, Donnclley and Pye, 1952) and
purified further by exhaustive treatment with ethyl ether.

The two antigens were found to have comparable CF
activities per mg. dry weight when tested against convalescent
mouse serum obtained following infection with an A virus.
They also reacted with convalescent serum to an A prime virus
but not with convalescent serum to a B virus.

The results of the chemical analysis, presented in Table IIL,
indicate that while both antigens are nucleoproteins, the RNA
associated with the cellular soluble CFA differs both in
amount and character from that present in the virus soluble
CFA preparation.

Table 11T
CowurarisoN oF rae NucLric Acins oF THE So1UsLE COMPLEMENT FIXING

AxtiGeNs (CFA) ISOLATED ¥ROM THE Vigus PARTICLE AND FROM THE
InrecTEp Host CaLL

Ruto Nucleonde composition (per 100
nuctoe moles nucleotide) Adensne + wracil
acid con- Guamne T

tent (50) | Ademine | Guanine | Cytorne| Usacat

53 232 | 200 | 241 827 1.27
(4 222 | 833 | 264 | 181 0-68

If the nucleic acid moiety is considered an intrinsic com-
ponent of each of the soluble CF antigens, they must be
garded as ch Ny distinet ds. Untid we know
thing about b leop present mn uninfected
cells, however, it would be premature to attempt a further
interpretation of these results.

The nucleic acid of virus grown in different tissues

e have attempted to repeat some of these observations
using material from infected chick embryo Iungs but, 1n pre-
liminary experiments with a type A virus, have found that the
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If in future experiments we can eliminate contamination by
or incorporation of host cell nucleic acid, we will have to
constder the possibility that only particular sections of the
RNA molecule carry the characteristic virus code and that the
two preparations of virus nuclerc acid have only these sections
1n common; other sections of the molecule may vary according
to the host cell.
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size with & mean sedimentation constant of 750; the sedi-
mentation constant of A stramns punfied from allantoie
fluid varies from 600-700. Electron microseopical examination
shows very marked pl phism with an app ble pro-
portion of unduly large particles which may account for the
finding that the value of the ratio, haemagglutininfmg. dry
weight 35 one half ta one third the value of purified allantote
fluid virus.

Concluston

We can brefly recapitulate as follows. Influenza vairus con-
virus contamns about 6 9 per cent RNA. The relationship
found between the infectivity and nucleic acid content of the
virus particle has been mterpreted as evidenee that the nucleic
acid mowety plays a significant part i virus multiplication.
The specific difference found between the nucleic acd base
ratios of the & and B strains of varus supports the contention
that the nuclere acsd molecules in the virus particls are hult
to a special and charaeteristic pattern, as reflected in the base
ratio This belief 1s strengthened by the finding that this base
ratio characterszes the nucleic acid morety of the soluble CFA
isolated from the virus particle but not the nuclec acid of
the soluble CFA present in the mnfected cell. This interpreta-
tion is compatible with the many recent observations concern-
ing the réle played by RNA in protemn synthesis, which
encourages us to belteve that the RNA molecule carries coded
mformation (e.g. Gale and Folkes, 1955},

It is surpnsng therefore to find that the proportion of
hases in the nucleic zaid of viras grown m the embryo chick
lung and n the allantoe cavity differ, It may be suggested
that during fabrication of the lung virus particle, a varable
amount of host cell nucleic acd may be ncorporated as well
a5 the charactenstic viral nuclewc acid, Some support for stich
s scheme 1s provided by the finding that the lung virus
preparstion contamns many large particles, IP seems u{xhkely
that such a large discrepancy could be explained in this way

however.
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different, In our wotk we studied viruses which are not so easly puri-
fied a3 the ones which can be absorbed by red cells and then eluted,
and with the relatively crude preparations at our disposal we were
SRR IR Tia vt

Aua; According to the electron microscope counts st 1s probably of
the order of 210,

Bang Dr, Schafer, how many of the haemagglutiun particles may
be adsorbed onto s red cell?

Schifer- I have oo idea

Bang Have the antibodues that you produced by wnjecting virus been
tested for neutmlxzm= actiity sgainst (he virus

and the fowl plague shown by other strawns of wfluenza, ot 1 1t charac.
tenistic of this one strain?
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DISCUSSION

Pirie: Thesc observations of Mr Ada's are extraotdianly interestisg
and almost, completely agree with what Bawden and I find with T3V—
that there 18 no sedmentable matectal with the serologicat speaificity of
TMV and completely free from nucieic aod (Bawden, K, C, snd Pirie,
N W. (1956) J gen Macrobwl, 14, 460) Many years ago we made
slowly sed active bu ly fect
fractions frorn Jeaf extracts The fractions we make now inyarably
contam at least one-ith of the normal amount of nuelere acid and some-
times as much as foff s 18 ssmular to the vanshihity thet you find.

Du;be«o $Whot 39 the proportion of complete pariieley in the hinf
virus

Ada The ¥/A rat1o 15 the same as you have with allantoic fluid vins.

Dulbecco s 1t not possile that the particularly targe forms that you
desenbed were partiaily mecomplete particles and therefore had a Jow
RNA content?

Ada- T 18 possible as on the basis of the /A ratwo, only one patticle
1 ten 39 nfectious as 15 the ease i allantote fhud virus We cannot say
whether the large particles are “cornplete” or “mcomplete™ vinus.

Dulbeeer  How do you explain the duference between the soluble
aatigen which i 1w the cell and that whick 1 1 the vires? Wouldn't you
thunk that the soluble antigen which 1s 1n the rell 1s the precursor of the
one that goes sato the virus?

Ada Tt may not be. The cellular soluble satigen may merely repre-
sent a pattern which has been conferred on host celf protemn as a result
of virus 1nfection,

Stoher Can you accaunt for thermal mactivation at §7° by tass of
RNA? Have you examined varus after thermal mnasefivationt

Ada. We have tned that, but 1t doesn’t make very much difference
1o the RNA content,

Stoher Srnce the base Tatio dilfers so markedly n the different parts
of the egg, 19 the bage ratw the same 1 incomplete virus?

. Yes The RNA of mncomplete virus grown i the slfantoc
epvity has the same base ratio as that of standard virus,

Soher+ Dioes anfluenza I3 virus also change 1ts base ratios 1 dufferent

issues?
mzldu: We have not as yet wvestigated that,

Stoher: Dr. John Smuth (Smsth, J D, and Stoker, M G. P, {1951).
Brat J. exp, Path., 32, 433) hos examined the DNA of some nehettsie,
and 1n the & burmelie the base fateos were almost eactly the same 88

those of tlse DNA of the egg host except, fortunately, Tor S-methyl-
gytosine wiich could be used as a marker for host contanuaation, But
e have found that otier species of nekettstae grovn i the egg had
eatirely different DNA base proportions. .

v, d. Ende: 1 was vather tmpressed with the fact that Dr. Schifer's
soluble antigen and the g -antigen which he obtained from I viruy

oo samslar, wherens, on the other hand, Dr, Ada'y soluble antigen

o eta from the cell and the soluble antigen from the virss are
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Ibelese, used too, I think one of the strongest bits of evidence that this
is not due to contamnation 1s the fact that the material tn the virus
which cross-reacts 1s not absolutely identical with the material present

enzymes 1n col and we must postulate, on & conservatrve basis, about
200 more, or something of that order Each of these 13 an antygenetically
specific protem This 15 an assumptton, but T think e all concur on
that one

antiphage activity.
Smuth 1 was very interested that it was reported that the mcomplete

wuwiger Bl Aud, LAVEN L yuu Bad other preparations of soluble
antigen with a lugher RNA content?
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code already exsts in the cell. If you infect that cell with influenza
virus, it gocs on making ribonucleoprotein but it is not quite the same
nbonucleoprotermn as it was hefore. But the modiieation may not bea
very big one, and you don’t necessarily need a big mofecule ta producest

Dulbecro~ This question that Dy Hoyle raises shauld be discussed ma
mote general form—-not only anmal viruses should be eansidered for
this problem but also viruses khe phages, for example. Naw i phage
¥ think that you could hardly claim this becatse of botk the chemical
evidente and the genetica) evidence ‘The chemical evadence js that the
wiral nucleic acid contams 8 base which doesp't exist n the bactenum,
and the genetical ¢vidence shows that the genetic material of the virus
can be separated w funchionally different ututs the length of which 13
about 10- of the viral DNA, on the basis of the recombination data of
Beurer, N Fronkhn and others. Therefore it seems that there 15 just
enough nuclewe acid 1o carry the genetic information of the virus

In the case of an anumaf vtrus, of course, we don't have any of this
kand of information, but ¥ think that we should not make theones based
an the lack of knownledge.

Hayle, You must not argue by analogy between the DNA-containing
viruses and an RNA-contaunng varus ether !

Pine« 1 concur very smphatieally with Moyle. The argument used
by Dulbeeco depends, I think, on lack of knowledge about the composi-
tion of the host cell. It 15 clear that the special base does not make up
1 per cent of the 1otal base i the host cell but it 13 perfectly possible
for 1t to e & MINGE component taking part 1n a normal eyele and for ths
cyele 1o be pushed nlo an unportant position when phage production

starts

Senders There 13 one further pont that should be borne in mind
Invasion of bacterss by phage DNA s accompanied by the hreahdown

of the nuclear apparstus of the bactenia ) don’t know of any imnstance
wnhere ths happens with the i asion of eells by an amimal virus

Lwoff. It seems o me that 1f Dr. Hoyle's hypothesis was night, one
should expect ta find a serological relation between normal protesnd of
the cell and proteins of the virus. Thus 1s not the case.

Hoyle But are we quite sure it 1sa't?

ZLwoff. 'This 15 certain in the case of phage,

Crick: I would hke to make an analogy which mght do somethmg
(o recancile these points of vzew, that 15 the case of lysogense pbage
which, when it goes anto the cell, m some way “attaches™ sself to the
DNA in the cel]  Now, by analogy it 15 possible that when the RNA
virns goes 1mto the cell there 13 perhaps a sumilar process with the cell
JINA, and that the reason you can only wnfect certain cells is that you
may have 8 certain “attaching step”. Tt is true that m the lysogentc
case the attaching step 18 to the virus but
that may not be an wnportant difference.

Smth: 1 want ta take exception to one statement that has been
made and that &5 that there is no serological eross-reaction betsween the
s and the host protewn. In my faboratory at least five years’ work
tas been devoted to sceumulating evidence leading to the conclusion
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tentatwvely have a value which 13 consistent with the one reported by
Mr.Ada . L. . .

denticol

wiruses, de-

A virus can be
produced, for example, by thermal denaturation of standard virus

In our experiments, We endeavoured to reduce to a mmmum this
posaibility
Stoher But the INA content 1s not altered as m your other
defimtion?
Toyle Oux views 1n Northampton about meomplete virus are very
sunple. We think that a standard virus 18 & virus i which one particle
contans enough nucleic acid to infect a cell and therefore to infect the
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Ada: Yes, we have purifled soluble antizen from infected chick
embryo lungs, The RNA content of such preparations moy be s high
as 7 per cent. Meny preparations also contam DNA, The base 1t
of the RNA is similar to that of the RNA in aflantosc membrane
prepatationy,

Tidhoren Yran sard €hat s wann o ne'ad Alas s e TATA Tote bn

mchined, however, 1o agree with Dr. Dulbeceo that it seems s though
1t Is more hkely that this 15 a stranded sort of matersal that only
oecasionally breaks apart

Anpther question I want to ask Dr. Schafer is this. if one affows for
the obvious and hence the 73 of the diameter of the
incomplete form, do you think there 15 any reason to heheve that
volumewsse the incomplete form 15 any Jarger than the complete form?

Schdfer: 1 connot magine that our largest “mcomplete forms”
having & Giameter of about 550 my can be produced by flattening of &
spherical particle With 70 mp diameter, hke the elementary particle.

work that the protem content of these “mcomplete forms* is very 10w,
Can't their RNA/protem ratio be the same as that of the infectious

virus particle?

Ada+ We do not find any comelation between sedimentation and hpid
content. For exarmple, we prepared tva batches of 3 B strawn, 510B,
from the same seed virus. As far as we could teil, the final preparations
were of sunilar degree of punty, Thar charactenstics were as follows:

Bateh 1. Sy == 7205, hpid == 20 per cent
Bateh 2. 8, = 7608, liprd == 40 per cent

A large number of preparations o{ PR8 virus whose A zzluu
RGO ol vt el cipieosiibindiisivic Tusi i et
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and
tentatively have a value which 13 consistent with the one reported by
Mr, Ads

a
‘We are a httle bit dlsl}lf‘bcd by this report. that_tks l'h‘“_!\'s of virus

1dentical.
ulbecco Is 1t possible that since you extract the virus from the lung
Ussue, you may have etracted something from the lung tissue Which

on rather well.
S AW e ans

In our expenments, we endeavoured to reduce to a mimmum this
possibility,

Stoler " But the RNA content 15 not sltered as 1 your other
definition?

Hogle: Our views in Northampton about meomplete virus are very
sunple We think that a standard virus 13 a virus i which one particle
contains enough nucleie acid to infect a cell and therefore to mfect the
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egg. An incomplete virus is # particle in which the total eontent of
nucleic acid 15 not enough to infect the cell. Therefore, in order to
infeet the cell you must have more than one patticle,

Now, from a consideration of mathernatics, if it 15 necessary to nfect
the cell with more than one particle, the actual dose which you would
have to moculate into the allantoic sac 1n the fertile egg goes up by
16,000 trmes. Therefore, & preparation of incomplete virus appears at
least one-thousandth less mfective than a preparation of standard yvirus.
But the real difference 1s that 1t has only got half as much nucleic acid



CHEMICAL INACTIVATION OF VIRUSES*

SvEN GarD
Department of Virus Research, Karolinsha Institutet Medical Schaol, Stockholm

THE question of the kmetics of chemtcal virus mactivation
has become a problem of more than acadermic interest after
the occurrence n the U.S.A of moculation poliomyelitis
children vaccinated with formahn-treated virus. Since
adequate mformation on ths subject 1s scarce or lacking the
Swedish group engaged in the production of a polio virus
vacemne has considered a systematic attack on the problem
necessary.f

Salk (1956) has repeatedly stated that mactivation of
polio virus by formaldehyde (F) runs the course of a first order
reaction, At the third International Pohomyehtts Conference
1n Rome 1n 1954 I pointed out that the Swedish observations
did not conform with this statement (Gard, 1955) On the
contrary, we had found a systematic and consistently repro-
ducible deviation from the linear log. activity-time relation-
shxp postulatcd by Salk ()n this occasion Salk attributed the
particularly to the fact
that the virus used n our experiments had not been pre-
treated by filtration and thus were to be considered nsuffi-
ciently b d Later we confi our previous results
n experiments applying pre-fil through
sintered glass filters of varying porosities, including Corning
ultra-fine tubular filters (Wesslén, Lycke, Gard and Obn,
1936). Filtration usually causes a shight reduction n virus

Schoo!
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content but has had no demonstrable effect on the course of
the inactivation eurve,

Methods
Before reporting and discussing our observations I shall
briefly describe and upon some techmeal details.

The action of F upon organic matter is extremely complex.
Amino and 1mino groups seem to be preferred reaction sites,
but m addition amndo, peptide and sulphydryl groups,
tyrosine, tryptophan and other eyclie structures including
purines and pyrimdines combine with F., Most of these
reactions proceed m at least two stages. First, a fully rever-
sible combination occurs leading to a well-defined equilibrium
between free and bound F. In the next step, a more firm
compound emerges by secondary methylene bridge or rng
structure formation. The first phase of the reaction proceeds
very rapidly; equilibrium 1s reached within seconds or
minutes. Secondary changes develop much more slowly and
seem to lead gradually to increasingly stable compounds,

In a crude tissue culture flutd the virus represents but a
negligible fraction of the F-reactive material. The bulk is
made up by amino acids in the flurd medium and by protems
and degradation products released from disintegrated cells.
The latter factor 1s largely uncontrollable, and therefore the
raw material for vaccine production shows not inconsiderable
variations in F-combining capacity, Two factors are to be
taken into account in this connection: the primary equih-
brating effect upon the level of concentration of free F and the
slow secondary consumption of F.

In order to minimize the effect of variations i the composi-
tion of the material we have tried to establish a buffered
medium by addition of glycine, a procedure devised by
Neumuller (1954). Glyeine has a very high affinity to F' and
the reaction seems to remam fully reversible for an indefinite
period of time at neutral pIl. Therefore, in a mixture with
competitive substances glycine will largely detenmnf the
Jevel of the F equilibrium and, if added m excess, provide an
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F bank from which gradual losses of F' may be compensated
and a constant concentration of free Fmay thusbe mamtained.
However, the addition of large amounts of chemicals to the
reaction mixture complicates the activity assay of the pro-
duct. For this reason we have reached a compromise restrict-
ing the glyene concentration to 0:02 3, which 15 not suf-
ficient to provide a complete stabilization, although variation
is considerably reduced As a rule, F was added to a final con-
centration of 0 006 3. As there are no reliable methods for
determmation of free or active F), the reaction mixture cannot
be characterized in this respeet  Presumably 60 to 70 per cent
of the total F forms a reversibly-bound rescrve.

The inactivation process was mterrupted by addition of
tisulphite mn excess. It was found that neither reactivation
nor progressive mactivation took place on storage of bisul-
phite-treated material

Salk has chosen 87° C for the inactivation process. At this
temp h 1vation to 1 to 2 log umts
in three days, depending upon the position of
themedium  As the Salk procedure aims at an imtial inactiva-
tion rate of about 6 log. umts 1n three days 1t 1s obvious that
the thermal component of the reaction contributes substanti-
ally to the net result. In order to breed F mactivation more
pure we have chosen 25° C as reaction temperature, thereby
reducing thermal inactivation to about 0 8 log umts m
5 days.

The pH of the reaction nuxture has been adjusted to and
maintamed at 7-0 + 0 2.

Virus was grown i suspended fragment enltures of human
embryome skin-muscle tissue mn Parker 199. For activity
determinations samples of sulphite-treated reaction mixtures
wete dialysed agawmst the flmd medm  No loss of activity
oceurred duning dialysis Titrations were performed 1n plasma
clot cultures of human embryome lung tissue Seeded
cultures were observed for 12 days and results were confirmed

by typing and passages of all cultures moculated at critical
dilution levels, Determinations in the activity range below
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the “baseline” were based on the principles laid down by
Halvorson and Ziegler (1932) and Haldane (1989). Rolling
flask or rocking flask cultures were inoculated with 1-0, 10
or 25 ml. amounts and the most probable activity calculated
on the assumption of a Poisson distribution of the percentage
of takes,

Analysis of results

In Fig. 1, the results of 12 mactivation expermments on :{Il
three types of virus are summarized. A statistical analysis

J’{’f

Fic.1 Inactivation of polio virus by formal-
debyde Means of twelve experiments.
Shaded areas confidence mterval

revealed no sig differences between individual experi-
ments or between types, so the material was pooled. On the
ordinate the mean titres are plotted on a log. scale agamnst
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time of F treatment on the abscissa. The shaded area denotes
the 999 per cent confidence interval. The best fitting straight
line does not come within the confidence limits of anyone of
the four points. .
Fig. 2 shows an expermment i duplicate on Type 2 with
duplicate titrations on most samples. The dewiation from a
linear course 1s obvious. When plotted agamst log. time, on

T 3 3 4 5§ & 7 & 5 iodys

Fic 2 Inactation of Type 2 polio virus by fommalde-
hyde Expenment m duplicate 0 — actmity of undiale
ysed samples, ® — activity of dialysed samples

the other hand (Fig 3), the curve seems to approach a linear
assymptote. The result of a statistical analysis of six such
experiments 1s presented 1n Table L The quabttes analysed
were the fit to a linear regression of log activity upon time
. e . S - -

Out of s1x experiments two showed a significant and two 3
probable deviation from Salk’s hnear relationship In the
Ppooled matenal a deviation on a very high level of sigmficance
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K
10

v 3 37 4 5 & & (odays

Fic. 3 Same expeniment as i Figure 2 Log activity
plotted agamst log time

was demonstrable. The fit to 2 linear regression upon log.
time was cxcellent, mn the individual experiments as well asn
the pooled materal.

Table I

PropasiurTy or Livear Rrcnussions or AcTiviTy upox Trve (SALE

Cunve) oD Loc TrvE, RESPECTIVELY. VARIANCE RATI08 MEASURE
DevIATION Frox LiNmar COURSE

Salk curve tog. time
Ezp. No
b rato b ratio
—142 597 —6.16 0-76
—130 15 ggezz ~597 118
—138 812 —641 0-43
—~105 10 672 —580 0 42
—113 111 —6-31 023
—103 21-53:% —5.53 118
Mean ~1-23 18 9077 - 589 0-65

b = coefficicnt of regression.
Sigruficance levels. = 0 05, 7z = 0 01, z22 = 0 001
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In order to fit the experimental dats, an equation deserib-
ing the reaction should thus have an assymptote log Lo
a’ +¥ logt, gy, and y denoting activity at times ¢ and ¢,
Ic&

Y

5 3
TIME ~ DAYS

Fic 4 of polo varus by Fitting of
expermental data to emprncal function log ”; —alog(l + By
© — 0008 3 (3 expermnents), @ — 0 007 M formaldehyde

@ cxperments) . Arhow imdicares that Shehmte ttoen were not
obtamed, points represent upper Limits

respectively, a’ and b’ bemng constants or parameters. As a
simple and plausible function fulfiling this requirement

Iog%'=alog(l+bt) )

was tested. In Fig. 4, the best fitting curves of this type
are compared to two sets of data from experiments with F
concentrations of 0 007 ¥ (4 expeniments) and 0-006 3t (3
experiments), respectively. The fit is surprisingly good. Conse-
quently, 1t was considered justifiable to let equation {1) form

YRUS «
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the basis for a discussion of the mechanism of the inactivation
process.

The rate of inactivation at any given time is dependent
upon the econcentration of still active virus, on the concentra-
tion of F and on the specific reaction velocity constant. The
reaction veloeity equation obtained by derivation of (1) reads

dy _ aby

- T 1tn
meaning that at least one of the three determinant factorsisa
function of tume or a more complex function of tume than
assumed m a first order reaction.

Starting with y, we may assume it to enter in an order higher
than one. Suppose that

dt

k denoting the reaction velocity constant. This leads to

dy _ EFya+e

%_1 .
ln-g—aln(1+ay,“.kFt) P ]

Equation (2) conforms to the general type of (1). Asy, enters
as a parameter 1t requires that the mactivation be dependent
upon the mihial virus concentration. We have satisfied our-
selves in specially designed experi ts that this is not the
case.

Against the background of what has been said of the reae-
tion of F with impurities 1n the reaction mixture, a slowing
down of the reaction rate on account of loss of F activity
seems a priori not improbable. It is easily shown that the
result of such a process can be brought to conformity with
function (1) only on the specific assumption that F activity
decreases on account of a polymenzation process. The
reaction equation then assumes the form

4 _k%
Ing——cln(l-i-th) e e e ®
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¢ being the reaction veloaity constant of the polymerization
process. This possibility was tested by addition of fresh virus
to a reaction mixture in which the rate of inactivation had
decreased to less than one fifth of the initial and subsequent
determination of the rate by which the newly added virus was
inactivated. The latter was found to correspond exactly to the
original and 1t was thus obvious that no loss of F activity had
oceurred.

Remains the factor k. A dependence of k upon time alone
would lead to an equation of the following type

Yo KF
s L BN O
in which F' would enter purely as a proportionahty factor,
It s difficult to visuahze a mechamsm underlying this alterna-
tive and, besides, function (4) has been found experimentally
mvalid F and £ seem to bave the same effect on mactivation,
ie, an increase in F has the same effect as a corresponding
inerease in time of treatment of & mixture of the ongmal F
content. F and ¢ should therefore be mterchangeable and
appear in the reaction equation together as a factor F,

This leads to the assumption of k as a function of both F and
t. It 1s easity found that

%

TI1¥bFt
k, denoting the reaction velocity coefficient at time 0, This
leads to

k

%_k
W= +0FY )

On the condition that factors such as pH, temperature,
electrolyte medwm, ete. remam unchenged, the affinity
between any two given substances must necessarily stay
constant. In trying to interpret the apparent variation in k&

We have, therefore, no choice but to regard % as the mean of
2 number of true ble to a d
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number of reaction systems, the proportions of which are
changing 1 the course of the reaction. In other words, the
vartability of & has to be regarded as indicative of an mhomo-
geneity of the reaction system In this case we have to con-
sider two prineipally distinet possibilities.

A. Pre-existing inhomogeneity. This implies the occurrence
in the starting material of a number of virus variants with
different resistance to the action of F. This situation would
obtain if the virus particles were to a varying extent supplled
with a protective coating of extraneous material derived,
for example, from the disintegrated cells. According to this
Tine of thought, which is now bemg followed by Salk and the
American Technical Commuttee (1955), inhomogeneity would
appear to be largely a chance phenomenon. At least it s
difficult to concerve of any mechanism by which the distr-
bution of coating material would be regulated to such an
extent as to provide a virus population of a constant make up
in this respect from one experiment to the next, from type to
type and from tissue cultures of different origin and compost-
tion. Under these conditions, the possibility of obtaining
reproductble results would seem remote indeed. On account
of the practical implications of this attempt at explanation
of the phenomenon 1t should be thoroughly tested, however.

H of 5 predominantly physically inhomo-
geneous materal may be achieved by mechanical or chemi 1
means. So far we have only made a few attempts in this
direction. As already mentioned, filtration of the material
has failed completely to change the type of the inactivation
curve. Moderate mechanical stirring had no effect. We have
now devised a more powerful stirrer which will be tested in the
near future. Tryptic digestion of the virus prior to F treat-
ment, aimed at removing protem coats, did not cause any
demonstrable change.

A pre-existing heterogeneity might also be genetically con-
ditioned, provided that a natural dissociation of the virus
into variants of Aifferent F resistance oceurs. In such a case,
a constant composition of a material derived from one
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particular strain of virus would appear most probable. One
would expect, however, to find distinctive differences in this
respect between strains and types. It will not be easy to
prove or disprove such an hypothesis. Lycke 1 our labora-
tories tried to breed an F-resistant variant pure by repeated
selection but without success.

B, Heterogeneily as a result of the action of F. This possibility
rests on the conception of the virus particle as a glant molecule
Ppossessing a very large number of F reactive sites. From the
work of Mller snd Stanley (1941, 1942) we know that a large
proportion of such groups may be chemically substituted
without impawrment of the biologieal activity. A certamn
number, however, belong to vital substructures and an
irreverstble change m any such spot will most hikely result in
complete inactivation

‘We have to concetve of the reaction between F and virus as
& gradual chemical transformation of the particle which will
lead to inactivation only when a vital site becomes involved.
It is nghly probable that such a gradual transformation will
be associated with a change in chemical reactivity. It is well
known, for instance, that comparatively small structural
changes 1n amino acid molecules may produce major changes
in their F affinity. Thus, the alterations in stene configura-
tions and charge, accompanying the tanmng action of F, will
Probably produce reaction kinetic inhomogeneity in an origin-
ally homogeneous virus population. Such a process would be
governed by specific ch laws and, y , Te-
produce itself in repeated experiments.

In order to gain some 1nsight mto the mathematieal
consequences of such an hypothesis I have constructed a
radically simplified virus model. Suppose that each particle
carries m chemically identical reactive sites, pm of which
represent vital spots, while gm are biologically unimportant,
At time 4, a certain number of substitutions of reaction sites

will have occurred and a sertes of chemucally transformed
virus particles will have appeared. The concentration of each
category will be denoted &5 y,,, ¥y, _1, etc., indexed according
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to the number of ntact reaction sites. The “concentration”
of reactive sites will then be MYy (M — 1) Yy, .y, ete. Letk,be
the reaction veloeity constant of the intact virus particle and
kyy ky, ete., denote the corresponding constants of the succes-
sive transformation products. If we put k,m == ky, ky(m—1)
=k, _y, ete., the stepwise transformation of the virus will be
deseribed by the following series of differential equations:

d
% = — kpFtfm,

1
dt

=Bl — Koy P2

dy,, _
_gt‘“"-:km—u“Fym—nH—km-nF.’!m—n

After integration these equations lead to the following solu-
tions, ¥ denoting initial activity

Un_otams
Ynt_y (e—l',,,_,Fl— e—l:,,.l’t)
P R R S
Ym—n

Y

e kmwnteFt

-
=FKpeerFmen -1)
e o BN oo mas v

Xk —ntr—Em—ntr—1)e o - (bn_nsr—Fim—n)

On the present assumption of chemical identity of vital
e Cx e e e e 1
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substitutions will have retained activity can be caleulated to

gmigm—1)(m—2)...(gn—n+1) 4 ining activ-
m(m—1)(m—2)...(m—n-1) )

ity will correspond to the sum total of the fractions of active

particles of each category

gm gml {m—n)!
Y=Yt Ty A Y onh e (6)

Yo Yo — 10 ELC-, cOITESpONAing to the i bed above.

lagﬁ
Y
X

2259 log (0751

i 2 3 4 5 6 7 & s 10
TIME - DAYS
Fic. 5 Tracings of theoretical inactivation curves, function {6)
(sce text) Parameters m = 100, p = 0 1 (upper curve),
£ = 0 05 (lower curve). ©— empirical function (1)

The charactenstics of this complex function are not im-
mediately clear. Therefore, I have traced the curve for some
specific values of its parameters. On the arbitrary assumption
that the F' reactivity be proportionate to the reactive surface,
curves of the type depicted in Fig. 5 were obtained. The open
circles refer to function (1) fitted fo the first part of the curve,
In general, function (6) has a Iinear assymptote with a slope
identical to that of the last partial reaction, i.e. the trans-
formation of y,,, into y,, ;. The larger the parameter m, the
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longer is the curving part of function (6). The curvature is
determined by the parameter p and by the sequence of re-
action velocity coefficients . Function (1) represents a good
approximation of (6) and better the larger the parameter m.
In Fig. 5 (m = 100, p = 0-1) the difference between the two
functions amounts to about 0+01 log. units at levels up to 8 log.
umts after which it inereases slowly. At the level of 12 log.
units it is still only 03 log. units. It is obvious that function(6)
may describe the actual findings equally well as function (1).

The fitting of function (6) to the observed data should not
be interpreted as an attempt to prove that this is the true
mathematical explanation of the experimental facts. No
doubt & large number of functions could be found equally well
fitting. It shows, however, that the findings are not inconsis-
tent with the theory on which function {8) is based and that
consequently, the former may be adopted for the time being
as a working hypothesis. Its ultimate validity has to be tested
by the corollaries derived from it,

The present situation may be summarized as follows. All
seem to agree on one point: that deviations of the inactivation
process from the course of a first order reaction occur. Accord-
1ng to Salk and the Technical Committee these deviations are
caused by physical mhomogenelty of the materml conditioned
by chance and r ble by ization,
e.g. Tepeated filtration, According to the present theory,
inhomogeneity 1s an unavordable result of the chemical treat-
ment, a phenomenon linked to and forming an essential part
of the 1nactivation process as such.

Discussion
The most 1mportant corollary of our present working
amwlianhilie  Jts principle is nothmg
,tem of polio virus and
y virus and all types of

cheraical agents. it suowd, 1 auct, include all reactions
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between multilocular large molecules and simple chemical
substances.

Studies on the kinetics of virus inactivation to be found in
the literature are mainly concerned with the action of heat or
irradiation. Some data beanng upon chemical inactivation
have been published, however, mostly on plant viruses.
According to Fischer and Lauffer (1049) “it has been shown

Icyl,
Y

50

24 -8 72 96 howrs
Fro 6 Inactration of tobacco mosaie virus by formaldebyde (data
from Ross and Stantey, 1933) compared to empircal function {1).

that formaldehy d&mactwnhon of tabacco mosalc virus, mn a

-t Ll D oteo

hours . . . the rate of mactivation follows roughly that of a
lecular reaction. H er, 2 much greater length of

time 15 required for complete mactnahon than would _be
radintad an b o et TLoLa -

i . .
< .
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longer is the curving part of function (6). The curvature is
determined by the parameter p and by the sequence of Te-
action velocity coefficients %. Function (1) represents a good
approximation of (6) and better the larger the parameter m.
In Fig. 5 (m = 100, p = 0-1) the difference between the two
functions amounts to about 001 log. units at levels up to 8 Jog.
umts after which 1t increases slowly. At the level of 12 log.
units 1t is stillonly 03 log. units. It is cbvious that function(6)
may describe the actual findings equally well as function (1).

The fitting of function (6) to the observed data should not
be interpreted as an attempt to prove that this is the true
mathematical explanation of the experimental facts. No
doubt a large number of functions could be found equally well
fitting. It shows, h r, that the findings are not ineon:
tent with the theory on which function (6) is based and that
consequently, the former may be adopted for the time being
as a working hypothesis. Its ultimate validity has to be tested
by the corollaries derived from it.

The present ion may be d as follows. All
seem 0 agree on one point: that deviations of the inactivation
process from the course of a first order reaction occur. Accord-
ing to Salk and the Technical Commuttee these deviations are
caused by physical inhomogeneity of the matenal conditioned
by chance and r ble by tion
e.g. repeated filtration. According to the present theory,
inhomogeneity 1s an unavoidable result of the chemical treat-
ment, 2 phenomenon linked to and forming an essential part
of the inactivation process as such.

Discussion

The most lmportant corollnry of our present working
*--1:7 e Tts principle 1s nothing

stem of polio virus and

y virus and all types of

chemical agents. it shuuww, we sucl, include sll reactions
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ment with a first order reaction over a range of approximately
1-5 log. units.

Among animal viruses, that of influenza has been the pre-
ferred target. In a series of papers Lauffer and associates
have dealt with inactivation of influenza A virus. Destruction
of the haemagglutinin by urea was followed by Lauffer and
Carnelly (1945) and later by Lauffer and Wheatley (1951).
A clear-cut deviation from the first order was observed, first
descnibed as a reaction of & higher order (8/2), laterinter-
preted as ndicating heterogenety of the virus. The authors

lcg§ ;.
wo/ ®
/
s
5 </
oo/
oy 7
4
e
/
/
10 50 70 hours

Fic. 8 Inactivation of influenza virus by formaldehyde.

nrerman e mdamamdo—a 1 =¥ - N P

mental data 1s too wide to make a goodness-of-fit anaiysis
profitable, it may be stated that the observation is equally
well explained by & continuous change in the reaction rate, as
required by our present working hypothesis
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a range of 7 powers of ten. The curve represents function (1).
The goodness of fit seems to be quite satisfactory. InFig.7,
Ross and Stanley’s results are compared with ours. In this
representation log bt was chosen as the independent variable,

Y
alog (1 bt) orlog —asthe dependent. The curve corresponds

to the parameter @ == 8. The agreement is remarkable and

tog ¥
v

alog (hBFY

so

log bF?

Fre. 7. of is of polio virus
©. .) and tobacco mosaic virus ( X); eurve funetion (1)

indicates strongly that the reactions are governed by a com-
mon law.

From the different studies on tobaceo mosaic virus it is
obvious that conclusions concerning the type of reaction
should not be drawn from observations confined to 2 narrow
activity range. Unfort\mately, severa] Lmehc studxcs on

e e P has Lt et
. . A .
denaturation of 1MV by urea, i wnien ne 1ouna & goud agree-
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homogeneous strain of virus, as wel] as the consistent repro-

and licabil of the
phenomenon, speak decidedly against the first and in favour
of the second alternative. A simple empinieal equation
describing the process has been found and an attempt to
develop a theoretical function has been made.

The phenomena described are of immediate practical im-
portance for the production of 2 formalin-treated poho virus
vacene, By establishment of the laws governing the reaction
1t would be possible to pred)ct the level of activity at any ime
during the p q of the prod of a
well-defined | preparahon of a constant quality
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DISCUSSION

Smnh We have been mtﬂ'ea!ed for some time 1 the question of

and from the

rew!u of our wor)\ we Imve mncluded lha!. al - any 3 m!e w the case nl
ovr aea afim bates rn
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Inactivation of influenza A vitus by formaldehyde was
studied by Lauffer and Wheatley (1949) who conclude that the
reaction is of the first order. As it seemed possible that a
study of a wider activity range might lead to a different con-
clusion, we have decided to repeat and extend Lauffer’s
experiments, using tissue cultures of chick chorioallantoic
membranes for activity titrations as well as for production of
virus. Inactivation has been carned out m the same medum
as used for polio virus and at 1cebox temperature, Fig. 8 shows
the results of some preliminary expeniments. A deviation from
hinearity seems probable but a detailed analysis at the present
stage is hardly justified.

Summary and conclusions

The rate of mactivation of polio virus by formaldehyde
seems not to remam but to d inually 1
the course of the process. It has been shown that the decrease
1 reaction rate 15 not caused by a loss of formaldehyde 1n the
reaction muxture. Furthermore, the complete absence of
virus concentration dependence of the reaction rate proves
that the ph cannot be 1 d as a reaction of a
higher order. Thus agglutination or aggregation of virus
seems to play no essential part. As the only remaining possi-
bility the phenomenon must be interpreted as evidence of
heterogeneity of the virus.

If so, two alternative theories have to be considered. First,
the virus particles m the starting material might be to a vary-
ing extent protected agamnst the action of formaldehyde by
coating of extraneous material or they may be genetically

heterogeneous 1 terms of formaldehyde resistance. The

The failure to achieve | by ana
chemical means, and the failure to scgregate a genetically
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are of equal the elution of each
is then studied.
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on the cells and will not elute, and in order to obtam that at the end of
an hour, we stripped 1t off the Ted cells with RDE. This virus represents
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easily calculated. Amounts then eluted at different times can be deter-
mined on samples taken at intervals and can be expressed as percentages
fars Snenaim Bt ! I 30,

"Iike
dm
t up
. you
. get
practically 100 per cent of the virus off.
Tasie I
mins. PR8 X ASH NE
% % % %
10 50 25 15 [4
20 76 40 20 0
40 85 75 80 0
60 05 00 50 0
o Afany
.
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scen 1n the fizure this stage has not yet been reached on day 1; the
points indicate & deviation in this region from the lmear course in
withthe the jons d m

Figure 7,
Andrexces- n your thurd figure, is this line going to hit the ground
somewhere near 10 days and does that mean that in the process of

inactivation cutve In Sweden we have settled for the requirement that
the Rnished product should contam not more than one 1D,, per 10¢ mL.
Tn arder to fulfil this requirement we hase to extend the time of treat-
ment to hetween 30 and 60 days at 25° C

Williams+, And what happens to the antigemicity after that treat.
‘ment?

Gard- There 13 no significant decrease 1n antigemeity at 25° C during
that time,
- K!Aighl: The complicated course of the kieties suggested by' Dr

followed by eross-inking Teactions between amnomethylol groups snd
armde and possibly other groups. Then the formaldehyde would
eventually get into the iterior of the molecule and, again as Fraenkel-
Conrat has shawn, there appears to be a defimte reaction of formalde-
hyde with nucleie acrd itself, Towever, reaction with the nucleie aeid

would nrahahly ho senadad o ae o
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50 that they are equal i this respect, As regards their adsorbability
1o the eell, they both adsorb and the some proportion is taken vp 1
cach case, so that presumably they have got the some amouvt of
receptor substance.

Tavre I
REV NEV
Haemegglutwation. » ., 4+ = 4
Adsotbabiity . . . + = +
Ehutability . » . + o
Infectivity . . . + = 4 (within experi-
Toxeity . Y +  mental error)

With regard to mfectivaty, as far as we can determine, within the
Timuts of experimental error, both are equally mfective.

Lastly, we studeed the toxieity, beeause al} this study was designed
really to see whether the toxsesty was o function of enzgrme setivity.
Rapud-elating virus shoss some toxicity, it is not pure anyhow, bat 83
far us Wwe can determine we can quote + for towiety The mteresting
thimy 1s that the NEV 1s certamnly us tosic 83 the REV and most pro-
‘bably even more toxic Therefore, 1n an allantore find preparation you
can spht the virug, I thik, showing quite clearly that from the start
1t 13 non-homogeneous, which s ane of the possibilities that Dr. Gard

though s mh might be due to the formalde-
hyde treatment as he went 2long  But here we have got a virus which is
wholly infective and behaves 1n all respects hike the other except with
vegard to this enzymie sctivaty.

Isaaes Are yon not just separating filaments from spheres? Wouldn't
filaments adsorb on to red cells and efute more slowly?

&mth No. This has been done with strams that don't show any
appreciable proportion of flaments

Indbecco On sub-cultsvation of the fractions, did the difference per-
sist 1n the progeny, or was the progeny just bke the onginal parent?

Smith That 1s something swhich hasn't been done yet, but st iz the
obvious thung to find aut It wilt have to be done by et dilution of
each of these sorts of virus  Hut against the wdea of 1t being a genelic
cafference, ¥ think 1t 13 » fact that quite obviously there 1y this inhomo-
geneity of the same type on alf the strams that you examune, because
ewen b very rapid-eluting wirus like PRS still shows a progreswive
elation curve; it doesn’t all come off at the same time. Every type of

virus € does show tlus sothatsfar«” "t e
difference I think 1t s very remackable to pot - ' e
thing ocelimng wuth alf straias

Y diame: Dr. Go>t 7 . 3
o .'- N ' ! L s had
* uvatian plotted on a fog log. seale

&« ' iy strmght course from day 2 onwards, As clearly



bUANT!TATXVE ASPECTS OF VIRUS GROWTH
IN CULTIVATED ANIMAL CELLS

R. DuLsrcco
Calforma Institute of Technology, Pasadena, Califorma

Two outstanding developments of virology have recently
occurred, These are: (1) the demonstration that the genetic
Pproperties of viruses are determined by their nucleic acid, and
(2) that in some viruses, such as bacteriophages, this rdle 15
performed by the desoxymbonucleic acid {DNA), and 1n
others, such as plant viruses, by the nbonucleic acid {RNA).
Amimal viruses are known to contam in some cases DNA4, in
others RNA; for them a direct demonstration that the nucleie
aaid determunes the genetic properties 15 lacking, but there 15
little doubt that this 1s the case.

The fact that two different substances are involved in the
transmission of heredity may have far reaching implications,
particularly since the structure of RNA can be believed to
differ considerably from that of DNA. From an expenimental
point of view the problem 1s to determine which kind of cor-
relation exists between the chemustry and the functional
activity of the genetic materal in the two cases.

To study this correlation in an RNA virus, a modet system
has to be found. This presents some difficulties. In fact,
Pplant viruses, which are well suited for chemical work, are a
poor material for biologieal work; animal viruses, which are
b g an 15 object for itative biological
studies, are not so well susted for chemieal studies. As a whole,
however, animal viruses seem to be much preferable, because
their chemmeal shortcomings—such as difficulty i providing

e i 1 urfy

of virus, Ity of pi really

ge g
not essential,
Among the animal viruses contamning RNA—and no DNA
beyond reasonable doubt—are the poliomyelitis  viruses
14T
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was reproduced. Thus, we fajled completely to breed a vesistant varisnl
pure or even to find sny ion of genetic B ja ths
respect,

Dulbeceo: Y3 it possible that there Is & reactivation phenomencu thst
produces the eurvature? .

Gard: We interrupt formaldehyde inactivation by addition of bisul-
phite. We have tested matenal, thus treated, immediately and after
varymng peniods of storage under different conditions, We have never
observed any reactivation and when a loss of activity occutred, it alnays
equalled that of a non-treated control material, Thus, ro progressne
reaction 3 esther direction seems ta take place after mberruption of the
inactivation process with the aid of bisulphite,
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min? at 50° C under certain standard conditions of pH and
1onie environment. The virus 1s also fully pathogenie for the
monkey,

From this wild type stock a first mutant type was 1solated,
which will be designated d (delayed). The plaques of ¢his line
are indistinguishable from those of the wild type at pH 74,
but appear two days later at pH 6-8. The difference between
the plaque types on acid plates 1s such that in a mixture of
dand d* (wild type) particles in which the ratiod/d* may be as
high as 105, the number of d* particles can be counted with a
efficiency of about 50 per cent. The d and d¥ types can be
very clearly distinguished on acid plates by a spot test. The d
line hos a greatly reduced pathogematy for the nervous
system of the monkey. Whether thus reduced pathogenicity
and the d change are due to the same mutation has not yet
been established, The mutation frequency from d* to d cannot
be determuined for the time being, since selective procedures
for the d phenotype are not available.

The d virus gives nise to mutants of the d* type. A d stock
grown from & single particle contains a proportion of about
104 g+ particles. These are detected by plating on acid
medium; therefore the question may arise whether they are
induced by the acid environment. To clanify this point a
fluctuation test (Luna and Delbruck, 1913) was carried out.
One hundred well 1solated plaques were picked up from
platings of the d stock and tested for the d character; they all
turned out to be ¢ in type. Stocks of the same titre were
grown from each plaque, and the proportion of d* mutants in
each stoek was determined. Although the experiment 1s not
yet finished, the fluctuations in the proportions of d* particles
in the vanous plaque stocks so far observed suggest that the

mutants were produced during the growth of the stock at
PH 7-4 and not at the moment of the testing on acid medium.
The estimated mutation rate from dto d* in these experiments
is of the order of 10-%, The heat resistance of the d* mutants
is similar to that of the wild type virus; the pathogemctty of
the mutants for the monkey has not yet been determined,
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{Schwerdt and Schafler 1055), the influenza viruses (Ada and
Perry, 1954, 1955), the fowl plague virus (Zillig ef al., 1955)
the Newcastle disease virus (Frankbin and Rubin, 1956
personal communication). The poliomyelitis virus and the
Neweastle disease virus are partiealarly suited for quantitat-
we biological work- they ean be obtained with any degree of
genetical punty by plague 1solation (Dulbeceo and Vogh
1954); they can be grown m genetically pure cell strams,
obtained from single cells (Puck and Mareus, 1955); the pro-
portion of virus-yielding cells m infected populations can be

ly det 1 (Dulb and Vogt, 1855); andthe
yield of single mfected cells can be eastly examined (Lwoff
et al., 1955).

Pohamyelitss viruses and Neweastle disease virs seem
therefore to conshitute the best materal for a genetico-
chemical study of the system constituted by an RNA virus
and sts bost eell.

In this commumeation an aitempt will be made to define
in a prel y and ad dly rather speculative way the
geneticochemical properties of such a system; this definition
will be based on expenmental work of our group, of genetical,
biophysieal and ochemical nature.

Let us first consider some genetic aspects of the problem.
This will be essentially a study of the mutability of polio-
myeltis varus Type 1 {Dulbeceo and Vogt, 1956, unpublished}.

Several types of mutants were obtatned in hines of polio-
myehtts virus which had been puntfied through repeated
plague passages and had certainly ongmated from a single
virus particle {Dulbeeco and Vogt, 1955). These mutations
involve changes i pathogemery, in plaque types and in
susceptibality to inactivation by heat.

The starting material for this work was a pure stock of
potio virus Type 1 (Brunhilde, wild type). The virus in tlus
stock gives rise to plaques that on monkey kidney monolayers
develop optimaﬂy (i stze and time of appearance) at pll’ T4
and develop nearly as well at plf G-8; this virus is heat
sensitive in the sense that it is inactivated at a rate of 029
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finding for the properties of the genetically functional RNA
of the poliomyelitis virus depend on the role of the viral
nucleic acid in the multiplication of the virus  We must here
consider two points: (1) Genetic stability. This has two
important implications. On the one hand 1t 1s very likely
that the viral nucleic acid has a corresponding chemical
stability; on the other the genetic material of the virus cannot
be polyploid, i.e. made up of several freely assorting homo-
logous chromosomes—as seen particularly from the stability
of the vanous types in the variationd +—d —d*.(2) Mutability.
RNA 2nd DNA wiruses have a sumlar mutabihity, a remark-
able fact in view of therr chemical This stmil.
suggests a common mechanism of mutation. Since 1t 15 likely
that mutetions occur during duplication, one may think erther
that RNA and DNA duplicate by an 1dentical mechanism, or
that there 1s a common intermediate during the duplication of
the two nucleic acids. For example, an RNA-DNA-RNA
cycle, or a eyele involving protens 1s bl

‘We shall now turn to a second point, 1e to some aspects of
the intracellular virus growth, and particularly to the state of
the virus dunng multipheation. This has been studied by
following the changes of the sensitivity to radiations of the
virus-cell complexes at various stages of development,
according to the procedure applied by Lurra and Latarjet
{194 to b { work. The exp were carned
out with poliomyelitis virus, by using ultraviolet hght
{Dulbecco and Vogt, 1955; 1956, unpublished). Survival
curves of the complexes were obtained at varous times during
the latent period and during the period of virus release.

The remarkable result of these expemments is that the
survival curves remaimed of nearly single hit type through.
out the growth cycle of the virus The slope of the survival
curve d d ly after reaching a
tunimum value—corresponding to 1/9 of that for free virus—
4 howrs after infection, and remaiming constant thereafter.

These experiments show that the extracellular virus is not
the multiplying entity; if it were so, multiple it curves with a




150 R. DuLsEcco

From the wild type stock a second mutant was solated. It
is a heat resistant mutant which was selected by successive
steps involving heating at 50° C under standard conditions,
followed by purification through plaque passages. The
mutant Iime 1s mnactivated by heat at o rate six times smaller
than that of the wild type under 1dentical conditions. This
Line 18 designated as 1, as contrasted with the wild type,
designated as ¢+,

‘L he followmng evidence suggests that the 2 character may be
due to more than one mutation. A virus type, called £,
whose heat r is int | that of the wild
type and that of the 2 mutant, 1s present n the ¢+ stock in a
proportion of about 10-%, It 1s possible that during the isola-
tion of the highly resistant mutant the ¢, type was selected
first, and that out of this type the highly resistant type arose
by a second mutation. The highly resistant stock may there-
fore be & double mutant 3%, 1n which the two mutations have
an additive phenotypic eftect, Itke some 2 mutations in bac-
teriophages (Fraser and Dulbeceo, 1858). To test whether 1t
was a double mutant, the highly resistant virus was crossed
to the wild type. In the progeny of this cross particles of
termediate resistance were found mn a higher proportion
than mn the parental ¢* stock. Thisresult suggests the multiple
nature of the highly resistant mutant, which we shall therefore
desigpate as tyt,. The ¢3¢, mutant 1s equal to the wild type in
plaque character and 1n neuropath for J

The study of mutability has therefore yielded the followmg
results: {1) spontaneous mutations (r.e. not induced by the
selective factor by which they are detccted) occur in the

pohiomyelitis virus; (2) the frequency of the d—d+ and of the
¥~ 1, mutation 1 of the order of 10-%; (8) the two mutations

PRLYE GUNN PR P

‘tLe true gcnetxc changes are observed.
These results are similar to those obtamned by studymg a
1

DNA vurus, such as a X The implications of this
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of this type would be established if the virus were inactivated
by a tissue-specific antibody; on the contrary, the simple
attachment of this antsbody to the virus may be much less
significant, since 1t may be due to the presence of contaminat-
ing host protein on the virus surface. Inactivation of viruses
by host-speaific antibody has been claimed only for some
tumour viruses. This problem has been recently re-examined
by Rubin (1038, personal eommumication) for the Rous sar-
coma virus by using precise quantitative techniques; it could
be provcd that the virus 1s not mactivated to any extent by
host-sf dy. This antibody was found to nhibit the
multiplication of the Rous sarcoma cells induced by the virus.
From this study 1t appears hkely that the effect formerly ob-
served 1n this and other systems {Eckert et el., 1955) in tn vive

tests was a d vation, dertving from the
inhibition of the multiplication of the tumour cells.

Thus, on the basis of the available evidence, the information
of the virus appears to be mndependent of that of the host
cell.

In conclusion, the following hypothesis can be presented asa
consequence of the experimental results which have been dis-
cussed The viral RNA behaves as an haploid genetie system;
1t carries into the cell a speaific genetie information, which
remains unch d through dupl The RNA
multiplication may mvolve an intermediate, whreh would also
be present in the multiplication of DNA; 1t ts an urgent
problem to find out whether such intermediate exists and to
characterize 1t. The information of the RNA of the viral
progeny 15 independent of that of the cell Therefore the virus
cannot be considered as a partly modified component of the
ecll. On the other hand, 1t appears that the virus is not an
autonomous organism within the cell: the evolution of the
radiosensitivity of the virus-cell complex and the concurrent
metabolie changes suggest that virus components and cellular

ecore g d for virus
soon as thus i has become blished, the whole
eell may be idered as & single ducing umt.
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final slope equal to that observed in the inactivation of the
free virus should be obtained. The particular behaviour of the
curves cannot be easily explained; however, an hypothesis
advanced by Epstein (1956, personal communication) to
explain the result of intracellular irradiation of bacteriophages
can be used to account for the main findings. Epstein sug-
gested that the survival curves of the virus-cell complexes
reflect the inactivation of cellular centres involved in virus
reproduction, As a develop of this hypot} we can
interpret our findings as follows: (1) ammal cells have one or
two centres, which become active in virus reproduction after
combination with an important component of the infecting
virus particle; thus its imtial radiosensitivity will be related
to that of the extracellular virus. Later the resistance may

hange—g it i due to a progressively in-
creasing dispensability, or to stabihization of the virus com-
ponent connected with the centre. (2) The radiosensitivity of
the dupheating components of the virus is much smaller than
that of the free virus and that of the activated cellular centre,
so that the number of the dupheating umts 1n the cell cannot
be counted.

In this hypothesis the centre in question may be a key
control of metabolic activity, as suggested by the occurrence
of the following metabolic changes 1n virus-infected ammal
cells (Cooper, 1956; Turco, 1956; personal communications).

In chicken embryo cells infected by the virus of vesicular
stomatitis, the uptake of 32P from the medium 1s markedly
reduced in comparison with the non-nfected controls,
beginning at the end of the latent period (8 hours after infec-
tion). At the same time the ratio of RNA nucleotides in tl}e
cytoplasmie fractions starts to change, indicating a change in
the proportioys of \"arious RNAs of the cell.

i3 tbo —debnebon habwnan dha
'

)
between the virus protem having speeitic function 1 infection
and the proteins of the host cells, A convincing relationship
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of this type would be established if the virus were inactivated
by s tissue-specific antibody; on the contrary, the simple
attachment of this antibody to the virus may be much less
significant, since 1t may be due to the presence of contaminat-
ing host protein on the virus surface. Inactivation of viruses
by host-specific antibody has been claimed only for some
tumour viruses. This problem has been recently re-examined
by Rubin (1956, personal communication) for the Rous sar-
coma virus by using precise quantitative techniques; it could
be proved that the wvirus 18 not inactivated to any extent by
host-specific antibody. This antibody was found to inhibit the
maultipheation of the Rous sarcoma cells induced by the virus.
From this study 1t appears hikely that the effect formerly ob-
served 1n this and other systems {Eckert et al., 1955) in in vive
tests was a d vation, deriving from the
nhibition of the multiplication of the tumour cells.
‘Thus, on the basis of the available evidence, the information
of the virus appears to be independent of that of the host
cell,

In conclusion, the following hypothesis can be presented asa
consequence of the experimental results which have been dis-
cussed, The viral RNA behaves as an haploid genetic system;
it carnes mto the cell a speaific genette information, which
remains unch d through dupl The RNA
multiplication may involve an intermediate, which would also
be present 1n the multiplication of DNA; 1t 1s an urgent
prob]em to find out whether such intermediate exists and to

1t. The infe of the RNA of the viral
progeny s mdcpendent of that of the cc“ Therefore the virus.
cannot be d as a partly of the

cell. On the other hand, 1t appears that the virus 1s not an
autonomous orgamsm within the cell the evolution of the
radiosensitivity of the virus-cell complex and the concurrent
metabolic changes suggest that virus components and cellular
components become integrated for virus multiphcation. As
soon as this mtegmhon has becomc established, the whole
cell may be as a single ing unit.
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N
puwewy No. . .
Sanders- Is there any possibility that this centre 15 in fan"m the c'e'u
. '

. ooN

Justify the observed change.
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the first curve changes slope in the lower part; however, T really don’t
think that the virus was free intracellularly because the resistance has
already increased much beyond what 1t should have increased just by
smenmg‘ T L. N

Dudecco No, 1t 1s not that. The pomt 1s that the ongmal idea in
determining these curves was that one should be able to count the
number of virus precursors present 1 the cells, But the behaviour of the
curves is entirely different from expectation since the curves are always
more or less of single hit type during the growth cycle of the virus This
Iz great mystery There should have been a very great multipliety of
the curves.

Bang This could be unravelling of DNA or something Iike that.

Dulbecco: But why doesn’t the multiphicity of the curves appear?
There should be very different curves, and this 13 where this centre

this type of curve?
Dulbeeco” ¥ don't, thunk o 1¢ there s more than one, the distance
e -
¢

s 1
Dulbeéco It seems to be very general
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Smith; Dr. Dulbcl:co‘ why do YOU attribyge 80y partieylar signi.
fleance to the ncu!mhzing A0tibodies? yp I Understoog correctly, you
said thay antibodjes Produced ¢, the host eepy materral v 11
that the st materyy| 1 Past of tha e, .

DOt f they Teact with ghe Viruy . .
hke Complemeny fixation and ge . .

=
S

hart of the bacigrne ally g .
T

Dulbecy, The Feasoning g mat} ceviated; thyg o based on a
8reat deat op otk whyep has beep done 1 oy, Iaboratory, "1y seems
unlikely tha¢ the Mechanigm op hactivation of the vimyg by antibody
isdue simply g, 5 kind of stor, bindrance, By g 2nd Frankfin (unpub,
Ished) haye shown thap the virug oo be adsorbeg 9 the cefls even itit
is Inactiy ateq, but the Penetratioy at g certamn powny B etrmn K
also hkely that the VITUS can be spaepie s kN
body t5'a payy different fropy ¢
For thege Teasons, we thik 1h, .
body consystg o S0Mme mod,ficay, Sn e sllleture of the virus,
and thag therefore when the feutralipgyd, oceurs, the antibody must
fombine wgh o Protem whjgp, 5o 8N essential oy of the viryg Pparticle,
Now, 1t 1g Well known g the case of influenyy that the host.,
antibody does combine wat), the virys Particle, pyg p does not Pprevent
the nfection, 4, other words, 13 does pop Ttettralize, So, it 15 myeh
more dubigy whether the simple €ombinag;gn af ant; 'y with virug
involves apn essential yypag COnstituent. 1y T3y involve an adsorbed
Impunty, butt g likely thay Reutralizaton always nvolves an essentig

ituent

Smath. That isn't really trye &enerally, i 1, beeause there are Mmany
examples, inciudmg mnuenza, where mepe attachment 10 a surface com-
Ponent wilt eutraliye mrecnv.ty? You don't nteed to haye & reaction
with an essential Iterna} substance at ajf

these g, VIFus-specyfia antibodies, ar <ourse, I thny
that the PeUtralization 5y alwayg o surface pbenomenon, but it depends
on which kind of Phenomengy,
Hoyle, What yon Rre Gy

13 n

b H “~Ulvecee’s Mterpretation of Reutralizing
Bhuwudies 13 g by too sweeping, After all, there are Beutralzing
antibodies which definutely feutralize Viruses and 3hay reaction ig o
reversible one for g long tiyme 1t 19 quite true thar s, H
Teversible Probably goeg an e .

Aamsear
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THE MULTIPLICATION OF ANIMAL VIRUSES

F. X. SANDERS
MM.R.C. Virus Research Group, London School of Iygient and Tropical Mediweine

Tne behaviour of viruses within their host cells can most
profitably be studied under conditions where & known number
of susceptible cells can be exposed simultaneously to a known
number of fully infectious virus particles and the resulting
events followed quantitatively. For a long time these con-
ditions have most easily been fulfilled 1n the case of bacterial
viruses, which have consequently become a model system for
the study of virus multiplication as a whole. However, it is
now doubtful whether facts derived from the study of bacter-
12l virus replication can be transferred diurectly to other
viruses without qualification. For example, the high DNA
content of most bactemal viruses and the specialized “head’
and ‘tail” structure of the extracellular infective phase set
them apart from the amimal viruses, where the extracellular
particles are simple spheres or polyhedra and contain RNA
rather than DNA. Animal viruses themselves may show as
much diversity 1n their virus-cell relationships as any other
large heterogeneous group of micro-organisms.

On evidence from the study of bacteriophage, the chain of
events which occurs when a susceptible cell is infected by 2
virus can be divided formally into a number of phases.

There follows a pertod during which the virus can no longer be

detected by the available techniques of measurement, and

durimg which the processes of multiplication are initmtE_d by

o “vegetative® form (eclipse phase). Later, new virus particles,

judged ¢mature’ by their possession of the infectivity and
158
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i y to the Tlular form, appear within
the infected cells, and are then liberated into the environment.
In this paper I shall use the same type of formal scheme to
describe the multipheation of animal viruses, but without
prejudice as to its uitimate validity, In this way it will be
easier to make companisons between the behaviour of the
different agents.

Adsorption and penetration of infecting virus

Compared with the more tenuous membranes surrounding
ahimal cells, the bacterial cell wall 1s & rignd and comphicated
B 1 viruses quently require a lughly
P ized h for d therr hereditary
matenial into the cell interor. This 1s achieved by the dif-
ferentiation of the exterior coating of the phage particle into
a disposable microsyninge, whose only function 1s to inject the
phage DNA into the interior of the bacterium  Phage particles
thus have one site only, the tail, by which they can become
meaningfully attached to host cells. By contrast, many
animal viruses must have more than one place by which they
can become attached to host cells, since they can cause red
blood cells to agglutnate, More 15 known of the process of
virus attachment for viruses of the infiuenza group than for
any other viruses. Although they do not multiply in erythro-
cytes, the interaction between such viruses and sujtable red
cells closely resembles their reactions with the surface of
other cells m which they can multiply, such as those of the
chick chorioallantoic membrane and the mouse or ferret Jung
epithehum,

Like the adsorption of bacterial viruses, the primary
sttachment of mfluenza virus to the red cell is markedly
< dent on sait fon, and has a Jow p
coefficient. The number of *spots® on a human or chicken red
cell at which virus can hecome attached 1s uncertain, but may
be as low as 300 (Sagik, Puck, and Levine, 1955); other
tuthors, using different methods, give s much higher estimate
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{Dawson and Elford, 1949). Attachment of the influenza virus
to the surface of a red cell can initiate a spreading disturbance
which leads to the destruction of receptor sites and the elution
of virus. The enzymic action of between 3 and § virus
particles per red cell can destroy all the receptor matenal
within 24 hours at 87° C. Paradoxically, while the mucino-
Iytic enzyme of infl virus 1s undoubtedly d in
the primary attachment between virus and cel, it does not
seem to be involved m cell penetration. For example, treat-
ment of bactemophage particles with cell-wall material
triggers off a mechanism mn the phage tail and results in the
ejaculation of the DNA charge in the head of the particle
(Jesaitis and Goebel, 1953); adsorption of influenza virus on
red cells does not Liberate nucleic acid, and the virus can elute.
On the ch 1t i b similar recep must be
mvolved, since attachment of virus to cells can be prevented
by treating the cells with RDE, which also renders red cells
inagglutinable. However, virus attached to chorioallantoic
membrane cells does not elute, but soon disappears within
the cells. This s shown by the fact that virus attached to cells
can, in the early stages, be removed by RDE and infection
prevented. No protemn ‘overcoat® is left behind at the cell
surface as m the case of phage. Penetration of influenza virus
into cells 1s probably a process mediated by the cells them-
selves, since even virus heated to destroy the muemolytic
enzyme 1s taken up by susceptible cells (Isaacs and Edney,
1951). Moreover, treatment of the cells with the antimetab-
olite AMPS ( i -p-methoxyphenylmeth Iphonit

acid) blocks penetration, since in its presence the virus does not
get in past the stage at which it 1s stall removable by vigorous
washing or RDE tr t {Ack and M: b, 1954).
The virus receptors themselves, however, are unaffected by
treatment with this substance. Simple washing away of the
AMPS allows the infectious process to resume and go to com-
pletion. The exact part played by influenza virus muewnase in
cell invasion thus remams obscure; perhaps it 1s involved in
eroding the mucus overlying the epithelial cells of the resprma-
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tory surfaces so that the virus can make contact with the cell
membranes themselves. Alternatively, the enzyme may have
a part to play, either in virus multiplication or in the release
of newly formed virus from the cells, as will be mentioned
later,

Viruses such as influenza may in fact be taken into cells by
an active process of ingestion by the cells themselves. The
process of pinocytosis, a property of macrophages, and also of
the growing tips of nerve axons, as shown by the films made
by A. F. W. Hughes at the Strangeways Laboratory, may be
common to many types of cell, and provide a means of entry
for many viruses.

Penetration of cells m in vitro systems need not take the
same course as in the orgamzed tissue of an intact organ.
Here virus may spread from cell to cell directly, without
passing through the fluid phase of the culture Vaceia virus
in cultures of chick fibroblasts (Noyes, 1953), or herpes B
virus in cultures of monkey kidney or HeLa cells {(Black and
Melnick, 1955), form Il-defined, prog: ly largi;
pocks, even when the cell layers are submerged in fluid with-
out an overlay of agar to restrict diffusion of the newly
formed virus. In both cases, however, virus 1s released into
the fluid 1n addition to the cell-to-cell spread just mentioned,
and at later stages new pocks can appear in the sheet of cells
at a distance from the primary foer. A much more extreme
case is the agent 1solated by Weller (1953) from cases of van-
cella and herpes zoster, which, although 1t can be transferred
from cell to cell and produces focal lesions 1n culture, ean only
be passed from culture to culture if infected cells as well as
fluid are transferred.

Prel

y evid has been ot d in many cases of
the adsorption of other viruses to animal cells, but none have
yetbeen analysed in detail. Noevid has yet been obtal,

however, of an injection process akin to that found with
phage. Animal viruses seem to find it easy to get into their
host cells, and may be actively swallowed by them. Plant

viruses seem to go to the other extreme. At their primary
vios ]
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sites of invasion they need to be placed inside their host cells
before multiplication can proceed. In nature this is achieved
by the mouth parts of a sucking insect or by a penetrating
parasite such as the dodder; in the Iaboratory it is done with
abrasives. Within the plant cell-to-cell spread is made easy
by the existence of intercellular protoplasmic bridges.

Maturation and release of new virus

It has often been clmmed that anmmal viruses like bacterio-

wheses o . - 7 which the virus multip-

but non-infective form

i However, it is only in

the case of a small number of viruses which have been studied

intensively in suspensions or monolayers of uniform cells in

tissue culture that such a phase in the growth cycle has been
rigorously demonstrated.

When bactena are infected by the fully virulent type of
bacteriophage, vegetative multipheation of the virus is
followed by the accumulation within the infected bacteria of
an increasing number of mature phage particles; when the
number of these approximates to the ‘burst size’, the bacter-
jum lyses and 1ts content of virus is released. In the case of
those amimal virus growth cycles which have been studied in
detail, 1t is difficult to separate the phase of replication from
those of maturation and release of virus, Possibly because
animal cells have much less rigid cell walls than bacteria, new
virus seems able to escape from the cells almost as soon as it is
formed. In the cases of mnfluenza, Western equine encephalo-
myelitis and poliomyelitis, there is a period after the infecting
virus has penetrated the cells durmg which no infectivity is
recoverable, followed by a period during which new virus is
released from the cells 1n an exponential manner. The time
over which the leaking out takes place is very variable. In
the case of Western equine encephalomyelitis virus growing
1n chick fibroblasts, the total yield per cell may be of the order
of 1000 plaque-formmg units. The release of new virus begins
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about 2 hours after infection, and may go on for up to 12
hours. However, released virus appears mn the supernatant
fluid of the cultures at about the same rate as 1t does 1n the
cells, and Ttubin, Baluda, and Hotchin {1955) showed that of a
total of between 100 and 1,000 particles produced by each cell,
the number of llular particles at any one
time is only about 4-10 per cell. These estimates, however,
refer only to the formation of mature virus, and we do not
know how many vegetative replicating centres there are
within the cell, and have no clue as to the manner 1n which
they are set up. It does seem as though there may be a dif-
ference between phages and some amimal viruses In the
following sense:—the penetration of phage DNA mto a bacter-
ium imtates a series of duplications of the vegetative form;
the new crop of phage particles then receive their extracellular
equpment and are released 1n a group by the bursting of the
cell. Cellular mfection by an ammal virus may cause the
setting up of one or a number of centres for the manufacture
of new virus particles, each of which can escape from the cell
almost as soon as 1t 1s formed. Damage to the cells, however,
does not appear to be correlated with the amount of new virus
produced.

In the case of bacteriophage, the bursting of the mnfected
cells at the end of the cycle of virus multiphication may be
caused directly by the virus particles within themy In this
Tespect 1t is perhaps significant that the number of phage
particles per bacterium needed to cause *lysis from without™
is of the same order of magmtude as the burst size. Cell
destruction by amimal viruses cannot generally be ascribed to
an assault on the cell membrane by the new crop of virus
particles. Lwoff, Dulbecco, Vogt, and Lwofl (1955) studied
the release of poliomyelitis virus from single infected cells and
found that once new virus was formed, it leaked rapidly from
the infected cells; cell death, at about 4 hours later, occurred
when virus production ceased. Moreover, in chorioallantoic
membrane cells infected with influenza virus there is & latent
pertod of 2-3 hours before new virus begins to appear; once
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this has happened the infected cells torelease virus at
a nearly constant rate for up to 80 hours or longer before the
virus yield begins to decrease; necrosis of the infected cells
does not appear until about 48 hours after infection. The
escape of virus particles from imfected cells must therefore
cause only trivial damage to the cell surface, since cell integrity
can be maintained for so long after virus production has begun.
Additional evidence that the cell membrane 1s not disrupted
comes from the fact that cell respiration continues unaffected
throughout the period of virus release. The release of in-
fluenza virus from infected cells is accompanied by the extru-
sion of filaments from the cell surface. Thesehave been studied
both under dark-ground 1lumination and with the electron
microscope. They will be discussed by Dr, Bang later in this
symposium, and I will not deal with them further, except to
point out that if filamentous extrusion is the sole method of
virus liberation, then the cell may well resemble a self-sealing
tank. Only when the virus productive capacity of the cell is
exhausted (possibly by depletion of some key nutrient
essential for both cell and virus) does eytopathic alteration
become apparent. Schl (1958) has d bed the exist-
ence of an intracellular substrate for the virus mucinase,
which he has shown to decrease i amount during virus
multiplication. However, the location of this substance
within the cells is not known, and there is as yet no direct
evidence that 1ts destruction is related to the process of virus
replication and not to the release of new-formed virus from
the cells. There is some evidence that the mucinolytic
enzyme is involved in the release of virus from the infected
cells, since addition of the inhibitor AMPS to cells one hour
after infection does not prevent virus production, though it
does delay the release of virus from the cells. The latter process
can then be greatly facilitated by treating the cells with RDE.
f Schlest ¥ k is d close below the

cell surface, it could well be the substance involved.

The hypothesis that metabolic derangement, perha;')s
g depletion of some key nutrient, may be involved in

involvin;
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the cytopathie alterations which follow the infection of eells
by some viruses is supported by further evidence from tissue
culture work. Eagle (1955) has drawn attention to the similar-
IV O

- — 1 LA

1 both glucose and glutamine fail to support the propagation
of polio virus, None of the other single or combined nutri-
tional deficiencies which he tested had this effect. HeLa cells
also respond to infection by the APC viruses by greatly in-
creased acid production and the appearance of cytopathic
change; there the addition of excess glucose will reverse the
cytopathic effect, although 1t does not prevent the production
of virus. Conversely, 1t 1s sometimes possible to interfere with
the production of virus without influencing the development
of the cytopathic effect. Ackermann, Rabson, and Kurtz
(1954) studied the propagation of Type III poliomyehtrs virus
in HeLa cell cultures under conditions of massive mfection.
The growth cycle had a latent pertod of 4-5 hours, followed
by a release of virus lasting 6-7 hours. Changes m the
staining character of the cells appeared before the major part
of the virus yield was obtamned. The multiphcation of both
the cells and the virus is blocked by the addition of fluoro-
phenylalanine, which stops virus growth st an early stage
the infection It does not, however, prevent the appearance of
the cytopathic effect which goes on to develop at the ordmary
rate,

Finally, abortive cycles of virus multipheation which do not
Tesult in the production and release of infective virus may,
nevertheless, induce cytopathic change. Henle, Girardi and
Henle (1955) have deseribed such & case 1n the association of
influenza virus and HeLa cells. Here definite speesfic cyto-

cells,
Since these facts indicate that virus production and the
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induction of eytopathic change can be dissociated by experi-
mental means, it 15 perhaps a truism to point out that virus
production can oceur normally in cells without any obvious
morphological change, A striking example is the Rous
sarcoma virus, where infection of a cell by the virus initiates
tumour development on the part of the cell, and the cell-virus
relations in this respect have recently been determined in an
elegant series of experiments by Rubin (1956). It seems that
one tumour virus particle is adequate to Initiate tumour
development by the cell 1t infects, but that the release of virus
from infected cells 1s very low. A sarcoma cell suspension only
releases about one virus particle per 100 cells per hour.
However, we do not know the extent to which even this
relationship is determined by the environment of the 1nfected
cells, and whether the virus could not be made to destroy the
cells in appropnate s. A stnking ple of the
effect on a virus-cell relationship of altering the environment
of the infected cells has been given by Kaplan (1955) with
poltomyehitis virus and monkey kidney cells. When monkey
kidneys are mjected in wivo with poliomyehtis virus, no
cytopathie changes can be found and infective virus cannot be
recovered erther from perfused kidneys or cellular homogen-
ates. However, if such kidneys are reduced to cell suspensions
by treatment with dilute trypsin and the cells plated out as
tissue cultures, cellular degeneration eventually occurs, With
the release of new infective virus. In vivo, therefore, the virus
is somehow maintamed 1n association with the cells—even in
animals with eirculating antibody against the virus; when the
cells are removed to an alien environment, the characteristic
cycle of virus multiplication and cytopathic change makes its
appearance.

Association of virus multiplication with cell organelles

Bactena contain both DNA and RNA in large concentra-
tions, but because of their sma ize we do not know. very
much about the way which these are distributed within the
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cells. The primary assault of a virulent phage is, however, an
assault on the bactenal nucleus. The DNA of the bacteria is
rapidly dispersed and replaced by that of the invading phage
50 that the genetic matenal of the phage rapidly takes over
the entire cell. Animal cells, again, contain both DNA and
RNA, but distributed 1n a better-known manner. The cell
nucleus contains both DNA and RNA, the latter mainly con-
centrated in the nucleolus. In the cytoplasm there are the

itoch which are rod-shaped or spheroid and which
contain undoubtedly a lot of phospholiptd and proten, and
possibly a Jittle RNA. In addition there 1s the endoplasmic
reticulum which 1s mch 1n RNA, and probably corresponds in
" PR e foemnd -t

plentiful in tumour than 1n other cells.

An abundant field exists for the investigation of the associ-
ation between animal viruses in therr intracellular phase and
these well-defined cell organelles. So far, only scattered
information 1s available. Herpes virus, for example, appears to
multiply within the nuclet of tnfected eells. In herpes-
infected chick embryo liver, a large portion of the virus, at
any one time, seems to be assoctated with thenuclear fraction,
though the percentage of the total virus so associated vares
with the time after inoculation At the end of the cycle, that
is about 12 hours after new virus has appeared in cultured
cells, there is only a neghmble amount of virus to be found
associated with the nuclei i cell homogenates. But at the
very beginning of the eycle, a very high proportion of the virus
is found associated with the nucler. Also the penetration of
herpes into cells must alter the virus particles in such a wa:
that they acquire an affinity for nuclei, since extracellular
virus—that 1s “mature’ herpes virus particles do not selec-
tively adsorb to isolated nucler. Passage of virus through the
nuclear membrane on the way out of the cells also may alter
the particle structure. Electron microscope studies of
infected cells by Morgan et al. (1954) showed that a Limiting
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membrane 1s acquired by the particles as they pass out of the
nucleus into the cytoplasm, and that the particles there
resemble mature virus. Reissig and Melnick (1955), who have
studied the related B virus grown in monkey kidney cells,
made a quantitative study which showed that new virus is
found in the medium at the time when these completed
double membrane particles can be found on the external
surfaces of the cells,

Apart from a study by Friedlander ef al, (1955), in which
an association was found between Anopheles A virus and the
endoplasmic reticulum, studies of this kind on other animal
viruses have yet to be made. A profitable field appears to
exist for correlation between quantitative virus studies and
histochemical mmvestigation of the infected cells.

Many of the cellular organelles mentioned above are them-
selves capable of rephcation. Under normal conditions of cell
life, the multiplication of each particular kind of element must
be matched with that of the others in the same cell. When an
autonomous self-duplicating element, such as a virus, is mtro-
duced 1nto such a system, we must expect the resulting in.cﬂ-

d ion to have a hol I result. The only exception
will be where the multiplication of the intruder can be matehed
with that of similar elements in the cell; and the result will be
to produce an intracellular symbiont whose presence will be
undetectable.
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membrane 1s acquired by the particles as they pass out of the
nucleus inte the eytoplasm, and that the particles there
resemble mature virus. Reissig and Melnick (1955), who have
studied the related B virus grown in monkey kidney cells,
made a quantitative study which showed that new virus is
found 1n the medwm at the time when these completed
double membrane particles can be found on the external
surfaces of the cells.

Apart from a study by Friedlander et al. (1955), in which
an association was found between Anopheles A virus and the
endoplasmlc reticulum, studies of this kind on other ammal
viruses have yet to be made. A profitable field appears to
exxst fur correlation between quantitative virus studies and

1 inv 10n of the i cells.

Many of the cellular organelles mentioned above are them-
selves capable of replication. Under normal conditions of cell
Iife, the multiplication of each particular kind of element must
be matched with that of the others 1n the same cell. When an

1f-duplicating el t, such as a virus, is intro-
duced into such a system, we must expect the resulting inco-
ordination to have a pathol I result. The only exception

will be where the multlplxcahon of the mtruder can be matched
with that of stmalar elements in the cell; and the result will be
to produce an intracellular symbiont whose presence will be
undetectable.
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whether or not the host shows any adverse effects. Also, it is
relevant to note that conditions that make healthy plants most
hikely to contract mfection aire not necessanly also those that
favour the multipl and lation of viruses in
infected cells, This apparent paradox s, perhaps, most
strikingly shown by kecping plants at different temperatures
before and after they are 1noculated {Kassanis, 1952). When
plants are kept at 36° for a day or two before they are inocu-
lated, their suscepibility to all viruses yet tested 1s much
ncreased, and the same inoculum will produce many times
tmore lesions than in plants kept at 15-20°. When plants are
kept at the higher temperaturcs, after they are moculated,
far from the number of lesions being increased, most mocula
produce fewer than at the lower temperatures and some
viruses produce none. A comparable effect to the failure of
viruses to muitiply and cause lesions 1 1noculated leaves at
86° and presumably with a similar cause, 15 the cunng of
plants systemically infected with some viruses by keeping
them a week or two econt ly at high At
intermediate temperatures tlm'e 15 evndence that such
viruses are bein synth d and di d
and, in cells not killed by |nfect|on, viruses seem to resemble
the normal cell proteins, at least in as much as that their
concentration at any given time represents a balance bettween
synthesis and degradation (Harnson, 1956a).

The reason for virus particles failing to multiply 1n plants at
86’ cannot be deeided with certmnty. Prolonged exposure to

e bammranabinn wanes A onadle imn

RO

It 15, perhaps, more probable that the metabolsm of cells £t
36° favours degradation instead of synthesis of virus particles,
That the physiological state of the host cell can alone deter-
mune whether or not introduced virus particles multiply is
shown unequivocally when leaves are exposed to ultraviolet
radiation before they areinoculated After switable irradiation,
leaves immediately resist infection by viruses to which they
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THERE are now many experimental results to show that
varying the physiological condition of plants, by varymng
their environment or nutrition, greatly affects both the sus-
ceptibility of leaves to inf; b 11 lated
viruses and the extent to which these viruses increase in
infected leaves, but it 1s much easier to establish such pheno-
mena than to explain them, for the processes 1nvolved in
virus multiplication are largely unknown. To tell any con-
secutive story of the events between infection and the
occurrence of newly formed virus still necessitates much
specul: and I with bacteriophages,
and even then the story 1s far from complete.

As all the plant viruses yet studied are nucleoproteins, I
shall assume that their synthesis does not differ fundamentally
from that of other proteins. There 1s no evidence that any has
any independent synthetic mechanisms or that virus particles
change 1n size as might be expected if they multlplled by
binary fisston. On present knowledge, viru: lication
seems most profitably considered as an abex-r:mt form of
nucleoprotein metabolism (Bawden and Pirie, 1953), a process
in which the whole cell 1s the synthetic system, with the virus
one among many factors that determine the direction of its
metabohism and its ultimate constitution,

There 15 no need here to describe the many and striking
ways in which changes 1n the condition of plants affect their
reactions to viruses, but it 1s worth stressing that the state of
the host cells can determine whether or not introduced
particles will become established and multiply and, if they do,
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times after they are inoculated, three changes in the state of
the particles can be detected and approximately timed. In
the first state, the ability of the particles to multsply 1s un.
affected by light; at 20° a few particles move from this state
within 15 min , many do so within 80 min, and most within
1 hr. They can remain n the second state for 1-2 hr., but if
within this time the inoculated leaf 15 not exposed to light,
they mave into their third state and are no longer susceptible
to photoreactivation. The change from the first to the second
state is reasonably interpreted as the time taken for the virus
particles to enter the host cells or, equally likely, some speaific
cell component. By analogy with bacteriophages, this step
may entail the nucleic acid separating from the proteim
thtre isno dlrect evidence that infection with any plant virus

X can be pt vated. 1y the same as
that during which normal virus can be prevented from multi-
plying by treating inoculated leaves with pancreatic mbo-
nuclease, The fate of particles that are not photoreactivated is
unknown, but 1t 1s reasonable to assume that the nucleases and
proteases of the host cells destroy them.

VWhen leaves are moculated, washed to remove unattached
virus, macerated at various intervals, and the extracts
assayed for their virus content, it 1s a simple matter to deter-
mine the rate at which virus increases in the leaves Provided
conditions are kept constant, teasonably reproducible results
are obtained with any given inoculum and host. After an
interval (*latent peniod ™), which depends on the temperature
and the virus content of the inoculum, new virus becomes
detectable, and the nfectivity of successive extracts then
usually increases steadily. The infectivity of successive
e-dmcts mnde during the latent period, however, usually

up to an op which
differs for different v|ruses, shortens the latent period and
increases the rate at which new virus accumulates, but this
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are normally susceptible, but provided such irradiated
leaves are exposed to visible light, not only do they later
regain their original susceptibility, but they may become
even more susceptible than unirradiated leaves (Bawden
and Kleczkowsk, 1952; Benda, 1955). During their re-
sistant phase, host cells seem able to inactivate virus particles
that normally would have multiplied, for virus inoculated
to leaves in this phase does not remain latent through it
and then multiply when susceptibihty 1s regained, The
fact that cells are agam susceptible becomes obvious only
by inoculating with more virus. And ths is so despite the fact
that active virus can be recovered from such leaves. Virus
apparently becomes estabhshed and multrplies only if it
achieves some favourable condition scon after leaves are
1moculated; if it does not, it either remains attached to the
leaves but ineffective, or is inactivated.

The importance of the host cell’s behaviour in determming
whether inoculated particles remam apparently imert, or
behave like viruses and multiply, is shown equally vividly by
the phenomenon of photoreactivation. Except for tobacco
mosaic, all the plant viruses as yet tested, when exposed
appropriately to ultraviolet radration, have given preparations
that are more infective when the inoculated plants are kept in
light than when they are kept in the dark, VWhether illumin-
ated cells repair the damaged particles, or whether conditions
in illuminated cells so favour the first steps in virus multipli-
cation that even damaged particles can take them, 1s uncer-
tain. Whatever the explanation, the ability of such particles
to multiply unquestionably depends on some light-sensitive
mechanism provided by the host. From experiments with
potato virus X, which shows the phenomenon of photo-
reactivation more strongly than other plant viruses yet tested,
it is also clear that, for the mechamsm to be effective, the
damaged particles m:st encounter it soon fxftir_"t}lei fre
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Stmnger ev:dencc that the first cycle of virus formation is

is ot d by exposing inoculated leaves to

\ﬂlmvmlet rndmtwn at different times after inoculation.

n be d toi virus in the

epidermis but not in the mcsophyll. Thus, by ﬁndmg what
interval between and 1 the
number of lesions by half, the mean time can be found for
virus to reach the mesophyll, which 1s presumably the mean

time effective inoculum takes to multiply in the epidermal
cells and for virus formed in them to spread to the mesophyll.
e . L et v 4 o

' . L .
Jesions to become wisible in N. glutinosa noculated with
tobaceo mosate virus

‘Various reasons can be advanced to explan the failure to
detect, the virus first produced in the inoculated cells. It may
be in some way immature, able to move to and infect neigh-
bouring cells, but not yet stable encugh tn vitro to make an
effective inoculum, Or the virus first produced in these cells
may all be specifically and rapdly absorbed by components of
nearby cells, so that it never becomes free n extracts, The
simplest explanation, however, 1s that the first crop of virus
{from the epidermal cclls infected nt noculation 1s too small to
be detected by current moculation methods 1ndeed too small
even o offset the of As
already said, about a mitlion virus particles are needed to get
an infection by our methods of noculation, and this is the
order of size of the number of particles estimated to occur in
fully infected cells (Nixon, 1956; Harrison, 1356b); thereis, then,
no call to wonder that the first formed virus passes undetected,
particularly as tests are perforce made on leaf extracts con-
taining substances that can mhibit infection. The amount,
though, scems adequate to infect 160 or more nearby ceils, and
when these in turn have gone through the cycle of events that
leads to new virus, multipheation becomes evident. The
localization of infection by tobacco mosaie virusin N. glutinosa
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optimum is usually above the temperature at which the maxi-
mum virus content of leaves 15 obtained, When the host
Teacts with a sharply localized necrotic lesion, virus usually
increases only during the period when the lesions are also
developing, but otherwise the virus content of the leaves con-
tinues to increase for many days, reaching the maximum
slowly at low temperatures (Harnison, 19565).

It is easier to get these results than 1t is to interpret them.
We are dealing with a multicellular system of which only 2
small part of the surface becomes infected at the tume of
inoculation. Also, the fate of the inoculum is uncertain; most
virus particles that remain attached to washed leaves seem not
to infect, for under usual conditions about a mullion are
retained for each infection. This type of experiment, then,
cannot alone tell whether the fall in recoverable virus during
the Iatent period has any significance 1n the course of events
that leads to virus multipltcation; or whether the first rise m
the infectivity of extracts identifies the first erop, or genera-
tion, of new virus; or for how long the virus content of single
cells continues to increase, and whether the period of greatest
Increase represents increasng numbers of cells becoming
infected or virus mereasing per cell,

From experiments with tobacco mosaic virus in Nucotiana
glutinosa, 1t seems hkely that the drop in recoverable virus
during the latent period 1s irrelevant to the process of infection
and, indeed, that the amount recoverable from inoculated
Jeaves continues to fall even after new virus has been pro-
duced. The mfectivity of extracts does not begin to mse
until just before the necrotic lestons become visible, when
many mesophyll cells are already mfected and dying. As
there is good Teason to assume that only epidermal cells
become infected at inoculation, 1t scems that the first
generation of new virus 1s not detected in extracts, for the
inoculated virus must presumably have multiplied in the
from which its progeny spreads to and multiplies in

epidermis, 5 It
hyll, before the virus content of extracts increases

the mesop
detectably.
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tobacco mosaic virus appears in quantity n infected leaves,
the amount of msoluble nucleic acid increases by an amount
that is slightly in excess of the amount ultimately appearing
1 the virus and 1t decreases again as the virus increases. This
tise and fall of insoluble nucleic acid become detectable only
some days after leaves are lated, long after irrad,
ceases to prevent leston formation, but this difference in
timing does not mean that the phenomena are not related.
Exp 1 d detect effects only 1n
the epidermal cells infected at inoculation, whereas the chemi-
cal tests detect effects only when virus has begun to multiply
in a Jarge proportion of the leaf cells, probably when the third
eycle of virus multiphcation is mmutiated 1t a leaf.

As the virus content of infected leaves ncreases, so too it
becomes possible to show that virus multiplication is not the
replication of an infecting particle to give a umiform, stable
product. Since Bawden and Purie (1945a, b) found that plants
infected with either the Rothamsted tobacco necrosts virus or
tobacco mosale virus contain more then one anomalous
protein, the number of such proteins described m plants with
tobacco mosate has steadily inereased (Takahashi and Ishn,
1952, 1953; C k and Rodenberg, 1952;
Jeener and Lemoine, 1953), and another particularly stuiking
example found m infections with turnip yellow mosaic virus
(Markham and Smith, 1949). These different proteins have
been identifiable because they differ from one another either
1n size, weight or electrophoretic mobility, and when separated
from one another they have been found to differ in their

ity and ct 1 . It has been generally
assumed that the vanous proteins produced by infection with a
given virus strain are antigemcally sumlar, but this may not
be true. That some contamn antigens not present in others is
strongly suggested by the fact that more than one line is
obtamed when precipitation tests are made by the gel-
diffusion method (Jeener, Lemome and Lavand'Homme,
1954; van Slogteren, 1955, Kleczkowsks, 1956), and the
sumlanities previously suggested may mean that the antiscra
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also has a ready explanation on the basis of this process: if
only mesophyll and not the epidermal cells are killed by the
multiplying virus, then virus synthesized in epidermal cells
infected at inoculation will be able to spread to the nearby
mesophyll, which, however, will die before the virus produced
in it can spread to a third lot of cells.

Exposing inoculated leaves to different amounts of ultra-
violet radiation also suggests changes in the state of the virusin
the imtially infected epidermal cells, though it identifies none
as early as does the phenomenon of photoreactivation. An
hour after moculation, when particles have become susceptible
to photoreactivation, the virus is still as readily mactivated by
ultraviolet radiation as i diately after lation, but
after another hour they are much more resistant and their
resistance continues to increase until the time when irradiation
no longer prevents lesions from developing (Bawden and
Harrison, 1955). With Rothamsted tobacco necrosis virus in
French bean there was only slight indteation that the inactiva-
tion curves changed from being straight to curved at about
two-thirds of the time needed for uradiation to become in-
effective, but with tobacco mosate virus in N. glutinosa the
published curves (Siegel and Wildman, 1956) clearly suggest
that the cells contatn more than one infective, or potentially
infective, particle at this time. The increased resistance to
inactivation at 2 hours after moculation is reasonably inter-
preted by assuming that the infected cells have synthesized

B FE P T A YO 2 DU S PP
1t the
indi-
»f the
eaf is

detectably increased (Owen, 1955).

The suggestion that the increased resistance to inactivation
by ultraviolet radiation results from infection changing the
nucleic acid composition of cells, receives some support from
cgl studies companing the nucleic acid of healthy and

chemi
infected leaves. Basler & Commoner (1956) report that, before
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bean form of the inoculum multiplics extensively without the
leaves showing lesions,

Much more of the speaific nucleoproten produced in bean
than in infected tobacco scems to be non-infective, and to get
sumilar numbers of lesions in N, glutinosa inoculum from beans
needs to be more than ten times as concentrated as moeulum
from tobacco. The differences between the properties of the
main nucleoprotein formed 1n bean and tobacco suggest that
the protein parts of the particles from the two hosts differ con-
siderably. Alter o long time 1 erther of these hosts, dunng
which the virus has passed through a series of plants, 1t will
still return to the other, with its properties there apparently
unchanged. Something, then, seems to be stable and to give
genetical continuity; on current views this something 1s most
plausibly regarded as the nucleie acid, and the occurrence of
this strain 1n its various guises is perhaps evidence of the range
of proteins with which the same nueleic acid ean be success-
fully allied. If thus 1s so, and there 15 every reason to think
that the nucleic amd would encounter wadely different pro-
teins in cells with such diverse metabolisms as bean and
tobacco, questions about the functions of the proten almost
suggest themselves. Does 1ts structure determine the ability
of particles to move from cell to cell inside the leaf? And the
type of symptoms caused? These questions cannat yet be
answered, but inoculations with this stram clearly show that
plants continue to produce virus that resembles the moculum
for as long as this type can spread from cell to cell without
lulling them, but 1n conditions where 1t can not, 1t becomes
superseded by another form that can.

The main interest of this unusual strain of tobacco mosate
virus is, perhaps, that it makes more obvious than previously
that viras multiphcation 1s not simply the replication of the
imtially mtreduced particles and that the constitution of the
final products can differ grestly from that of the inoculum,
Thus, afthough same part of the charactenstic particle of
tobacco mosaic viruses may be self-replicating, as with the
tadpole-shaped bactenophages, much of it seems not to be.
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used were prepared against mixtures of proteins not all anti-
gemeally identical. It 1s probably safe to assume that we
are still far from wentifying oll the anomalous proteins that
occur in infected plants, and of thewr biological significance
we know little or nothing From work with radioactive
isotopes, van Rysselberge and Jeener (1955) suggest that the
small, fective, particles m plants infected with tobacco
mosaie virus are precursors of larger particles, but as the
ratio of smail to Iarge particles can be changed n fully infected
leaves by altering the conditions under which they are kept
{Bawden and Pirte, 1956), 1t seems, too, they can be produced
by the degradation of larger partieles. Also, there is no reason
to conclude that ail specific particles that are non-infective
are necessanily precursors or breakdown products of larger
particles; some may well be concomitant products of protemn
synthesis that were never destined to be incorporated in
mfective particles, Certainly, the ratio of small to large
particles differs charactenstically 1n infections with different
strains of tobacco mosate virus, and 1t can sometimes be
altered by ch the dit; in which infected plants
arc mantamned.

The ability of the host plant, and of the state of the host
plant, to detcrmme the prod of virus multiph is
strikingly shown by a strain of tobacco mossic virus that
infects French bean systemicelly (Bawden, 1956). As obtained
from systemically mnfected tobaceo feaves, this strain closely
resembles ordinary tobaceo mesaie virus. As obtained from
systemacally infected bean leaves, however, it has widely
different physical properties, antigenic constitution and
causes different symptoms 1n many plants; it then causes local
lesions in both tabacco and N. glutinosa st 20° and the loeal
Jesions in N. glutinosa take twice as long to appesr and are
less than half the size of those formed by the virus obtained
from tob At this perature young tobaceo plants
inoculated with the bean form afso produced the alternative
form of infective particle, which then becomes systemic. At
36°, however, the slternative form is not produced, but the
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synthesis and degradation may balance one another. The
maximum with one virus and one host can be varied by
altering the condition of the host, but the variation is small by

with the daff between the hieved
by dlﬂ'erent viruses, Itis perhaps significant that only wviruses
that are unusually stable in vitro reach high concentrations in
vizo, and it is worth comment that a stable virus Iike tobacco
mosaie virus can be the main protem of infected tobaeco
plants.
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Our incomplete story can be briefly summarized: the virus
content of Jeaves continues to increase for several days after
they are inoculated with a virus that becomes systemic because
an increasmg number of cells become infected during this
time, by virus spreading from previously infected cells where
it has already multiplied, In each cell, it is reasonable to
assume that the sequence of events in the inoculated epiderms
is repeated, but with the ultimate result more certain, for if
virus from the inoculum is inactivated in the epidermal cells
it is not replemshed, whereas the supply of virus for the cells
invaded later will be almost unhmited. At each new invasion,
the infecting particles can be expected to change therr state,
either as a prelimmary to entering the umnfected cell or,
perhaps, a speafic component of it. This change is soon
followed by the appearance in the cells of new products,
nucleic acid and protens, probably produced separately and
then later combined, first to form relatively small particles
which later coalesce, or aggregate, to produce the typical rod-
shaped particles. There 1s ittle novel in the 1dea that tobacco
masate virus particles do not emerge fully formed in one step,
but are built up from smaller units; although this view is only
recently being canvassed with enthusiasm, 1t has been known
for more than 10 years that the small quasi-spherical particles
of anomalous protemn in extracts of infeeted plants can be
changed in vifro to rods, morphologically indistinguishabl
from those usually considered typreal of virus particles
(Bawden and Prrie, 19455). This change, though, does not
make them infective, and to acquire this property the umts
may need to be built together in specific arrangements. Not
all the long rods put together in vivo are infective, and of those
that are, not all precisely duplicate the original infecting
particles. The main character necessary for a particle to
survive in a cell is probably that it should be stable fhere,
rather than it should possess any specific biological activity.

Tn each infected cell, virus synthesis probably starts within
a few hours and then, unless the cell is killed, t‘he virus conu.ant
s for a day or two, to reach a maximum at which

increase:
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Teversible, ns Wagner has shown on some of the influenza work on
tumour cells recently (Wagmer, R. R. {1955) Proc. Soc. ezp. Riol., N.Y.,
89,103) ‘This virus is not deep 1 the cell Then the membrane which
Iy continuously changing and engudfing fud droplets takes m whatever
18 stuck on the surface and that goes down into the cell and is no longer
released by MDE,

Now, Ldon't think that pinocytosis 1s the answer to the basic question
of how the virus initiates the combination with the cytoplasmie com-
ponents sa that it ean start to multiply. It merely 13 a disturbing
ﬁhehomenon o terms of trying to understand what 13 absorbed and what

not absorbed and may obseure the hasic tssue as to how the virus
Joins the host cytoplasm.” But it 1s such a common phenomenon in many
eells that it undoubtedly changes the figures on absorption m vanous

ways
Watsons Mr, Bawden, have you considered using fluotescent anti-

\ .

. . .
884 or 5 hours
Barden Yes.

aaud Mr. Bawden, wds the 1ubion of MUILPLCALOR by Tubbing
over the leaf obtamned using pancreatic nbonuclease?
awden- Yes,
. Ada’ Have you tried smular expenments with Pine's leat ribonu-
ense
Bawden: No, T think 1t is almost certainly a much less powerful
intubitor, but we have never been able to make enitical companisons
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DISCUSSION

Bang: 1 should Iike to ask Dr. Sanders a point on, perhaps, internal
consistency, How is 1t that you picture a cell as having a dynamic
meml;rane and at the same time talk about a himited number of receptor
umts

Sanders: T teally meant that at any instant there was z lumted
number of spots at which virus can get in or out. Is that inconsistent

number of spots in such a system
Sanders- You are concerving of the spots as being re-synthesized?
Bang. Yes, I think there 15 good evidence for this.
Sanders: I was not thinking of the membrane as bemg a static
structurc; merely that at any one time there are a number of places
. - e e e

pecessary.
' S - -#4m. ~tro-tooot -# Western equine encephalo-
mbryo cells in culture, the
. + ate calculation of the effic-
aat this efficiency is of the

to be relatively very high.
. . ytosts in view of these two
m}'i!}::g: 1 think that T have been guilty i the past of some confusion



Discussion 183

has shown on some of the influenza work on
Sl D T ey Pees s oar ATy

phenomenon in terms of trying to understand what {3 absorbed and what
is not absorbed and may obscure the basic 1ssue as to how the virus
joins the host cytoplasm.” But it s such a common phenommenon in many
cells that 1t undoubtedly changes the figures on absorption in various

ways.
[ 120N

484 0t 5 hours,

: Yes,

Laoff: Dr. Manigault, i the Pasteur Institute, has mjected Pseudo-
monas tumefaciens nto plants and could demonstrate very easly the
:gtl‘gvns‘on sections with Dr Coons’s techmque. So this techmque 19
1 - .
€

I pawden, was the Jhibllion 01 HUILPHEALOL DY 1UVLINE
over the leaf obtained using pancreatic ribonuclease?

Ada* Ylave you tried smumilat experuments with Dirie’s leaf nbonu-
Clease?

i Bawden+ No, T think it 1s almost certamly a much less powerful
nbibitor, but we have pever been able to make enitical comparisons
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‘because the leaf ribonuclense has not been obtained in the same state
of punty as the panereatie nbonuclease.

Ada "The question of the relation between the soluble antigen of the
txssxie and of the vieus {;ar}iclc that we were discussing this morning

PR -4

Schafer+ 1s there some evidence in your case, too, that the different
Hnes you observed are not due to different size of the same atigense
matenal? I ask this because we faund-~as reported—~that our prepara-
tions of punfied s-antsgen from fowl plague contamed partecles of
different size 1y

Ada- Becker has done seme work on that aspect. I don’t think hi

) - e e e v atie ena g

kept at 36°2
Bawden Keeping heslthy plants at 38° mstesd of, say, 20° befote
they are wmoculated tnereases therr susceptibihity to snfection. T}Z“

samptes produco only small lesions but Tater samples produce buge
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very nugmificant multipheation of the virus and such virus gives very

trregulae titration results in egzs, whereas the same virus, incubated st

°, will produce death of the eggs with the development of very much
virus,

e v 5
‘We hope that tissue culture methods will help to sort out this probfem
in the case of blue tongue, Blue tongue virys titrated i tissue culture
by the Dulbeeco plate techruque has in some of our experunents pro-
duced with concentrated inoculum no plaguey at all. but higher dilutions
. * = ~=aduead nlagues  Virus recosered from such plaques l\s;s
Do - 4= mceual It

. Pt e cenandne {6 g1ze 10 L€ UL WY

: ‘fined sy being larger
»thaps contawing DNA,

d

(3) “networks”, which were serdaphil concentrations in the
plasm looking like bits of wire netting, and which may perhaps
correspond o what are called “matnices™, s shown o electron
micrographs by Qaylotd and Metmek.

1f you take the percentage of infected cells showing the first t;
of inclusions—the elementary bodies—and plot them ;"g’;m time, 3-'55
get & very rapud fall in about 1 5 hours, sfter 10 hours there is on
increase So that efementary bodies are present at the begmning
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within the cells, disappear very rapidly and reappear in sbout 10 hours
{Figure 1)

If you take the second kind of inclusion—the homogencous bodies—
matty &ve present ok the begianing, but this number falls very fast and
they never reappear again (Figure 2},

s
0
=3

e

elemestary bodwe
s =1 = s 8 3

Percentage of cells contarnung

=Y

40

P £
Time i hours
Fsa ) (Sanders). Companson of the per-
centage of cells contalnng vacoisa elemen-
tary bodies nt varrous times after ifection,
with the growth curve of vacema virus
skon mantaned 17 varro. Solid hine, per-
centage of rells contaming elementary
bodses {from data of Bland and Rolanow);
dotted hne, vnmndu growth curve (present
ata).

Fugs. 3-8 reproduced by eourlesy Quorterty dournat of Macroscopacal Scrence

the third the * networke™—yout find there ate few ot the
MA;?xm‘; h\x’t thz{pfl:n:y inerease later in the manner of Figuse 3. One
cmgxld nccount for these obserations by making a hypotheas that the
virus gets into the cells as slementary bodies; the appearmnce ot the
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hzm?g:neom bodies 15 then an index of some sort of transformation

Percentage of cells containing homogencous bodues
B 0w &’ & 0=

o
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within the cells, disappear very rapidly and reappear in about 10 hours
{Figure 1).

If you take the second kind of inclusion—the homogeneous bodies—
many are present at the beginning, but this number falls very fast and

they never reappear agamn (Figure 2).

s
3

8

g e)j'mentarg‘ bodie:

8 =1 s

Percentage of cells containin

40

Time 10 hours

Fic. 1 (Sanders) Companson of the per-
centage of cells containing vaccimia elemen-
tary bodies at vartous times after infection,

Figs. 1-8 veproduced by courtesy Quarterly Journal of Microscopical Scrence

TR
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to 20 to 25 per cent duning the so-called eclipse phase. We have not
published these observations.

' .
pacticle 13 nat partially blocked by various cell constituents, cyto-
plasmie constituents, and so en [ was wondering whether anybody
had ever studied small bacteria Like Tularense or even Abortus, by
titration methods m the chomoallantoss to see whether these small
aogtion metiedtm e e

have been collaborats

th Dr Valentine at Hampstead. We have
Tanm A ML RS T e, et

Tabbit skin at 2, 8 and 4 days, and the ratio of total infected particles

4u upparent echpse phase.

nderson's work {Anderson, § G. (1954). dust J. exp Bul , 43, 633)
with vaceimia was done on exactly the same lines as Sigels (Sigel,
Guardi and Allen (1051), loc. e ) snd I thought 1t provided a valid
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to be highly Feulgen-positive with no Feulgen-positive area around
them 1 think this 13 reasonably good evidence that APC's are probably
DNA viruses. )
Downie: With regard to this question of a latent phase or e;chpse
phase 1n pox viruses, we have done a good many experiments in the

3

orks
o
3

g_nebwi

celis containmi
S 2
\

Percentage of
8 8

10 20 30 40
Time in hours
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STUDIES ON MIXED INFECTIONS WITH
INFLUENZA VIRUSES*

GreorcE K, Hmsr, TaMarR GOTLIEB AND ALLAN GRANOFF

s1510m of Infections Drsenses,
The Publu Lealis Teseorch Inittsts of The oty of New Yok, Inc.

SvsTEMATIC studies on muixed virus infections have been
carried out 1n our laboratory over the past five years andin
this paper we will attempt to bring together some of the more
sigmificant aspects of this work. Tiwo brief new expeniments
will be described but the discussion of former work will be very
compressed and the reader will bave to consult the onginal
texts for a more comprehenswe account. Burnet and his

I have publish d since 1951 on
a number of pairs uf mfluenza stl'alns, showing that recom-
bation occurred under various conditions of mxed infection.
Thes work has been very adequately reviewed (Burnet, 1955)
quite recently and no systematic attempt will be made to
Tefer £ 10 1n this account.,

In order to understand the hmstations of this type of inves-
tigation 1t is necessary to descnibe briefly the techniques which
were employed. The mixed mfectrons were usually carried out
mn the allantoic cells of mtact or de-embryonated eggs. The
virus input was large, usually more than ten infectrve particles
per cell, and the yield was taken from the virus shed into the
allantote flud The limiting infectious dilution method was
used to 1solate pure clones from muxtures. Infective material
was noculated nto eggs in such dilution that 25 per cent or
less would become mfected, There 1s some evidence that most
eggs are infected by single particles under such arcumstances
{Lu and Henle, 1953; Gotheb and Hirst, 1954). This method

* These mvestigations were supported m part by research grants E-277
and E-875 from the National Institute of Allergy and Infectious Diseases of
Ahe National Institutes of Health, Public Health Servace.
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that is to say, virus can be recovered from leaves soon after they have
been inoculated, but not some hours later, When more concentrated
inoculum is used, virus can be recovered all the time, but more is re-
covered soon after inoculation than some hours later. This decrease
m recoverable virus may well be irrelevant to the process of infection
and simply reflect the mactivation of surplus inoculum. The decrease
continues for about twice the time we think necessary for virus in the
inoculum to multiply in the imtially infected cells and pass from there
to deeper gells :l‘hu we thmk we can time by exposing inoculated

: . . - T

virus that prodaces large lesions. But the virus that produces these
large lesions 13 not obtained from tobacco immediately newly formed
virus becomes de&ecu'x‘ble'. for some days the virus produces only the
ermall locinne  And whathas $ha <Tboe 4o - Sons i e T ay

tobacco plants or in plants at 36°% That the pu_nned' preparations con-

passible.
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cotling occurs and hence 1its later uppllcatlon over the genetic
core would be und dabl, fic Virus
particles are capable of accepting coat materml from rather
distantly related agents (NDV and influenza A, for example)
(Granoff and Harst, 1954), but the mutual exchange 1s greater
with closely related viruses such as two influenza A strains,

Morgan (unpubhshed) have electron photormerographs of
influenza 1nfected allantoic cells i which fully capsulated
particles with internal structure can be seen 1n beautsful array
Just outside the cell membrane Just beneath the cell surface
are similar particles 1n a stage of partial eapsulation. It does
not seem too wild an inference to say that some early stages of
virus multiplication, such as replication of RNA, takes place
n the nucleus, and that coating of particles occurs as new
material moves to the cell periphery. Maturation and extru-
sion seem to be almost simultaneous events These findings
fit 1n very well with the current concept of phenotypic moung.
Most of the subseqn studies to be described were carried
out with two A strams of mfluenza, WSN and Melbourne
The former 1s mouse virulent (IC) and the latter 15 avirulent
by this route. The two strams will be designated as W+ and
M —~. They are antigemcally related but still quite different
from each other, and adsorbed sera were available which were
specific for each. In our early experiments with these two
strams, the phenomenon of phenotypic mixing was found and,
because we erroncously thought that this might have a genetic
basis, attempts were made to 1solate an antigeme recombinant
which was stable Hence, a long series of passages were carried
out with rather complicated results but it may be worthwhile
briefly to review this effort together with some new material.
The basie Procedure (Hurst and Gothieb, 19535) conssted of

tnfantinme an amm we
a
s

viang
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15 50 cumbersome that for practical purposes it is impossible
to use it directly for the isolation of rarely occurring recom-
binants. Specific immune sera were used for suppressing one
or another entire class of particles in mxed populations, and
in this way clones of rare particles were obtained. However,
this necessitated the use of parent strams which differed
from each other serologically and, mncidentally, differed in 2
large and unknown number of other respects, and this can be
a disadvantage in recombimation experiments. Another diffi-
culty with the method is that one cannot usually differenti-
ate between exceptional, unstable forms and the rare oceur-
rence of multiple infection 1n 1solation by chance.

The phenomenon which we first encountered (Hirst and
Gotlieb, 1953a) is called phenotypic mixing, due to the fact
that the genotype and phenotype in individual particles
do not match, and frequently the phenotype is a mixture
of parent-type specificities. The details with bacteriophage
were carefully worked out by Streisinger (1954, 1936) and
with influenza virus are most readily understood from con-
sideration of studies on mixed influenza A-B mfection (Gotlieb
and Hurst, 1954), since there 1s no complieating genetic
reaction between these two strains. A and B strams are anti-
genically completely distinet in both the haemagglutination
inhibition and neutrahzation tests, and it was surprising to
find that as many as 90 per cent of the particles from a mixed
A-B infection were of mixed antigenic structure, and reacted
with both antisera. Nevertheless, such particles were shown
to be genotypically either A or B, but not both.

In trying to understand these results, 1t is helpful to picture
the virus antigens as part of an outer coat surroundmg a core
of genetic maternal. One might imagine that in the cell the
genetic core of a future virus particle would induce the forma-
tion of specific antigens on 1ts own surface. However, the

© etomtal eninht ho ¢ishtly aniled in the final stages of
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demonstration. A mixed M-W infection was carried out n
the allantoic sac. The virus from this infection was titrated
twelve times and fluids from all eggs were examuned for the
predominance of mixed M-W particles. Of course, phenotypie
mixing was found in eggs that received low dilutions of virus,
but in one titration mixed particles were found 1n 2n egg that
had received a 10-5 dilution. Passage of this matenal produced
more antigenic mixed particles mn ligh dilution, ete, and
hence it was an X-2 form which appeared 1n 1mtial passage

The same experiment was performed with M and W stramns
that were obtamed as segregants from an X-2 form. Mixed
infection was carried out 1n an egg and the yield was titrated
twelve times. All twelve titrations contamned eggs that had
received dilute virus and which showed the X-2 form. The
fact that the form was X-2 was confirmed by passage.

These results show that there may be a special pair of M and
w i s e 12 [ e

heterozygote which 1s less stable appears m mixed M-V
nfecttons. This was shown 1n the following way.

From a study of mixed A-B infections an estimate was
obtamed of the frequency of two particle mfection m terms of
the number of ID;, bemng moculated. Following this, the
progeny of a mixed M-W infection were mnoculated into eggs
at dilutions where the probability of two particle mfection
should have been very small The yield from these eggs was
tested to see how many yielded one and how many both
serotypes. The number of double yielders was much preater
than would have been expected by chance, leading to the

summary, 1t appears that certain lines of M and W virus have
an aﬁin\ty.fcr one another which gives a very large proportion
of serotypic heterozygotes on mixed infection and this affinity



194 G. K. Hirst, T. GoTriep AND A. GRANOFF

were tested for the presence of virus of mixed (M-WV) antigentc
type. In general, eggs that had received 0-01 ml or more of
allantoic fluid did yield virus in which antigenic mixing was
predominant (provisionally called X-1 virus) and this con-
tinued throughout eight passages. Eggs that received less
than 0-01 ml. of allantoie fluid yielded predominantly M virus,
the fastest growing strain, and many eggs at terminal dilutions
yielded W virus. -

This may be explained as follows: when relattvely equal
amounts of strans M and W were inoculated into an egg and
when the total moculum was small, M virus predommated in
the final yield since 1t grows more rapidly than W. An
exception was at terminal dilutions where some eggs received
W virus only. The great predominance of M prevented
demonstration of phenotyprc mixmng. When large mixed
M-W mocula were used the yield contamed approximately
equal numbers of the two genotypes and this balance persisted
even through numerous passages, because large inocula
prevented recycling and nuihfied the advantage of M’s rapid
growth rate. With equal numbers of the two types bemng
produced phenotypic muang was common and easy to detect:

In the 10th seral passage, a new phenomenon appeared
(Hurst and Gothieb, 19585). Numerous eggs that had recerved
high dilutions of passage virus produced virus which was
predomi ly of nuxed anti type. This form (provision-
ally called X-2) was not the predominant particle in every
egg but 1t could be readily propagated serially by passing
dilutions of X-2 fluids. However, X-2 was unstable and
continued to Tevert to parent types on passage. Evidence

- O 2 o S

;;temzygous for several characters and may be doublets or
diploids. i .
‘An experiment was carried out which shows that the ‘}s-2
form is potentially present in the progeny of every mlx’ed
M-W infection and that serial passage is not necessary for its
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Methods for determiming these markers were relatively
simple. Detection of virulence 1n the mouse depended on the
outcome of inoculating 0-03 ml. of a 10-* dilutron of allantoic
fluid into mice by the intracerebral route, The details of this
test have been fully described elsewhere (Hirst and Gotheb,
1955). This marker was very good in the sense that most
strains were either virulent or avirulent and very few equivocal
results were obtaned.

The presence of M antigens i W strains and W antigens in
M strains was determined by neutrahzation tests in which the
viruses were titrated 1n normal and 1n highly specific absorbed
immune serum at a dilutton of 1 16, In the case of W strains,
each test was repeated five times. When the serum reduced
the titre of the virus by 0-5 log. or more, the result was con-
sidered sigmficant. With the serum used for these tests,
reductions in titre up to 1-5 log. were observed With other
sera, even more marked neutralization was noted, The sera
were specific against the wild type strans

For absorption on aluminum phosphate (Miller and
Schlesinger, 1955), one volume of allantoie flird was added to
one volume of 0 5 a phosphate buffer pH 7 4 Two ml of
this mixture was added to 2 mg of wet alummum phosphate
gel which had been previously equilibrated with 0 25 M
phosphate buffer pH 6 3. After thorough mixing and standing
for 80 minutes, the gel was removed by centrifugation and the
supernatant together with unabsorbed virus were tested for
HA titre by the pattern method. Adsorption was considered
significant when 75 per cent or more of the HA was removed.
‘When less than 50 per cent was removed, 1t was considered to

be no absorption. Most tests fell sharply mto one category or
the other

Muxed 1nfection of M——— and W+ was carried out
with large 1nocula in the allantoic sac  The allantore flud
from one egg was diluted out and 100 eggs inoculated of which
28 were found to be infected OF these, three yielded M virus
alone, seven yielded W virus alone and 17 yrelded a muxture of
M and W. The virus from the single y1elders was parent type
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is strong enough that these forms can be maintained with
Iittle difficulty through semal passage. The wild types of M
and W virus also produce heterozygotes but of lower affinity
and these particles cannot be so readily propagated together
in series. The mmportance of these forms for recombination
will be reviewed below.

Recombination with Strains M — and W +

Ix our original effort (Hurst and Gotleb, 19535), we were
attempting to get recombination between the antigenic
components of strams M and W. After some 80-odd passages
of the X-1 and X-2 form, a line of virus was 1solated which
was antigenically predominantly W, but also contained a
defimte otherwise speeific M component. This was shown by
the fact that this virus was strongly neutralized by type
specific ant1-V serum and to a lesser extent by type spectiic
anti-M serum. The meaning of this finding was not cntirely
clear at that time, but it is now apparent that the new strain
(provistonally called X-8) was essentially W virus which had
acquired a small M component by recombnation It has also
been recently realized that serial passage per se had nothing
to do with the appearance of ths form.

The following small experiment 1s cited to show how
recombination of antigens and two other markers occur
following mixed infection with M and W virus. The two
parent strains were characterized as follows: stramn W was
highly virulent for mice (V 4} IC; 1t contaned none of the
specific antigens of strain M (ant. +); 1t was readily absorbed
from allantoic fluid by aluminum phosphate at pH 6+3 in the
presence of 0-25 phosphate (abs. +). The M stram was
completely avirulent for mice (V —); contained no W specific
antigen {ant. —)and absorbed poorly on aluminum phosphate
in the presence of 0-25 3 phosphate buffer at pH 6-3. Thus,
in relation to mouse virulence, the occurrence of heterogcneousv
antigen and absorbability on nlu_minum phosphate the V¥
strain was 4- + + and the M strain was — — —,
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between replicating genetie material from two particles that
have entered the cell 2t random.

Some recent experiments have been carried out on reactiva-
tion of wradiated M— virus by active W+ (Gotlieb and Hurst,
1936). In one sense, these expertments merely confirm the
carher discovery by Burnet and Lind (1954) that heat-
mactivated virus could be reactivated by active virus and the
reactivated stramns were recombmants Our mactivation was
done with ultraviolet hght, and reactivated M- strains were
frequently but not always virulent for mice (M+) by a back-
cross test with W—, In this case, we have much better evid-
ence than has been obtamed heretofore thal reactivation
occurred secondary to recombmation. In previous cases
(Burnet and Lind, 1954; Baron and Jensen, 1955), the pos-
sthility was not eliminated that reactivation took place by

some genetic and that b was
dary and di 1 These exp point to the
of rare b through the

mechamsm of reactivation and 1s espectally applicable to those
cases where recombinants are infrequent.

e had hoped through these studies to discover something
about the genetic background of virulence From the origin
of the WSN stran, 1t seemed likely that virulence was poly-
genic 1n ch However, the read with which virul-
ence was lost and was then fully restored by a number of M+
strains suggests that the number of factors involved in the
vaniation from W4 to W— were either small or else they were
closely inked,

It 1s clear that the advent of the plaque techmque has
renderced obsolete the approach which has been employed 1n
the foregoing expenments. For several years, work has been
under way 1 this laboratory studymg NDV plaques on chick
fibroblast monolayers (GranofT, 1955). NDV has many advan-
tages for genetie work since 1t is relatively stable, has high
plating effictency, there 1s no von Magnus type of phenomenon,
and markers ing } lutination are ilabl
The results, thus far, do not justify a detaled presentation
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(either M——— or W+ ++4-) in every case. From the 17
double yielders, 17 M strains were tested and all were found to
be M--— — like the parent stramn. Of the 17 W strams, five
were W4+ (parent type), seven were W———, two were
Wl ——, two were W+ — and one was W—-+ -,

In a later experiment (Hirst and Gotheb, 1955) with this
same pair of strains and with a mouse virulent M strain (M),
an attempt was made to get some other quantitative results.
An approximation of the findings from two crosses is as follows

M-

M— X Wi > Wi {M" (50 %)
heterozygates< §¥j aa
{W- o

M+
M+ XW— - W— M
heterozygotes — {ij— (100%)

The common factors in these experiments were: (1) Recom-
bination was found almost exclusively in the progeny of
heterozygotes. {2) The recombination results were very
asymmetric. Only one of the two parent serotypes appeared
regularly as a r b M virus app d rarely as a
recombinant. (8) The three characters tested showed some
linkage, but 1n one-third of the recombinants less than three
new characters appeared.

The importance of the heterozygote may well be something
rather peculiar to this M-W pair, but this exceptional be-
haviour may nevertheless shed some light on mechanisms of
virus iplication, In dering the way in which
influenza particles are coated before extrusion, 1t seems not
impossible that two genetic units might accidentally be
extruded in one coat, forming a doublet. Such a particle
might have an llent chance of producing binant
since the genetic apparatus of two particles would enter the
cell at once in the same loeation. Certainly, the large volume
of the host cell must be a considerable barrier to contact
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[ LRSS A O

Knight: Our cross-reaction, we feel, 15 due in part to mcorporation
of the same normal component mn the yirus particles.

Burnet: There 15 & point about the behaviour of M recombinants
which might be of use. In the actual parr used by Dr Harst, T thunk the
NWS is different from mune

ohe i i e

methods Has that been tested, do you know?
AR b TIOYRITl L .

Lun wwiete soe Lypes of viruy ure eoncerned, | think that 15
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and analysis at this time, but a short account may give
an idea of the difficulties involved. The Beaudette stram of
NDYV gives mainly large plaques on plates and the wild type
1s relatively virulent for chick embryos. One in 200 particles
of the wild type 1s 2 small plaque former and these small
plaque formers are relatively avirulent in the chick embryo.
Large plaques and virulence are not due to the same gene,
since small plaques and virulence or large plaques and avirn-
lence have been obtained together by recombination and
other experiments, The problem which arises is why two
changes in character are found simultaneously and it appears
unlikely that it 1s due to mutation. An explanation of this
phenomenon 1s required before the mechanisms nvolved in
recombination can be understood.,
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THE MORPHOLOGICAL ASPECTS OF VIRUS
INFECTIONS OF CELLS AS REVEALED BY
FLUORESCENT ANTIBODY

Avsert H. Cooxs
Harcard Medical School, Roston

AxTipop1ES labelled with have been 11
employed to detect the antigens of a number of viruses mside
thenfected cell: mumps, influenza, infectious canine hepatitis,
vaccima, vancella, primary atypteal pneumonte, “Egypt”,
canine distemper, measles, herpes simplex, psittacosts, and, m

yehtis, Itis likely, therefore,
that cells mfected with most viruses agamst which antibody
can be obtamed either by the wnmumzation of animals, or
from 1nd. from can be visu-
alized mn this way.*

There are two ways in which Jabelled antibody can be used
for this purpose. The first 1s the obvious one of labelling the
spectfic antiserum. The second employs diluted unlabelled
speaific serum, which 1s allowed to react with the antigens in
the cells. After the reaction, the unreacted portion 15 washed
off, and the deposited globulin can then be found by means of
fluoresceim-labelled antiglobulin serum. This second method is
sparing of specific serum and has a greater sensitivity,
presumably by virtue of the favourable antibody-antigen
ratio 1n the antibody excess range. It 1s also the only method
available for the study of agents for which there is no satis-
factory preparation of antigen for immunization, since 1t
allows the use of convalescent serum the titre of which may be
too low for direct use Varicella (Weller and Coons, 1954),

»The failures recorded 10 an earlier summary (Coons, 1651) have beea
made good Type IL(L ) and Thetler's GD VIL
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very definitely so. With the M+'s, the intermediate ones,
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if you do

somethmg dilferent.
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S Dlamt v emen e o a4 %

cells later.
[IovaS

mifiates. We don’t know how long it Iasts, for the time beng We have
found the same effect for poliomyehtis virus.
‘Burnet: I don't think that can hold in the de-embryonated egg with

‘“‘1‘;‘.51‘2?2;.,: 1 don’t think it has been proved, because it seems to me
¢hat the only way to prove it 1s to take the cell suspension, and mfect it
t5d see what proportion of the cells release virus



THE MORPHOLOGICAL ASPECTS OF VIRUS
INFECTIONS OF CELLS AS REVEALED BY
FLUORESCENT ANTIBODY

Aveest H Cooxs
Harvard Medical School, Boston

AwnTiBopIES labelled with fl have been full
employed to detect the antigens of a number of viruses inside
theinfected cell* mumps, imfluenza, infectious canime hepatitis,
vacemma, varicella, primary atypical pneumonia, “Egypt”,
canine distemper, measles, herpes simplex, psittacoss, and, 1n
prelimmary experiments, pohomyelitts. It 1s hikely, therefore,
that cells mfected with most viruses against which antibody
can be obtamed either by the immumzation of ammals, or
from ndivrdual; 1 from can be visu-
alized sn this way.*

There are two ways 1n which labelled antibody can be used
for this purpose The first 1s the obvious one of labellmg the
specific entiserum  The second employs diluted unlabelled
speetfic serum, which 1s allowed to react with the antigens in
the cells After the reaction, the unreacted portion 1s washed
off, and the deposited globulin can then be found by means of
fluorescein-labelled antiglobulin serum. Thes second method s
sparing of speaific serum and has a greater sensitivity,
presumably by virtue of the favourable antibody-antigen
ratio in the antibody exeess range. It s also the only method
available for the study of agents for which there 1s no satis-
factory preparation of antigen for immunization, since it
allows the use of convalescent serum the titre of which may be
too Jow for direct use. Varcella (Weller and Coons, 1954),

* The failures recorded in an earher summary (Coons, 1951) have been
Toade good in the eases of poliomy eliia Type I1 (Lansing) and Therler’s GD VII
viras
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measles (Cohen ¢ al.,, 1955), primary atypical pneumonia
(L and Eaton, 1955), psittacosis (Buckley, Whitney and
Rapp, 1955), and herpes simplex (Lebrun, 1956) have all
been wvisualized by this indirect method. The technical
procedures employed have been discussed m a recent review
(Coons, 1956},

The resolving power of a method employing fluorescent
antibody and the fluorescence microscope is not such as to
allow observations on the carliest stages of the infection of a
cell. In the case of infection of the amnion of the developing
chick embryo with mumps virus, the first detectable antigen
appeared as tiny fluorescent granules in the eytoplasm, prob-
ably representing small “colonies” of virus particles (Watson,
1952). In the case of herpes simplex infection of human car-
cinoma cells in tissue culture, Lebrun (unpublished) found the
first manifestation of the infection as small fluorescent
spheres mside the nucleus, a finding consistent with the elec-
tron photomicrographs of the herpes-infected chorioallantors
published by Morgan, Eilison, Rose and Moore (1954), which
show aggregates of particles in the same location; it seems
likely that the two results are comparabledespite the difference
in host cell. In this case, then, the sensitivity of fluorescent
antibody 1s of the order of perhaps a few hundred particles ina
closely packed aggregate,

The earliest stage of influenza infection 1n the amnion has a
qute different appearance; viral antigen is first detectable
outlining the cell-nucleus. The antigens of this agent sub-
sequently fill the cytoplasm diffusely, both in the amnion of
the chick (Watson and Coons, 1954) and in the nasal epithe-
Jium of the ferret (Liu, 1955). Its mulirplication seems to
begin in close associatton with the nuclear membrane.

Three viruses produeing classical incluston bodies have so
far been investigated with some cytological precision by means
of fluorescent antibody. The first of these, mfecttous canine
hepatitis, 15 2 disease of dogs and foxes, ﬁrs.t described under
this name by Rubarth in 1947, The_typxcal inclusion bodies of
this disease had been encountered in two dogs and described
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by Cowdry and Scott (1930}, formng one of the bases of their
original description of the Type A intranuclear inclusion. In
the livers of expertmentally infected dogs, various stages
in the devels of this incl body were d
the hepatic cells The first appearance of antigenic materal
was as a bright ring congruent with the nuclear membrane.
Th a few small particles app d inside the
nucleus, increased 1n number and finally filled a Jarge portion
of the central part of the nuclens During this development
the nuclear membrane continued to contan virsl antigen
(Coftin, Coons and Cabasso, 1953)

A careful study of the development of the herpes sumplex
mclusion in a pure line strain of cancer cells, derived from a
human epidermord carcinoma of the larynx, has been carried
out by Lebrun (unpublished) She followed the changes
antigeme material m tissue culture with time, comparing the
results with those obtained by staming with Giemsa and with
haematoxyhin and eosin. The findings were consistent with
those of Crouse, Conell, Blank and Scott (1950) and of Scott,
Burgoon, Corell and Blank (1953) As noted above the first
detectable antigen made 1ts appearance as a small fluorescent
sphere mnside the nucleus This was followed by gradual aceu-
mulation of antigenic material n strands and spheres within
the nucleus, until finally antigente matenal filled the whole
nucleus At this stage, the nucleus was evidently filled with
antigenic matenal, but the typical Type A meclusion had not
yet made 1ts appearance. Later, antigenic material began to
appear in the cytoplasm and gradually disappeared from the
nucleus nnt)l n the end stages the cytoplasm was brlghﬂy

PP

covershps stained with haematoxylin and eosin.

The third viral imclusion which has been mvestigated by
means of fl ntibody 1s that produced by canne dis-
temper. In recent nvestigations carried out in ferrets and
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dogs by Liu and Coffin (unpublished) a close correlation has
been found between the appearance of objects containing
antigen and the staiming of eosinophilic inclusions by Seller’s
method. When smears from the bladdvrs of infected dogs are
stained by a method commonly used in veterinary pathology,
the §-3 stam of Shorr (Page and Green, 1942), the red objects
visible 1n the eytoplasm are usually not antigeme, although
barely visible objects stained blwish by this stain contam
antigen. There is evidence, therefore, in the case of canine
distemper that the mclusion bodies contain antigen, and that
infection by this virus also produces changes mn the cell which
are tinctonally demonstrable but which do not containantigen.

Lebrun’s study of herpes simplex inclusions ndicates, as
suggested by Scott e al. (1958) on the basis of the Feulgen
reaction, that the classical incluston body is 2 *“morphological
residuum” containing little or no virus. There are indications
in the case of camne infectious hepatitis and m the case of
canine distemper that morphological residue may also be pre-
sent after the viral infection in the cell has run its course. The
answer to the old question of whether inclusion bodies repre-
sent aggregations of virus can evidently be given for these
cases. During the early development of an incluston, viral
antigen and therefore presumably active wirus is present.
‘When the infection has run its course, inclusion bodies some-
times represent what might be called cytological scars and no
longer contain virus particles.
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Coons- In the case of the ferret, where there is the nuclear stamimng,
1t doesn’t seem to be virus multipheation, but. the dufasion of & small
particle from the eytoplasm mito the tucleus In the case of the chick
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dogs by Liu and Coffin (unpubhshed) a close correlation has
been found between the appearance of objects contaming
antigen and the staming of eosinophilic inclusions by Seller’s
method. When smears from the bladders of infected dogs are
stamed by a method commonly used in veterinary pathology,
the 5-8 stain of Shorr (Page and Green, 1942), the red objects
visible in the cytoplasm are usually not antigenic, although
barely visible objects stamed blwsh by this stain contain
antigen. There is evidence, therefore, in the case of canine

suggested by Scott et al. (1953) on the basis of the Feulgen
reaction, that the classical inclusion body is a *“ morphological
residuum” containing little or no virus. There are indications
in the case of canine infectious hepatitis and in the case of
canine distemper that morphological residue may slso be pre-
sent after the viral infection in the cell has run 1ts course. The
answer to the old question of whether melusion bodies repre-
sent aggregations of virus can evidently be given for these
cases. During the early development of an melusion, viral
antigen and therefore presumably active virus is present.
When the infection has run its course, inclusion bodies some-
times represent what might be called cytological scars and no
Ionger contam virus particles,
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Bang: T didn't, of course, mean to wnfer that the data on vaccinia,
shall we say, or on the beauttful intranuclear melusions were subject to
thus thought; my question more concerned the presence of material early
1n nfection.

Coons: In the very early tests, 1n the case of herpes 1t Jooks pretty
clear, but 1 the case of influenza we would not want to say_that 1t 1s

eable, a5 1t seems to be; in the first place thete are electron photomicro-

Wullams 1 was wondenng if some of the narrow band-pass filters
might allow you to clean up the background conwiderably by passing

or sooner or later than extracts become infective?
Coons* We cannot see the Antigen in a single virus particle
Bauden You haven't assayed by the two methods?
Coons No, we haven't
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an aliquot of the conjugate with this pellet, he removed the nuclear
staimng of the heterologous serum and most of its cross-reaction as well
If he stamned an FM1 infected membrane with FM1 conjugate, the

l

speaifically in these cells.

Bang+ Have you had a chance to study any of the recently adapted
strains of influenza that produce filaments?

Coons: No, I don’t think 5o The only strains that Liu has studied
are PR8, FM], and a stran that Dr. Finland isolated from a House
Officer, m 1942 I think 1t was, which was a local stram, simply called
Farnngton, closely related to PRS.

Bang+ None of the FM1, for 1nstance, was studied n the chick embryo?

Coong It was all studied 1n the ferret.

Bang In tissue culture preparations, of course, the cell itself is
flattened so that a thin section through the nucleus which 13 studied m
electron microscope frequently shows very deep indentations in the
nucleus which contam projections of the cytoplasm. 1 wondered
whether in some of your nuclear staining you are not 1 reality dealmmg

ocess.

The second thing 1t mught be is movement as the section thaws The

sections are cut frozen, put on a cold shide, and then thawed, and of

course the body water of the mouse, or whatever anmmal 1t is, moves
g CR i g Sy



THE USE OF RADIOACTIVE INFLUENZA VIRUS TO
DETERMINE THE FATE OF THE INFECTING
PARTICLE ON ENTRY INTO THE HOST CELL

L. YoviE
Pubhc Health Laboralory, Northampton

By cultivation 1 eggs in which radicactive sodium phos-
phate has been introduced into the allantoic flmd, the in-
fluenza virus can be labelled with radiophosphorus (Graham
and McLelland, 1948; Hoyle, Jolles and Mitchell, 1954; Luy,
Blank, Spiuzen and Henle, 1954), and by cultivation in eggs
containing radtoactive methionine 1t can be labelled with
radiosulphur. The degree of labelling which can be attamed
is Iimited by the toxiaaty of radwophosphorus and radio-
sulphur to the fertile egg. The egg will tolerate 1 millicurte of
radioactive sodium phosphate and about 250 microcune of
radioactive methionme, With these doses labelled virus
preparations can be made in which the Geiger count per
minute per ml 1s of the same order as the haemagglutinin
titre. The virus 1s freed from contamination with non-viral
32P or %5 by two cycles of adsorption-elution from red cells,
the cells carrying the adsorbed virus bemng thoroughly washed
at each cycle before elution

Radionctive virus prepared n this way has been used to
determme the fate of the infecting particle on entry into the
host cell. The D.S.P. stram of virus A was used Radioactive
virus was introduced as a primary inoculum mto the allantole
sac of 12-day fertile eggs, or into de-embryonated eggs, and
nfter 14 hr. incubation to allow entry of virus into the cells, the

were collected. By making various
types of extract an attempt has been made to determne the
chemical state, particle size, and location of radicactive
material in the cells. In order to attain the maximum possible
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Bawden: How long after you inoculate tissues with a large dose of
virus can you still identify any of it

Coons+ In the case of influenza, within three hours,

Stoker. If you compare 1t with n sensitive complement fixation test
can you detect antigen sooner?

Coons: You can detect a very small absolute amount of antigen,
provided 1t is concentrated, If you have one mfected cell you can findit,
which you could not do with any other method. But if the concentration
15 not high, you cannot see 1t evcn f there 1s a lot of stuil there,

Spooner: ow does the sensitivity of the antiglobulin method com-
pare with the earlier one?

Coons; T cannot give 3ou a quantitive answer, but 1t is considerably

"
s0 far shown any discrepancies as regards what is known about inter-
ference betseen viruses? And s she planmng to use this technigue to
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PARTIGLE ON ENTRY INTO THE HOST CELL
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Publz Health Laboralory, Northampton

By cultivation in eggs m which radwoactive sodium phos-
hate has been introduced mto the allantoic flud, the in-
uenza virus can be labelled with radiophosphorus {Graham
nd McLelland, 1949, Hoyle, Jolles and Mitchell, 1954; Lu,
lank, Spizizen and Henle, 1954), and by cultivation m eggs
ontaining radioactive methonine 1t can be labelled with
adiosulphur. The degree of labelling which can be attained
s lmited by the toxicity of radrophosphorus and radio-
ulphur to the fertile egg. The egg will tolerate I milheurie of
adicactive sodium phosphate and about 250 mrerocurie of
adioactive methiomine. With these doses labelled virus
oreparations can be made m which the Geiger count per
ninute per ml 1s of the same order as the haemagglutinin
titre. The virus 1s freed from contamination with non-viral
2P or 33§ by two cycles of adsorption-elution from red cells,
the cells carrying the adsorbed varus being thoroughly washed
at each cycle before elution

Radiwactive virus prepared in this way has been used to
determine the fate of the infecting particle on entry mto the
host cell. The D S.P, stramn of virus A was used. Radtoactive
virus was mtroduced as s pnmary moctlum nto the allantore
sac of 12-day fertile eggs, or into de-embryonated eggs, and
aﬁer 1§ hr mcubatlon to allow entry of virusinto the cells, the

were collected. By making various

types of extract an attempt has been made to determine the

chemical state, particle size, and location of radioactive

matertal in the cells. In order to attain the maximum possible
211
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uptake of radioactive material 1t was necessary to use very
large mocula, and a dose of 1,000 haemagglutinin units per egg
has been used. With this dose about 40 per cent of the inocu-
lated virus 1s taken up by the cells.

Properties of radioactive virus

When virus 1s labelled with %S the whole of the radioactiv-
1ty of the final punfied virus preparations is carried by the
virus particles. It can be completely removed by adsorption
with red cells, by centnfugation for 1 hour at 26,000 g, or by
precipitation with protemn precipitants such as 5 per cent
trichloracetic acid or 50 per cent saturated ammomum sul-
phate, With 32P about 95 per cent of the radioactivity of the
final preparation 1s carried by the virus, the remaining 5 per
cent bemng contaminating radioactive phosphate. This is due
to the fact that radioactive sodium phosphate enters rapidly
into the red cells used in the punfication cycles and 1s more
slowly released, so that some norganic phosphate is carried
over to appear 1n the final product.

Punfied influenza virus contains about 60 per cent protem,
35 pet cent hpd, 8-5 per cent carbohydrate, and 0-74 per
cent b leic aetd, R horus 1s incorporated 1 the
lipid and the nucleie acid 1n pmportlons which vary according
to the techmque used 1n making the labelled virus (Hoyle and
Frisch-Niggemeyer, 1955). With different preparations the
lipid 3%P ranges from 2040 per cent and the nucleie acid from
60-80 per cent of the total. When purfied influenza virus
preparations are shaken with ether the virus disintegrates thh
the release of sep h inating and 1
fixing “‘soluble antigen” particles. The whole of the nucleic
acid 32P of the virus appears in the soluble antigen fractson.
With radiosulphur the whole of the virus protein is labelled and
both haemagglutinin and soluble antigen fractions contain %38,

Technique of Geiger counting
With radiophosphorus the most satisf: of
the radloactlvxty was obtained by counting 1 m] fluid samples
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which were placed 1 shallow metal dishes beneath a Geiger
counter of the end window type. In effect, fluud samples were
counted at infinite thickness. With fluds of different density
acorrection may be necessary for self-absorptionin the sample,
but with most of the flmds used this correction was so small as
to be negligible

Ligmd counting is unsatisfactory with radiosulphur as,
owing to the Iow energy of B particles emitted from 333, self-
absorption 1n the flurd 1s very great. Drying the sample pro-
duces a 36-fold increase in the count Dry counting however
mtroduces several techmeal difficulties. Preparations must
not have an acid reaction or %S may be lost as hydrogen
sulphide dunng drying Irregular drymg 1s also a problem.
It was found best to dry 0 5 ml samples in metal dishes
which had been polshed with metal polish to give a non-
wettable surface to prevent spreading of the flud. With dry
counting the corrections for self-absorption n different types
of sample were large. These corrections were determined by
measuring the count given by known amounts of radioactive
methiomne included in the vartous types of fluid before drying

B .

with virus d with i us

Fertile eggs were moculated with 1,000 haemagglutimn
units of D.S.P virus labelled with 32P, After 1} hr. ncubation
the che were coll d. It was found
that 40 per cent of the moculated virus was taken up by the
cells. The membranes were frozen and thawed three times
and a saline extract made using 1 ml. of saline per membrane.
In different experiments from 2040 per cent of the total 32P
of the infected membranes was recovered in the extract. This
2P was not present as unaltered virus since the infectivity of
the extracts was very low and 1t contamed no demonstrable
haemagglutinin. Most of the 32P present n the extract was

not d by protein precip and 80 per cent of it
Xemamed in the supernatant after centrfugation for 4 hours
at 108,000 g, The chemical state of the 32P in the extract was
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detecrned m the following way, A sample was dried and
extracted with ethanol-ether to determine the phosphoipid
3P, A sample was preciptated by half-saturation with
ammomure  sulph the precipitated 328 rep £l
nuckeaprotem + hpoprotew. A further sample was preciph
tated with 2 volumes of cthanol, the precipitate representing
nuclesprotern -+ nuelee acid, while the supernatant activity
was taken to be due to phosphoru: pound of low molecud
weight + hiprd. The average result of four such experiments
indicated the following distnibution of #2P in the saline mem-
brane extract.

Lipd 2%,
Nucleoproten 129y
Free nuclec acid 29 %,

Low molecular weyght phesphorus 57 %,

It )s clear from these results that on eatry tnto the host cell
the viries particle becomes diswtegrated, Detarled results of
the work with radiophosphorus have recently been published
{Hoyle and Frisch-Niggemeyer, 1955),

Fate of the virus phospholipid

About 80 per cent of the 32 of labelled varus is present as
ethanolsoluble phospholipid. The content of phospholipid
3P of 1} . infected membranes is much less than 30 per eent.
A saline extracty of the membranes contains only 2 per cent
tiprd ¥P, and when the residual membranes were dried and
extracted with ethanol their content of phospholipid *#P was
only 10-2G per cent. From 60-80 per cent of the oniginal viras
lipid 3P was no longer recoverable as such from 1§ hr.
nfected membranes. Disintegration of the virus bpid would
be expected to result in the appearance of 3P in the form of
phospharus compounds of low molecular weight, and it seems
probable that the fow malecular weight *2F faund in salne
extracts of 1} hr. infected membranes s derived from the vims

lipid.
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Fate of the virus nucleoprotein

Part of the 3P present in 1} hr, membrane extracts appears
to be present as free nucleic acid, suggesting that on entry into
the cell the virus nucleoprotemn is disrupted. However, the
major part of the virus nucleoprotein 3?P does not appear n
saline membrane extracts but remains in the residual mem-
branes and must therefore be assoctated with some msoluble
cell i 1t seems probable that this 15 the
cell nucleus, since a large amount of 32P can be recovered from
the residual membranes by extraction with molsr sodium
chlonide solutton 1n which the cell nuclear matenal 1s soluble.
The 2P present 1n such molar sodium chloride extracts is
partly precipitated along with the deoxyribonucleoprotemn on
dilution with water and 1s partly present as free nucleic actd.

The overall recovery of 32P from 1} hr infected membranes
15 allustrated by the foll g exy The b
were frozen and thawed three times and then three successive
extracts were made with physiologreal saline, followed by four
successive extracts with molar sodium chloride  Three
extracts were then made with ethanol and the final residue
dissolved m normal sodum hydroxide Gerger counts gave
the following result

2nd physiological saline extract 12
o

1st physiological saline extract 106
118 epm.
3rd physiologieal saline extract

1st molar NaCl extract €9

2nd molar NaCl extract 48 138 S ¢

8rd molar NaCl extract 21 5 pom-
4th molar NaCl extract 0

st ethanol extract 13

2nd ethanol extract 62} 75cpm
3rd ethanol extract o

Residue 1n 5-NaOH 213 e.p m.

Of the total membrane 32P, 22 per cent was extracted by
physwological saline, 1n the form of phosphorus compounds of
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low molecular weight, nucleie actd, nucleoprotein and a trace
of lipid. 25 per cent was extracted by molar sodium chloride,
this materal consisting of nucleoprotein and nucleic acd.
Ethanol extracted 14 per cent as ipid. The residue after all
the extractions still contained 89 per cent of the ¥*P in un-
known state.

Experiments with virus labelled with 358

When de-embryonated eggs were inoculated with virus
labelled with %S and salime extracts made from the chorio- |
allantorc membranes, after 1} hr. it was found that some 25
per cent of the total membrane 35 was recovered in the
extract, This material was not intact virus smee it did not
agglutinate red cells and 1ts infectivity was only 1 per cent of
that which could have been expected from its content of *S.
About 65 per cent of the 358 1n the extract was not precipitable

presence indicates hydrolysis of virus protem 1 the cell.
Some of this low molecular weight %S duffuses out of the cells
during incubation of the infected eggs and appears in the roller
fluid. The remaining 85 per cent of the 35S 1n the membrane
extract was present as protein of large particle size since 1t
could be sedimented 1n 1 hr, at 26,000 g.

When 1} hr. membranes were serally extracted with
phystological saline the 38 recovered mn successive extracts
fell rapidly 1n the early extracts to a low level, which was then
maintained over a long seres of extracts, When physiological
saline was replaced by molar sodwum chloride there was &
slight increase 1n the recovery of 33§ but again the amount
yecovered remained constant over a long sertes of extracts,
The 38 in the early saline extracts consisted of amino acid
and large particle size protemn. In the later extracts all the
355 recovered appeared as high molecular weight protein,
Even after 12 the residual b still
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contained some 35S, A typical experiment is given below.
After 8 saline extracts the membrane residues were divided
and with one part the extractions were continued with salme
and with the other molar sodum chloride was used.

1st physiological saline extract 66 c.p m.

2nd physiological salime extract 17 4 ¢ pm.

81d physiological saline extract 8 8¢ pm.

4th physiological saline extract 6+4  4th extract molar NaCl 10-1

5th physiolomeal saline extract 8-0  5th extract molar NaCl 5 6

6th physiological saline extract 3 6  6th extract molar NaCl 157

7th phystological salne exteact 2 6  7th extract molar NaCl

8th physiologieal salne extract 1 8 8th extract molar NaCl

9th physiological saline extract 3 4 9th extract molar NaCl

10th phystological saline extract 2:2  10th extract molar NaCl

11th physiological saline extract 3 0 11th extract molar NaCl

12th physiclogical saline extract 20 12th extract molar NaCl
Residne 71 Residue

PRy
G oo oo

©
B4

The results suggest that, on entry into the cell, part of the
virus protein 1s hydrolysed to amino acid but the majyor part
becomes associated with some insoluble cell component from
which 1t can be slowly extracted by physiclogical saline and
more readily by molar sodtum chlonde, There 15 no evnidence
of any specific association of ¥§ with the cell nucleus such as
was found with 32P  The slowly extractable protem was not
infeetive virus since, although the extracts were mfective, the
infectivity was only 1/50th of that which might have been
expeeted from the ¥S content.

Discussion

The expertments described here show that on entry mto the
ceIl mﬂuenza wvirus particles are disrupted- The wvirus

pd 15 attacked, with the app of water-
soluble phosphorus pounds of low lar weight,
Disruption of the virus nucl results in the

of free nuelerc acid and amino aeid in cell extracts. With both
*P-labelled and 3S-labelled wirus the major part of the



218 L. HovLe

labelling 1s found m association with insoluble cell constituents
but whereas the 335-labelled virus protein appears to be linked
to a cytoplasmic constituent, the 32P-labelled nuclete acid is
largely found n iation with the cell nucleu

The interpretation of the results 1s rendered difficult by the
fact that virus dismtegration products may be immedrately
used for synthesis, and it 1s possible, for example, that the
amount of free labelled amino acid present in cell extracts
does not accurately reflect the amount of protein hydrolysis
which has occurred. Simularly, the finding that with 32P-
labelled virus the cell nuclear DNAP 15 labelled may mean
erther that virus RNA has linked to the nuclear DNAP, or
that small molecular werght 3P derived by disintegration of
the virus Iipid has been used for synthests of DNA.

Studies of the structure of influenza virus particles have
indicated that they probably consist of a packet of soluble
antigen and haemagglutinm particles enclosed 1n an envelope
of hipoprotem and mucoprotein derived from the wall of the
host cell. It may be that on entry mto the cell the virus
envelope and the haemagglutinin remain on the cell membrane
while the nucleoprotein soluble antigen particles enter the cell
and are disrupted, with the appearanee of amino acid and of
free nucleic acid which enters the cell nucleus,
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DISCUSSION

c0: You have not di d the possibility of the i
qflzl;‘;bzsfnsu snolecular phosphorus obtained from degradation of the
Phospholipids into the RNA Dby chemical methods; this would be an

artifact.
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F R T P

Crick+ Could you not take the small material and add it to a quite
different cell and see 1f it s then incorpora

Hoyle: Trather think st would not gomatall You have got to have a
Tecepton

P

Watson Dr. Hoyle, what percentage of the particles which you had
in your preparation did you beheve to be infective?
Iloyle: Tt was 2 standard virus, so that we would say of the order of

there is some haemagglutiun. You have got to have the intact virus

Particles to demonstrate tt, and all the evidence that I know of supgests

t,,‘,’“f 1t is a sort of receptor substance on the surface, and how haemag-
HIHman 68 8 anes = S mamtan 2o 3 dvigidhuitaly =
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Hoyle* 1 am not that the hae in is right in the
mddle. We think the soluble antigen 13 1n the middle, and the haemag-
glutmin 13 1n & layer outside that. But outside the whole of 1t, we feel
that there must be some sort of membrane. And, 1n fact, the electron
microscope pictures do rather suggest the existence of such a membrane
round the parficle

Smath: Yes, but the membrane may be formed of what we term the
agglutinm receptors. Is there any evidence whatsoever for the eXis-
tence of a membrane as a separate structure, apatt from the reactive

discrepancies

labelling 18 NOILE lke 1IZ LIUUZN. 10 GIVe YOU 411 1UER 01 nus vt o
is, we caleulate that there 1s one atom of radiophosphorus 1n fifty virus

particles )
Jsazes- Dr. Dulbeceo, have you done any exclusion experiments with
influenza
Dulbecco* No.
C e e e e matl 3 hs R
N .
N



of course, they will not effect the result, because we are dealing with the
cells and not with the allantoic fimd

Dulbeceo+ We don’t know what happens at the moment of exclusion;
maybe they are broken down, But we don't hnow for certam

Gard_In the elution or extraction experiments, the sulphur distri.

remained more or less mtact on the cell surface
Cntmana Th mamm Lo ot o T .

your matenal wet and Just use alcohol.

Pinie It goes better still of you take 1t to pH 1 and then extract

Ada Dr Hoyle, after you extract your wet virus with alcohol-ether
how much phosphorus 15 left 1n the virus particles? low much nucleic
acid does 1t correspond to?

Hoyle You mean a chemicol estimatton?

Ada Yes.
Hoyle 1 don't know.
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Ada Because m our ) h i we do use dry
virus, we found that chloroform-methanol would extract far more
phospholip:d than aleohol-ether '

Knight. Dr. Hoyle, in your fractionation do you find that the envelope
and the h both contam g ?

Hoyle: Yes.

Knight- From which I sssume that you find the polysacchande
component 1 each of these constituents?
Hoyle Yes.
E;ugnl: Do you hnow what proportion of polysacchande is in these

two
Hoyle+ According to our measurements, the mtact virus contains 3:5
per cent carbohydrate, which 1s rather lower than the figure swhich you
got onginally The haemagglutimm contains 4 per cent, but as far as we
can estunate the heemaggintinm only makes up about 15 per cent of the
whale particle, so that the major patt of the carbohydrate is not in the
haemagglutimn at all  We have done carbarole curves, both on the
intaet virus and on the haemagglotimn  With the intact virus youget s
srregular earve which eannot be matched by any single mixtace of
sugars But wath the haemagzlutirua the carbazole curve 1s much simpler
and matched well to an equimeolar mixture of galactose and mannose.
b3 ‘tu rather Like one of the preparations that you got in your onginal
work.

Kmight A much simpler method of sugar snalysis, which we are now
using, 18 sumply to hydrolyse with n-TICI and then use ron exchange to
get rid of 8 lot of things, and then run your sugars usig paper chromato-
graphy. In this way we have found, and Mr Ada has also, that the
anfluenza palysaccharide contains fucose as well as the components which
were ongmnally reported  Also the ammo sugars, glucosamune and
galactosamine both seem to he present, whereas only plucosamine
was reported orygmally, In many respects, the polysacchande seems to
be sery sunular to the blood group substances.

Pine 1sw't these any sulphate ester?

Knight- We haven't Jeoked for that.

Luwoff. Dr. Hoyle suggested that the genetre matenal of the yuus
penstrates iata the nucleus and is then bound 1o the nucleic gaid of the
cell. Is 1t known whether it 35 bound to the DNA or to the RNA of the
cell?

Hoyle~ 1 omly suggested that possibly it could happen. The only
thing I would say 15 that ¥ do think there is some evidence that the
nuclese seid goes nto the nueleus

You have to remember the very small amounts of material that
we are handhag, and there is a hmit to what you can practically do.
The chernical analysit is not good enough. If we could only label more
heawily it would be very much easier, but you may not perhaps realize
that with some of our samples we are counting already far halfan hour,
which fs a long period of time 1o count in a Geiger caunter. Now, if you
have got 10 or 20 samples, and each one of them has to be counted for
half an hows, you heve got & pretty full day'’s work. If you Jeave them
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st ul wute gy tsbenieu Virg Was produced I tissue
culture,

4da How many times the background 1s your count
Franias T

auuul -y per cent

Watson Not 1f the deying 15 umiform so that self adsorption can be
taken into consideration

Hoyle* Yes, but not in any conventent time,



THE SIZE DISTRIBUTION OF SPECIFIC
ANTIGENS IN VIRUS-INFECTED TISSUES AND
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Wit few exceptions animal viruses can be detected m
emulsions of virus-infected tissues only by titration of
mfectivity, by serologieal methods such as complement
fixation, and by electron microscopy. In exccptional cases, of

which 1nfl 15 the cl; 1 ple, in vitro methods such
as b 1 labl.

mation are a .
In most cases we know relatively little about the occurrence
of virus particles not detectable by the usual tests for infec-
tivity, and we cannot therefore study them effectively This
paper presents some further evidence that fully mfective virus
particles can vary i readily detectable properties. The one we
have studied 1s that of size. It 1s the purpose of this paper to
draw attention to the possible significance of the size vanation
and through discussion to seek gurdance for further work.
Antigens, other than those in the virus particles themselves,
are demonstrable by complement fixation in many virus
infected tissue susy These Hed soluble antig
have for example been obtained from tissues infected with
vaceinia virus (Craigie, 1932; Craime and Wishart, 198G).
These authors conclude that soluble antigen is a surface
constituent of the vaccinia virus. The vaceima soluble antigen
1s capable of stimulating formation of antibodies which not
only precipitate soluble antigen but will agglutinate element-
ary body suspensions. Extensive studies made with influenza
viruses have shown that soluble antigen can be detected by
complement fixation 1n chorioallantoie membranes from
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influenza-infected eggs before the appearance of haemag-
glutinin or fully infective varus. Hoyle's findings (1950, 1952,
and the results of electron photomrcrographic studies of
soluble antigen from virus treated with ether (Hoyle, Reed and
Astbury, 1953) have led to the conclusion that soluble antigen
of infl virus is the fund 1 multiplying umt during
mtracellular synthests and that 1t 1s an essential constituent
of the virus particle. Ada and co-workers (1958, 1954) have
undertaken logical and cl 1 mve on soluble
antigen from Iungs of influenza-infected chick embryos,
More recently Wildy and Holden (1954) have demonstrated
the occurrence of soluble antigen m association with herpes
virus, and Randrup {1954) has studied complement fixing
antigens of small particle size mn association with foot and
mouth disease virus.

In this laboratory attention has been paid particularly to
the soluble antigens encountered n suspensions of brains
from suckhing mice infected with poliomyelitis, blue tongue,
Tabies, Raft Valley fever and horse sickness viruses. Although
some attempts have been made to elundate the nature of the
soluble antigens, most attention has been devated to 1nvesti-
gations of their logical sp and to of
their particle sizes 1 companson wWith those of the mfective
virus particles.

Material and Methods

Particle size determnations were made by a centnfugation
method using & Spinco preparative centnifuge (Polson and
Linder, 1953), by a method based on diffusion measurements
(Polson, 1948), and in some cases particles of different sizes
were separated by differential migration mto agar gels of
appropriate concentrations {Polson, 1936}

Most of the virus strams used were adapted 1n this labora-
fory to the brains of baby mice. Mice varying in age from
2-4 days (for blue tongue and rabies viruses) to 4 or 5 days
(for MEF, stram of poliomyelitis) were used

Soluble antigens were separated from virus antigens by
oz B
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simple centrifugation of whole brain suspensions in phosphat
buffer or brains previously extracted in acetone and ethe
according to Casals’ (1949) method.

Complement fixation tests were carried out according to th
methed of Casals and Olitsky (1950) or that of Fulton an
Dumbell (1949).

Results

Relative amounts of soluble antigen and virus detectabl
in brain suspensions

The most clear-cut results have been obtained with MEF
poliomyelitis, Crude bran suspensions with complement
fixing and infective titres of 1/512 and 10° 3 respectively cal
be separated by eentrifugation into two fractions—the firs
containing predommantly soluble antigen and the other pre
dominantly virus  The soluble antigen in a typical experimen!
fixed complement to a dilutton of 1/512 but contained no viru:
detectable 1n tissue eulture or by ntracerebral inoculation o
mice. The virus fraction, on the other hand, had a complemen!
fixing titre of only 1/32 and an infective titre of 104 8 (Table I)

of 1/20 mouse immune serum 5
Infy = Virus content (titre) expressed as log LD, , for 8—4 weeks old mice.
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Although the hod: ployed cannot be regarded as
quantitative, the evidence is sufficient to suggest that the
1 fixation is predominantly a function of the soluble

antiéen‘ These results were substantiated also in the case of
rabies and blue tongue (Table II)

Taniz 11 The separation of rabies soluble antigen from mfective
Jirus 1n suspensions of suckling mouse brains o /13 phosphate
uffer.

CET = Complement fiung titre expressed as the reciprocal of
the highest dilution giving 50 per cent fixstion 1n the presence of
120 mouse immune serum.

Tnfy = Virus titre expressed aslog LD q perml for 34 weeksold
fmuce

Washing consisted of resuspension of deposit in ongnal volume
©of buffer and reventrifugation st 20,000 r pm for 1 hour
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Crude resuspended deposlt markedly anticomplementary The titre of 60
Gltained itk materia] ccutr sged &k J0,00 ¥ 13 FoF 10 mRGLes:

Purified polio virus s readily inactivated durmg slow drying.
Such virus which has been subjected to prolonged dialyss
followed by drymg has been shown by electron photomicro-
graphy to break up nto small spherical particles with an
average diameter of 10-12 mp. (Hampten, 1955) (Fig. 1) and
which appear to be arranged 1n a regular almost erystalline
form. Such dissociated virus 1s however mactive as antigen
in in vitro tests. This suggests, though it does not prove, that

:;he soluble antigen responsible for the specific complement
SRV - N L
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those which we have studied, this vitus therefore offers the
best opportumty of determining the relative rates of produc-
tion of soluble antigen and infective virus.

In a typical experiment, the first new virus appeared
14-24 hours after 1ts intracerebral inoculation mte infant
mice, Soluble antigen, on the other hand, was first detected
after 24-89 hours. The rate of increase of soluble antigen
thereafter appeared to parallel the multiplication of virus.
Antigen detectable by complement fixation certamly did not
precede the formation of virus under the conditions of our
expeniment,

Porticle size distribution of infective virus

In the case of several smaller viruses that we have investi-
gated, 1t has been possible to show by centrifugation methods
that mfective particles occur 1n definite size groups. Thus in
the case of suckling mouse adapted MEF, poliomyelitis
nfective particles, with average diameters of 24 and 80 my
respectively, have becen 1dentified. The former comprises only
1 per cent or less of the total virus population. It has been
possible to identify virus particles of both dimensions 1n
approximately the cotrect proportions in electron photo-
mierographs, and the 24 my. particles can be separated from
the 80 mp. particles by an agar gel migration method. The
main value of the agar diffi exp 15 to d rate
that the difference detected by centnifugation is dependent on
actual size and not on differences 1n specifie gravity resulting
from adherence of ipoxds to the apparently smaller particles,
Suckling mouse adapted MEF, virus when noculated into
adult mice has in two experiments, so far performed, stimu-
Jated the formation only of 24 my. particles, which is not the
normsl size of the MEF, virus when 1t has been adapted to
adult mice only (Fig. 2).

It 15 of particular interest that the infective titre of the
suspensions of the brains of adult mice, infccted with MEF;
<irus which has never been passaged in sucklings, is lower than
that of suckling mouse brain suspensions. Centrifugation has
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revealed the presence of mfechve particles which are entirely
or p 80 my. ind There may be a small
propomun of smaller infective particles not detectable by the
centnfugation methed in matenal of such low titre.

a6 L0 105

e 10g 10w
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s

¥ig 2 Sedimentation of MEF, virus in emulsion of suckhng mouse
bram by centnfugation at 20,000 rp m. for 100 mmutes tn the
presence of C. sincta haemocyanin which has an average particle
diameter of 24 my

(A) Crude suspension 1n 3/15 phosphate buffer

(B) Fracton separated by migration mto 2 5 per cent agar

(€) Suspension of adult mouse brains of the third passage after IC

wmoculation of * suckling **

Studies with other viruses carmed out m this laboratory
have confirmed the occurrence of particles of different dimen-
sions 1n suspensions of tissues mfected with single viruses.
The finding of different sedimentation constants by Melntek
et al. (1951) 1n therr experments on Coxsackie, Lansing and
Thetler’s viruses sub]ected to dlﬁ‘erent permds of ultracentn-
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those which we have studied, this virus therefore offers the
best opportunity of determining the relative rates of produc-
tion of soluble antigen and mfective virus.

In a typieal experment, the first new virus appeared
14-21 hours after 1ts intracerebral inoculation into infant
murce. Soluble antigen, on the other hand, was first detected
after 24-89 hours. The rate of increase of soluble antigen
thereafter appeared to parallel the multiplication of virus.
Antigen detectable by complement fixation certainly did not
precede the formation of virus under the conditions of our
expertment.

Particle size distribution of infective virus

In the case of several smaller viruses that we have investi-
gated, it has been possible to show by centrifugation methods
that infective particles occur mn defimte size groups. Thus
the case of suckling mouse adapted MEF, polomyelitis
mfective particles, with average diameters of 24 and 80 my.
respectively, have been identified. The former comprises only
1 per cent or less of the total virus population. It has been
possible to identify virus particles of both dimensions in
approxmmately the correct proportions 1n electron photo-
micrographs, and the 24 my. particles can be separated from
the 80 my. particles by an agar gel migration method. The
main value of the agar diffusion experiments 1s to demonstrate
that the difference detected by centrifugation is dependent on
actual size and not on differences 1n specific gravity resulting
from adherence of lipoids to the apparently smaller particles.
Suckling mouse adapted MEF,; virus when moculated into
adult mice has in two experiments, so far performed, stimu-
Jated the formation only of 24 my. particles, which is not the
normal size of the MEF, virus when 1t has been adapted to
adult mice only (Fig 2).

It is of particular mnterest that the infective titre of the
suspensions of the brains of adult miee, infected with MEF,
sirus which has never been passaged in sucklings, is lower than
that of suckling mouse brain suspensions. Centrifugation has
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that they do remain in the supernatant fluid. They are in fact
particulate, ing in sizes of apf ly 8-12 mp or
larger. Our ewpenments so far have revealed that in the case
of pohomyelitis, rabies and yellow fever, neurotropic Ruft
Valley fever and horse sickness viruses, the soluble antigens
have an approximately umform partiele size

[ETery

Fie 4 Sednm:nklhon of horse sickness virus by centrifugation
5t 11,000 or 20 000 r p . for 100 munutes C sincta haemocyann
Poundary (24 g ) 18 shown

(A} Crude suspension in 3/15 phosphate bufer. 11,000 T p m. for
100 minutes,
(B) Fraction separated by roigration mto 1 5 per cent agar
11,000 © p m, for 100 minates
© Fraction separated by migration mto 2 5 per cent agar
20,000 Tpm for 100 inmutes

In the case of the blue tongue viruses, however, complement
fixing particles intermediate I size between 8 my, and that of
fully infective virus have been found. The results especrally
with blue tongue suggest that the soluble antigen is either
polydisperse, being made up of particles which may be aggre-
gates, or associated with a variety of tissue compoments
wcluding hpds.
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particles in their experiments, their results can be interpreted
as showing the existence of 24 and 80 my. partueles (see Selzer
and Polson, 1054).

Further evidence that the size distribution of virus particles
may depend on adaptation, as in the case of MEF, virus in
mfant mouse brains, was obtaned with Rift Valley fever virus.
The neurotropic vanant after repeated passages in mice and
eggs oceurs 1n virus-infeeted mouse brains in 30 mp. and
50 my. particles, but virus adapted to mice only has revealed
the presence of 50 my. particles alone (Fig. 8). The pantropic
strain 1n virus<infected mouse blood also oceurs in the large
form only (Naudé, Madsen and Polson, 1954).

Fi6. 3. Sedimentation of peurotropic Rift Valley fever wirus by
centnfugation at 11,000 rpm for 100 minutes C. sincta haemo-
cyanmn boundary (24 oy ) 15 shown.
{A) Varus adapted by repeated passages in mice and egga.
{E) Virus adapted by passage 1n mice only
In the case of horse sickness virus infective partieles with
diameters of 2%, 30 and 50 mp. have been found, With this
virus it has been possible to separate the two smaller compo-
nents by mugration into 1-5 per cent agar, and the 24 mp.
particle alone by mugration into 2:5 per cent agar (Fug. 4).
Particle size determination of the larger viruses (rabies and
blue tongue) by the methods employed in this laboratory have
been unsatisfactory.

Particle size of soluble antigens

The antigens detectable by complement fixation and which
rernain in the supernatant after infective virus particles have
been removed by centrifugation, are soluble only 1n the sense
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small umts occurs, whereas aggregates of various sizes are
present 1n crude saline extracts.

Diffusion measurements of soluble antigens have confirmed
the results of centnfugation experiments 1n that the majority

or Bt s ac

S

Frc. & Graphs showing diffusion rates of soluble antigens 1n suckling
mouse bramn suspensions.

of soluble antigens appear to oceur as particles which approxi-
mate 8 to 12 mp. in diameter (Fig 6)

In the case of the MEF, stram of polio virus adapted both
to adult and suckling mice, it is of particular interest that
soluble antigen recognizable by complement fixation js either
absent in the adult or present in a different form to that in
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In contrast, blue tongue soluble antigen from brains ex-
tracted with acetone and ether by the Casals method is of
umform particle size 3 8 my. as determined by centrifugation

o ae

(Fig. 5). Though the total yields of soluble antigen in suspen-
sions prepared by saline extraction and acctone-ether extrac-
tion are similar, that in the latter type of suspension is uni-
formly of the smallest dimension. It may be that unier
appropriate conditions such as are attained by acetone-cther
extraction, disnggregation of complex particles inta basic
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small umts occurs, whereas aggregates of various sizes are
present in crude saline extracts.

Diffusion of soluble gens have
the results of centrifugation expertments in that the majority

T

Fio 6 Graphs showing diffusion rates of soluble antigens in suekling
mouse brain suspensions

L S B Vo)

of soluble antigens appear to oceur as particles which approxi-
mate 8 to 12 my. i diameter (Fig. 6).

In the case of the MEF, strain of polto virus adapted both
to adult and suckling mice, it 15 of particular interest that
soluble antigen recognizable by complement fixation is either
absent in the adult or present 1n & different form to that in
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suckling ;mice. Thus adult mice immunized by repeated intra-
peritoneal injection of polio virus-infected suckling mouse
brains produce antibodies that fix complement with antigens
freed of virus {soluble antigen) or with virus itself, but mice
immunized agamst “adult” mouse virus produce antibody
which fix complement only with the virus fraction and not the

shown as reciprocals.
4 = complete fixation, 0 = no fixation,
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soluble antigen. Antibody to soluble antigen has also not been

is ;1- eom;‘)lete antigen, and whether it has any significance in
immunization against virus infection have so far given equiso-
cal results, Practical difficulties arise in the scparation of
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soluble from virus antigen Thus, in the case of rabies-infected
newborn mouse brain suspensions, which because of their high
content of soluble antigen were chosen for the work, it was
found impossible to free the suspensions of virus without
at the same time losing the bulk of soluble antigen.

Whalst realizing the hmitation of expeniments carrted out
with imperfectly separated *soluble” and virus antigen
fractions, a study has been made of antisera prepared against
fractions separated by centrifugation and n which residual
virus was killed by heat or phenol

A suspension of rabies-infected newborn mouse brains with
an mfective titre of 10°# and which fixed complement to a
dilution of 1/2560 was separated by differential centnfugation,
and repeated washing of the virus-contaming deposit mnto two
fractions: (a) soluble antigen with infective and complement
fixing titres of 101 and 1/1600 respectively, and

{b) a virus fraction in which the corresponding titres were
107 and less than 1/240 The preparation of ths fraction took
several days, and during this time control virus suspensions
not subjected to centr showed a hundred-fold drop 1n
titre, Taking into account dead virus, the suspension must
have contained virus equivalent to a titre of at Jeast 105

Groups of mice were immunized agamst each antigen ustng
multiple doses of the antigens which after heating at 56° C for
80 nunutes or treatment with 0 5 per cent phenol were incor-
porated i anadjuvant contaminglanolin, paraffin and M. phler.

The results recorded 1n Table IV show that the antigens
stimulated the development of complement-fixing as well as
neutralizing antibodies The amount of antibody eheited by
the “soluble antigen” fraction is as much as that eheited by
the virus fraction or a mixture m equal parts of the two. In
the case of the heated autigens, however, the amount of

neutralizing antibody produced 1s small.

From the results 1t cannot be concluded whether the
soluble antigen is a complete antigen 1n 1tself, or a hapten
which s an effective antigen only 1n the presence of the small
amount of residual virus present. It appears significant that




236 Krees, Naupt, PorsoN, SELZER AND VAN DEN Enpe

heating affects the capacity of the antigen to stimulate the
formation of neutralizing antibody, without significantly
affecting its power to elieit the formation of antibody deteet-
able by complement fixation.

The relative non-speafiaity of the soluble antigens is well
exemplfied by the results obtained with a varety of blue

TasLe IV, The results show the antibody ebieited 1n adult mice by fractions
of rabies-infected suckling mouse brana
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tongue viruses and with a group of horse sickness viruses.
The results recorded in Table V show that stnking differences
between the blue tongue virus strains can be demonstrated by
neutralization tests with mouse immune sera. The same sera
were used in quantitative complement fixation tests (Fulton
and Dumbell, 1949) using as antigens crude saline extracts of
of virus-infected suckling mouse brains, or soluble antigens
prepured from such brains extracted wiU{ acctone npd e}hcr.
The results, of which typical examples are illustrated in Fig, 7,
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TabLe V. Results of neutralization tests carried out with mouse
immune scra against blue tongue virus strains adapted to baby
mice The tests were carried out m 23 diy old mice using the
intracerebral route and 10 or 100 MLD of virus

10 4+ = increasing degree of nentralization.

0 = no neutralization
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show that the soluble antigens of the different strains pre-
L Yo1 ek teLalla aeean
extracts did suggest quantitative differences. Such crude
antigens have 1 our experience, however, been difficult to
standardize for use in quantitative tests. The differences are
more likely ta be dependent on unavoidable errors in standard-
ization than on an increasing serological specificity of the
particles intermediate 1n size between the smallest soluble
antigens and the virus particles themselves,

Several of the soluble antigens which we have studied have
been subjected to the action of certain physical and chemical
agents, as well as a variety of enzymes in attempts to elucidate
their nature. Thus the soluble antigen of rabies withstands a
wide range of pH changes. At pH 4-3 the soluble antigen is
completely precipitated from solution, but not all the antigen
is recovered on resol of the precipitate, The compl t
fixing power 15 unchanged by heating at 56°C for 30 minutes
or by treatment with formaldehyde or phenol. Purified pre-
parations of trypsin, RNase and DNase do not destroy com-
plement fixing power of the soluble antigen completely but do
reduce 1t to approximately 2/3 or 172 of the original.

Electrophoretic analyses have so far not shown significant
differences between 1si from rabies-infected suckling
mouse brains and those from normal mice of the same age.
Soluble antigen appears to be associated with the slowest
moving p when el 1 is is carried out in
horate buffer at pH 8-G.

Discussion

Although sbsolute proof has not been obtained that the
different sizes of infective virus particles as determined by
centrifugation are not due to variable association with com.

nents from the tissue cells of the host, the experimental
evidence docs suggest that the differences arc in the virus
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particles themselves. Thus the dimensions as determined in
Tepeated i are r kabl, In some
cases, as with neurotropie Rift Valley fever virus, particles of
uniform size may oceur under certain conditions of adapta-
tion, whilst under different conditions multiple sizes appear,
even though tissue suspension used for the size determmation
by centrifugation 1s the same 1 both cases Furthermore,
wmdividual sizes can be separated by the use of agar gels of
appropriate concentration. Electron photomicrography m
the case of MEF, virus, which has been obtamed m suffier-
ently pure form, has confirmed the dilferences shown by
centrifugation.

The significance of the varations i size is at present
unknown. That they may be related to process of adaptation
is suggested by the results with Rift Valley fever virus
Stanley has reported that different-sized particles in MEF;
Virus suspensions appear to differ n the time they take to
produce paralysis in adult mice (Stanley, 1955, personal
communication) It appears not unlikely that virus particles
can exist 1n suspensions of mfected tissues n various stages of
“completeness”, and that, in fact, non-nfective forms
equal 1n dimensions to or smaller than those recogmzable by
their infectivity may be present. It seems unlikely that the
very constant virus particle size groups so far identified are
ex:nhrely forturtous, Thus amongst the ammal pathogenic
viruses the smallest infective particles are those of foot and
mouth and Jumpy sk disease virus (19 my.); pohomyeltis,
Coxsackie and other viruses, mcluding that recently 1solated
by Weiss and referred to as Wesselsbron virus, occur as 24
and 80 my, particles; horse stckness virus in dumensions of 24,
80 and 50 my. The relative volumes of the 19, 24, 30 and 50
™ patticles are approximately 1, 2, 4 and 16. It 1s not n-
con?eivable that the larger MEF, particle contamns the
equivalent of 2 *minimal infective units” such as are present
1n the smaller variety, and that the largest horse sickness virus
contans 4 or 8 smaller “minimal mfective umts”. If this can
be substantiated, 1t may be of great importance 1n relation
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show that the soluble unhgens of the different strains pre-
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extracts did suggest quantitative differences. Such crude
antigens have in our experience, however, been difficult to
standardize for use in quantitative tests. The differences are
more likely to be dependent on unavordable errors in standard-
1zation than on an mcreasmg serological specificity of the
particles intermediate in size between the smallest soluble
antigens and the virus particles themselves.

Scveral of the soluble antigens which we have studied have
been subjected to the action of certain physical and chemical
agents, as well as a variety of enzymes in attempts to elucidate
their nature. Thus the soluble antigen of rabies withstands a
wide range of pI changes. At pH 4-3 the soluble antigen is
completely prempltnlcd from solution, but not all the anngen
is recovered on of the precipitate. The )|
fixing power is unchanged by heatmg at 56°C for 80 minutes
or by treatment with formaldehyde or phenol. Purified pre-
parations of trypsin, RNase and DNase do not destroy com-
plement fixing power of the soluble antigen completely but do
reduce it to approximately 2/8 or 1/2 of the original.

Electmphoretlc nnnlyses have so far not shown slgmﬁcant

ions from rabi £
mouse brains and those from normal mice of the same age.
Solublb antigen appears to be pssociated with the slowest
moving ts when el ph is is carried out in
borate buﬂ”er atpH 8-6.

Discussion

AX!hough absolute proof has not been obtained that the
different sizes of infective virus particles as determined by
centrifugation are not due to variable association with com-
ponents from the tissue cells of the host, the cxpenmcntal
evidence does suggest that the differences are in the virus
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particles themselves. Thus the dimensions as determined in
repeated experi are kabl In some
cases, as with neurotropic Rift Valley fever virus, particles of
umform size may occur under certain conditions of adapta-
tion, whilst under different conditions multiple sizes appear,
even though tissue suspension used for the size determmation
by centnfugation is the same mn both cases. Furthermore,
individual sizes can be separated by the use of agar gels of
appropriate Electron ph phy 1n
the case of MEF, virus, which has been obtained mn suffier-
ently pure form, has confirmed the differences shown by
eentnfugation.

The sigmficance of the variations i size 15 at present
unknown. That they may be related to process of adaptation
is suggested by the results with Raft Valley fever virus.
Stanley has reported that different-sized particles in MEF,
Virus suspensions appear to differ in the time they take to
produce paralysis i adult mice (Stanley, 1955, personal
communication). It appears not unlikely that virus particles
can exist 1n suspenstons of mfected tissues in vanous stages of
‘“completeness”, and that, m fact, non-infective forms
equal in dimensions to or smaller than those recogmzable by
their infectivity may be present. It seems unlikely that the
very constant virus particle size groups so far identified are
entirely fortwitous. Thus amongst the ammal pathogeme
viruses the smallest infective particles are those of foot and
mouth and Jumpy skin disease virus (19 my.); poliomyehtss,
Coxsackie and other viruses, including that recently isolated
by Weiss and referred to as Wesselsbron virus, oceur as 24
and 30 mg, particles; horse sickness virus in dimensions of 24,
30 and 50 my, The relative volumes of the 19, 24, 80 and 50
g particles are approximately 1, 2, 4 and 16. It is not m-
concewvable that the larger MEF; particle contamns the
equivalent of 2 “rummal infective units™ such as are present
1n the smaller variety, and that the largest horse sickness virus
contains 4 or 8 smaller “minimal nfective units*. If this can
be substantiated, it may be of great importance in relation
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to virus structure and virus geneties, Unfortunately, size
measurements by Polson’s method of the larger viruses, such
as that of influenza which have been extensively used m
genetic studies, are unsatisfactory. However, it may soon be

ible to study experi ally the signi of particle
size in relation to genctic structure of the polio viruses and to
degrees of their pleteness” or “§ pl ”

When trying to determine the nature and significance of
soluble antigens in virus-infected tissues it 15 essential to
keep in mind the results obtained with all those so far identi-
fied, But it is also important to realize that significant dif-
ferences may exist between individual viruses, and even the
same virus cultivated in different species. Information is still
too scanty for definite conclusions, but certain hypotheses can
be postulated. Their acceptance must awat experimental
proof.

TIn the case of influenza virus cultivated in eggs, one which
has probably been studied 1n greater detail than others, the
relative non-specifieity of the soluble antigen and its early

Pr during intracellulor virus synthesis is well estab-
lished. This non-speeificity we have confirmed in the case of
blue tongue and horse sickness soluble antigens. In rabies-

infected mouse brains, though, we have not found that soluble
. o S S Ry A i, e Qaluhla
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a;xtigen can be released from the surface of elementary bodies

by appropriate treatment. In our experiments we have not

succeeded in releasing soluble antigen from rabies virus which

has been partially punfied by ultracentrifugation or from

MEF, pobo virus purified by centnfugation and chloroform

treatment. Such purified polio virus 15 still fully infective
h 1

and is app ly as ined by electron
© iimemmaawhue 3 nan he diccnniated hy qnnronriate
" e
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allantois has been ded as a virus “'p »,

have also been brought forward for regarding 1t as 2 “matrix
substance” rather than an essential, virus constituent. There
15 no conclusive proof that the vaccima soluble antigen cannot
be regaxded as a “matrix” substance. Our own experience,
and in partmular the facts that MEF, soluble antigen 1s appar-
ently present in suckhng but not adult mouse brams and that
distuption of punified MEF, virus does not release “soluble
antigen”, incline us to the view that the soluble antigen 1s not
1n all cases an essential virus component. The soluble antigens
are nevertheless specific evidence of virus infection—even
though their spemificity 1s less marked than that of the ele-
mentary bodies themselves. The amounts i which they are
present and their relative non-speeifieity in comparison with
the virus particles with which they are assocrated, in them-
selves favour the hypothests that they are charactenstic by-
products of mtracellular virus synthesis rather than essential
constitutents of the virus particles themselves.

Although the smallest particles associated with specific
complement fixing activity are probably 8§-12 mp. 1n the case
of the majonity of viruses so far studied, results obtamned in
this laboratory with crude salime extracts of blue tongue-
nfected brain )l show that fixation 1s
often associated also with larger particles mtermediate
between 8-12 my. and that of infective virus. The sxgmﬁcance
of this 15 doubtful, The p of these
particles m acetone and ether extracted emulsions suggests
that they are due to mechanical assocration with tissue
particles of various sizes and speeific gravity or to the aggrega-
tion of varying number of the smallest particles The possi-
bility cannot, however, be completely ruled out that they are
stages of mtermediate complexity 1n the synthesis of virus,

‘Whether the soluble antigen of influenza 15 antigemc has
been placed i doubt by Henle (1953). On the other hand
Ada and co-workers have shown that ’flu-infected chick
embryo lung extracts freed of virus can stimulate antibody
formation in rabbits. They have also made studies of the
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RNA and DNA content of soluble antigen from *flu-infected
chick embryo lung extracts and conclude that DNA is prob-
ably not an essential constituent. The LS antigen of vaccinia
is capable of stimulating the formation of precipitins and
agglutinins in rabbits. In our experience the soluble antigen
of rabies acts either as antigen, or specific hapten. It is of
particular interest that phenol treatment preserves its ability
to stimulate the formation both of neutralizing and comple-
ment fixing antibody. Heating on the other hand, whilst
sigmficantly interfering with the ability to evoke neutralizing
antibody, leaves the power to stimulate formation of comple-
ment fixing antibody unaffected. Whether this difference
‘between the effect of phenol and heat indicates the presence of
two scparate 7 ts or two functional groups of the
same substance has not been determined. This evidence at
first sight appears to be i conflict with the hypothes:s that the
soluble antigen 1s not an essential constituent of the virus
particle. The relatively erude materal used for immunization
may, however, have contained antigens other than “soluble
antigen” which were responsible for the production of neutral-
izing antibody and these may well be the heat-Iabile consti-
tuents present.
1t is of interest to compare our findings with those obtained
from the very much more comprehensive studies which have
been made with bacterial viruses. In the case of phage-
infected bacteria a vanety of serol lly specific p t
has been obtamned from prematurely lysed cells, Thus the
incomplete “doughnut™ stage of phage can combine with
complement fixing but not neutralizing antibody. An antigen
of small particle size appears during the latter part of the
latent period. It increases in amount prior to and in parallel
with the increase 1n active phage. This antigen 1s probably
responsible for the preduction of phage neutralizing antibody.
Although equally strong evidence for the oceurrence of
developmental stages of viruses in animal cells has not yet
been obtained, there is evidence of the ocewrrence of a variety
of antigens which differ in their reaction with complement
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fixing and neutrahzing antibodies in immune sera. The
development of new techniques, such as the plaque counting
method of Dulbecco (1952), will make 1t possible to apply to
animal viruses quantitative procedures such as have been
effectively used in the study of phages. It s hoped that this
will assist in the elucidation of some of the problems which the
work reported 1n this paper has revealed.
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RNA and DNA content of soluble antigen from 'flu-infected
chick embryo lung extracts and conclude that DNA is prob-
ably not an essential constituent. The LS antigen of vaceinia
1s capable of stimulating the formation of precipitins and
agglutinins in rabbits, In our experience the soluble autigen
of rabies acts etther as antigen, or specific hapten. It is of
particular mterest that phenol treatment preserves its ability
to stimulate the formation both of neutralizing and comple-
ment fixing antibody. Heating on the other hand, whilst
significantly interfering with the ability to evoke neutralizing
antibody, leaves the power to stimulate formation of comple-
ment fixing antibody unaffected. Whether this difference
between the effect of phenol and heat indicates the presence of
two separate components or two functional groups of the
same substance has not been deterrmned. This evidence at
first sight appears to be in conflict with the hypothesis that the
soluble antigen is not an cssential constituent of the virus
particle. The relatively crude materal used for immunization
may, however, have contained antigens other than “soluble
antigen * which were responsible for the production of neutral-
izing antibody and these may well be the heat-labile consti-
tuents present.

It is of mnterest to our findings with those ob
from the very much more comprehensive studies which have
been made with bactenal viruses. In the case of phage-
snfected bacteria a variety of serol 1ly specific 1
has been obtained from prematurely Iysed cells. Thus the
incomplete *doughnut” stage of phage can combine with
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with the increase 1n active phage. This antigen is probably
responsible for the production of phage neutralizing antibody.
Although equally strong cvidence for the occurrence of
dcve!apmentnl stages of viruses in animal cells has not .yet
been obtained, there is cvx:dence of the occurrence of a variety
of antigens which differ in their reactton with complement
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wrth emalac yroesg tmte apmeee | wand Sa hncen g dn amame bRl

sehes, It 15 not necessary to visualize the virus particles as beng
perfectly spherical.
Andrexes: What animal does that new virus thaty oumentionedinfect?
©. d. Ende; Wesselbron is the name of the town where the virus was
ssolated. It is one that primasly infects sheep but 1t can also affect man
I behieve Srmthburn has isolated a virus, which is probably identical,
ﬁﬁ?‘m mosquitoes. 1t has been isolated by Ondestprort workers bath
W NV it i e it e et S sl S

caunot easily gmive us, for example, how gpherical these things are
iad whether they can be crystallized, a3 i the recent case of polic.
TRIC ks 4ot 2% o iah 3T et e ek e Sme e fe e 0y

'é:";\hn;’e 1o obtain & dynamic equiltbrium which gwes you that sort of
.

oue '

-
oblects with The Tefer to the
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DISCUSSION

Gard. Trof. van den Ende, have you considered the possibility that
you have aggregates 1n your material? Did you try to break up agare-
gates mechanically or by other means?

Ve g we o .

. .

. LI .
from the CNS tissue of cotton rats In the stages of punification there
did show up frequently a particle with o drameter of the order of 12 my,
but which could be separated 1 & separation cell from the particle which
turned out to have the infectivity—the nomnal 30 my. particle that
was found, vl e - . a e

e s afmnn fn A tha O m nma acsnmatod wth Han Yaceae ana
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Walliams: I realize that with respect to concentration graduent, 1t is
the opposite way.

Crick: You haven’t taken the same matenal and done the test at
different difutions? That would distinguish between whether it was two
things or dynamic equlibrium

Watson+ Tlave you tried the same experiment on plant varuses, say

LSS A Shbip i g ts s v

LAY

are 49 and 240. We could not dectde what 1s the relationship between the
W0 particles or whether both are mfective. We could make erystalline
preparations of the small particles and these were not very infective,
but whether this means that only the big particles are mfective or that,
in getting them to the state of crystals, the small particles are tnacti-
vated 1s uncertain.

The more carefully that infections with plant viruses are studted, the
more it becomes obvious that it 15 usual rather than exceptional for
+1rus multiplication to lead to a variety of related products rather than
to 8 single yniform product In with some viru
related particles can be distinguished that daffer in size, with others
they diffe in chemucal constitution, and with stll others they difer m

)

Crick “That wasthe matenal from which Mrs. Hodglan obtamed X-ray
pictures?

Bauden. She got the X-ray picturesfrom crystals of the small particles.

Crick - And that defiutely has the RNA m 1t, has1t?

Bawden- Yes.

Crick-That does appeat to be a sphere, although 1t has not been shown
tohave a cubic symmetry?

azden - Yes.

sedimentation velocity, which after all is the only thing measured,
Tepresents golely a difference of particle size? Would not this sole ex-
Planation be ruled out by the possibility that one partile contamns
2ucleic acid, the other does not? Are not sedunentation velocitres of the
w0 companents of turmp yellow mosaic virus comparably far apart?
Blarkham- Yes, 2 to 1.
T d. Endz- It 13, of course, mportant that in our experiments we are
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Marhham* In some of the early work at Duke University on the T+
bacteriophages they showed two perfect boundaties under certain con-
ditions of pli. .
o PN S SRS

out on which these twwo were based. Is that an end-pomt hitration?

v. d. Ende: The titrations were carried out on samples taken at hatf
centimetre distances, dilutions were loganthmuc and 6-10 mice used per
diution,

Dutbecco: Therefore the expected vanability would be of the order of
0 8 or so log i o § d if we d the factor 0 3 of
variability apphed to the pomnts in one of your shdes, whether we would
really be completely convinced that this is 5 step and not a continuons
hine.

v d. Ende: Yes, this has often been argued. An important fact is that
these steps are so reproducible 1n repeated expertments. You can, ol
course, subject each titration to statictical analysis but you have also
er

o-

ve

ee

SEmml s st s tn - ke - S far, WE
n s that it

studied this

. o apply, 8

Dr. Dulbecco’s technique winch will aliow the offspring of single virus
particles to be isolated and characterized

Watson: How do you tule out the possibility of convection when you

are centnfuging?

v, d Ende: Dr Polson does the centrifugation in a haemocyanm
gradient or in sucrose gradients. He has the added control m the
haemoeyanin giving a clear boundary.

TWatson* But you would need very little convection to explam your
results for you postulate only one particle in & hundred of the smaller

o T mathoy

Tam mmb ol

B S S Y
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MORPHOLOGICAL ASPECTS OF VIRUS GELL
RELATIONSHIPS IN INFLUENZA, MUMPS AND
NEWCASTLE {Myzovirus)

: F B. Baxc

Department of Pathobialogy, Johns Hoplns School of ysene, Baltimore ®
and Nohonal Institute for Medical Resesrch, Ml I, London

AND
A. Isaacs
National Institute for Meducal Research, Mull i, London

Tius paper will attempt to give morphologieal data con-
cerning the infection of eclls with several viruses of the
Myzovirus group, i.e. the viruses of mfluenza, mumps and
Newcastle disease {Andrewes, Bang and Burnet, 1955). There
are three mam stages at which infection may be studied, but
only in the imtial and final stages of mfectson of the cell 1s
there any defimite morphological evidence of virus activity.

Macrophages in tissue culture have long been known to
engulf fluid droplets (Lewss, 1981) and this may be observed
1n thin sections m the electron mucroscope. Fig. 1 shows a
section of a macrophage exposed to a high multiplieity of
Infection with N D V. Within the flmd droplets are masses of
virus (Hotz and Bang, 1956). Although some of this virus
may have been first absorbed onto the d ic cell b
and subsequently engulfed, 1n these vacuoles much of the virus
remains free within the flud droplet and yet 1s within the cell
Piocytosis is a general phenomenon among anmal cells
(Gey, 1955) and it seems likely that after the mitial stages of
Virus adsorption, entrance into the cell 1s a part of this active
cellular process. The electron microscope has so far not

"‘ "Ehu summary iicludes work currently carzied out by F B Dang at Johns
the USPH S, Research the National

249
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dealing with infective virus, and I presume that 1o your material, Dr.
Markham, the top component 1s non-infective,

Mlarkham: Yes.

Williams* If you can separate infective and pon-infective particles
with a suflicient degree of precision

v. d. Ende- Of course, we do not know how much non-infective

ST L e e

Burnet. It scems to me that the erucial question is how reliable is
the techmeal method used in which ultracentrifugation 1s associated
with sampling of the various fevels. Has that method been applied to
something which could be very accurately titrated, namely bactertal
viruses, both in the form of pure virus and in mixtures of viruses of
known sice?

0. d, Ende: No, we have not done that.

Burnet: Tt scems to me that that would be desirable 1n this type of
work,

B P S 1Y
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thrown any light on the immediately following stages, and
we will therefore pass on to the later events in the cell.

The problem of the release of viruses of the Myrovirus genus
from cells 1s mtimately bound up with the nature of virus
filaments, and 1t seems worth while to begin by considering
the nature and properties of filaments.

Mosley and Wyckoff' (1946) pomnted out that the character-
istic influenza filaments n the allantoic fluid often had spheres
at their tips. In the first paper (Chu, Dawson and Elford, 1949)
describing the frequent presence of filaments i recently
adapted strains of influenza A virus, there is also a clear
illustration of scattered dense spherical bodies along a less
dense filament. The tissue culture work by Murphy, Karzon
and Bang (1950) showed the same relationship—variable

e ation along the fil Wyckoff (1953) reported it
in sectioned matertal A recent examination of filamentous
strains obtaned directly from the allantoie fluid show agam
the same phenomenon—not common but unmistakably
present (Figs. 2 and 8). Thus filaments may have spheres
along their length. Since the filament originates from the cell
the problem then is: How much of the filament is virus and
how much 1s host cell?

To begin to answer this we must refer to some of the criteria
for 1dentification of the spherical forms as virus particles
{Bang, 1955b).

Since these spheres

(1) are distinctive 1n appearance,

(2) are associated with infection,

(8) accompany the infecttous umt when this is separated or
concentrated by physical means,

1) pany the h lutinating activity of the virus,

(5) are agglutiated by convalescent sera, .

(6) produce infection when very few indiwvidual particles are
moculated,

we identify them as virus particles.




T 5 Fhun section of macrophge vy Hvse oslture gl + e
unng the process of oy tosts
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¥io 4 Influenza A (Persia) flaments plus 11200 dibution normal fexret serum

Fic 5 Influenza A (Persia) Waments plus 1/100 ditution of conyalescent

feret serum  Clumps Iike tius one occurred in scattered areas of the sereen

Filaments are apparently lined up next to ench other snd sphetes are adherent
1o the filaments



Fio 6 Thin_section of allantore cell Iimng allantoic sac—infected with
Jaftgenza A {Persia—recently wolated) #8 hours This clump of Glaments wav
tudicd 1 senal section and the continuity of the filaments with the ccll
S eface demonstrated Othier areas of the cell sueface were free of filments

X 28,300,

Sorung pogs 251
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With the fil the evid. is not so pl

(1) They are distinctive in appearance.

(2) They are associated with infection, 1.e no such regular
uniform long filaments have been found 1n other infec-
tions, or in the absence of infection,

(8) They have not in themselves clearly been shown to be
infectious.

{4) (a) They may be absorbed on red cells.

(b) The long filament is broken down into pieces during
absorption which ind the T of h
glutinating actvity all along the filament. (Exper1-
ments illustrating this m Figs. 2 and 8)

(¢} A further extension of this 15 the finding of Donald
and Fsaacs (1954) that ultrasomic treatment of the
filament i d the h ] actinty
without a corresponding increase n mfectivity.

(d) Enzyme activity and toxicity are also greater 1n the
filament than 1n the sphere (Edney, 1935).

(5} They may be agglutinated by convalescent sera (Chu,
Dawson and Elford, 1949) (An experrment confirming
this 15 shown 1n Figs. 4 and 5 )

(8) Since no pure preparations of filaments have been made
1t has been difficult to show their infectiousness, and
thus we cannot determme how many filaments are
necessary to infect

hThe origm of the filament was suggested by the finding of
short microwilli on the surface of the normal cells which are
E“blm to infection (Murphy and Banmg, 1952; Bang and
€Y, 1952), Several authors have suggested that the fila-
;‘;:“'fs are extrusions from abnormal cells (Robow, 1950;
soke; 1950, 1951). However, only with electron miero-
b2 an one define the very long faily regular nature of
the :uaracl.enshc filament of influenza. Thin sections of
antoic cells mfected with the filamentous nfluenza

VITus strains have not previously been prepared. Fig. 6
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shows a section of a portion of a flat allantoic cell, show-
ing the protrusion of many filaments. The cell membrane
appears continuous with the membrane of the filaments.
These filamentous spaghetti-like extrusions did not occur over
the entire surface of the allantoic cells, but were spotty in
distribution.  Previous work on sections (Murphy and Bang,
1952, Wyekoff, 1953) was limited to infection with adapted or
partially adapted stramns, and such long filaments were not
seen. Sections of the membrane mnfected with & well-adapted
(Melbourne) strain showed no filaments (Fig. 7), but their
occasional oceurrence (Fig. 8) in the allantoic fluid of the
same embryo indicates that either an exceptional cell or an
occastonal place on an nfected cell yields such protrusions.
Tissue cultures have also shown a profusion of filaments even
when infected with the PR8 stran of influenza A (Murphy,
Karzon and Bang, 1950) which normally does not produce
filaments when grown in the chick embryo.

The farrly complete evidence that some virus activity
oceurs along the length, and thus presumably the surface of
the filament, with the lack of evidence of multiple units of
infectiousness, suggested that this form might correspond to
the *‘incomplete” (von Magnus, 1951) or “non-infectious”
form of the virus. However, 1t has been shown that the
icomplete virus 1s spherical (Werner and Schiesinger, 1954),
although like that of fowl plague (Schafer and Schramm, 1950)
it collapses more readily on drymg than does the “complete”
virus. A comparison of complete and incomplete forms of the
adapted Melbourne confirmed the above findings.* A compar:-
son of a filamentous (Persia) strain showed similar numbers of
filaments and spheres in the complete and incomplete form
(Fig. 9). It appears, therefore, that the process of filament
formation is independent of mcomplete virus production. The
filamentous form is ifestly deq in that t

+ 'The “‘smcomplete™ virus preparations used fn this work were prepared by
three successive passages of undiluted sllantofe fluld at 24-hour

-y bad 1nfectivity ratios (ie. ratio of infectivity fhaemagglutinin
xamately 0 001 relatise to the corresponding “complete** virus

making

intervals; the;

tstre) of appro:
tions.
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16 8 Clump of filaments found 1n allantoie ffawd from shove embry o infected
wath Melbourne (well-ndapted) Influenza A Mout puirticles found elsewhere
are splieres but an occasional hlament 1% ko found,

Fic 9 Filaments obtamed from *incomplete™ preparation of influenza A
(Perain) recently 1solated.



Fi.. 10 Thin section of allantmie sac eells exposed to bizh concentrations of
well-adapted (Melboumne) sirus, necessary 1o produee  incomplete prepara-
tion Allantore flud from this embrvo showed collapsed spheres

Fio 11 Thin section of allantoic sac eelle expoied to high concentration of
(Persa) vire. from thsenbryop tiz 0,




Fig. 8. Clurp of filaments found n allantore fnid from aloye embry o infected
Metbeurne (sl adapted) Tnthuenza A Viost purtcies found elscwhere
spheres but an oceasional flament 1 aho faund,

Fic 9 hhments obtained from ncomplete” preparation of influenza A
(Persia) recently walated,
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tion has not contimied nlong its entire length. This may be
due to o basic absence of infections matenal along its length
or merely to n lack of some factor which promotes division or
segmentation. Presumably the adapted stramn 15 one which
has *“learned” to use the host’s matenal in one or the other
of these ways.

The same embryos which furnished the “incomplete”
virus studied in the allantoie fluid, were also studied by see-
tioning techniques. The large lum necessary to produce
the *incomplete™ virus mn the case of the ndapted Melbourne
strain has destroyed moast of the cell's architecture (Fig 10).
The recently adapted strain Persia did not destroy the cels,

ut prod faurly i along the all:
surface, These filaments were shorter 1n the sections (Fig 11)
but the degree of specimen selection 1 this study made 1t
impossilile to deeide from the sections alone whether the
length of the filament differs from complete to ncomplete

Virus release from the ecll has previously been studied m
$hron ot o e 0 v . ease virus

- Wyekoff,
. h The data
on the effect of Newcastle disease virus have been summanzed
(Bang, 1955a). A stram (Enders) of mumps virus, long
adapted to life in the allantoic sac of the embry 0 was similarly
studied Sections of the membrane 3, § and 5 days after infee-
tion were prepared. Only 1n the & day wnfection were there
clear changes. Short ballooning microvilli appeared at the
surface of intact epithelial cells (Fig 13) No distinctive
morphologieal unit was seen within these extrusions  We will
refer later to sections of the pellet prepared by centnfumng
the allantotc flnd to concentrate the wirus (Fig 12)

The studies on fonl plague (Hotz and Schifer, 1955) have

been hm!lted to the itial changes following large doses of
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d that these d are Iy based on &
combination of data, and it 15 not established that any one cell
within the allantoic sac would show all these changes. Indced
itis likely that the occasional filaments oceurring inanadapted
strain are the product of particular cells, and a continued
search of the membrane would be necessary to find them.
The appatently haphazard method of extruding virus particles
.from cells appears to furnish an explanation for the variability
in the dumeter of the particles of the Mfyrovirus genus m
contrast with the more uniform diameter found in particles of
the smaller viruses.

Eathier we referred to our falure to demonstrate virus
within the cell. A section of concentrated mumps virus,
Prepared from the same embryo which was studied i sections
|s‘shAown in Fig 12. Although virus particles are present
within this pellet, comparison with recent electron miero-
graphs of a microsome fraction obtamed from hver, or
indeed with the picces of endaplasmue retieulum seen in normal
cellg, shows a strihingly simlar appearance and cautions us
8gainst a too hasty P ton (Kuff, Hoget and
Dalton, 1936).

Higher resolution pictures of the filaments of influenza
show that some of the vamation in thickness i sectioned
matenal can be explained by the fact that one section m-
cludes but part of a wavy filament (Fig. 15), and yet emphasize
the continuity of the ccll membrane with the filament mem-
brane. Thisisin with the 11 hs of
Morgan and Rose (unp d). If the fil of mnfl
are first fixed with osmium and then staned with phospho-
tungstic acid, not only 15 the membrane of the filament
apparent, but varation 1n density of the internal matenal is
dcf‘ﬂy visible (Valentine, personal communication) (Fig. 16).
This emphasizes the need for some analytical morphological
study of the filament.

In conclus'inn, we believe that it is well established that the
filament of influenza oniginates as an cxtrusion of a patho-

Togical eell, nd that certam virus matenal 15 contamed within
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phasized that these d are 1y based on o
combination of data, and it is not established that any one cell
i R e gr B .

Phom #h

seareh of the membrane would be necessary to find them.
The apparently haphazard method of extruding virus particles
om eells appears to furnish an explanation for the vanability
in the diameter of the particles of the Myrotirus genus in
contrast with the more uniform diameter found 1n particles of
the smaller viruses.

Eather we referred to our fallure to demonstrate virus
within the cell. A section of concentrated mumps VIrus,
Prepared from the same embryo which was studicd 1n scetions
B shown in Fig. 12, Although virus particles are present
within this pellet, companson with recent eleetron maiero-
Eraphs of a4 microsome fraction obtamed from lver, or
1ndeed with the peces of endoplasmie reticulum seen in normal
“uf' shows a strikingly similar appearance and cautions us
2gainst a tog hasty interpretation (Kuff, Hogeboom and
Dalton, 1930),

igher resolution pictures of the filaments of nfluenza
show that some of the variation in thickness in sectioned
Matenal can be explained by the fact that one section -
cludesbut part of o wavy filament (Fig. 15), and yet emphasize
{he contimnty of the cell membrane with the filament mem-

‘mnc. Thisisin with the excell hs of
Morgan and Rose (unpublst ). If the fil of
are first fiye n

d with osmium and then stamned with phospho-
bungstie aad, not only 15 the membrane of the filament
apparent, but variation 1n density of the internal matemal 1s
learly vigite (Valentine, personal communieation) (Fig 16)
3. phasizes the need for some analytical morphologieal
Y of the filament,
Shameonciusion, we bl that s 5 wel established that the
8 ent of nfluenza ongiates as an extrusion of a patho-
ogrealeell, ung phat certain virus material 1s contained mathin



256 F. B. Bang anp A. Isaacs

1t. It has not been estabhished whether there are regular
units of wfectiousness along 1ts course but the evidence is
strong that haemagglutinating, and probably enzymatic,
activity oceur along its length. Since the membrane of the
filament 15 continuous with the cell membrane, and since
other members of the group seem to originate as a budding
or pmching off of the cell membrane, opportunity for the
incorporation of host protem s great (Knight, 1946; Smith,
Belyavin and Shefficld, 1955).

Because of the great stmilanty of sectioned virus particles
with microsome fractions of cells and with endoplasmic
reticulum, we have been unable to identify virus members of
thas group withm cells. Fually, the filament does not appear
to be a homogeneous structure. Although most of the datam
this paper have heen lunited to cells of the alfantoc sae
sembrane, the fect that a profusion of mierovilh cccur on the
surface of normal resp y ethated and fiated  cells,
suggests that the filament cell-surfoce problem 15 2 general
one,
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DISCUSSION

Bumet. 1 think the host cell surface takes an essential part m the
fabrication of mfluenza virus, and 15 naturslly a point at which contami-
nation, in one sense o another, of host matenal must oceur

A L A s

28) that fully infective virus only seems to come into existence as it
passes through the cell surface. Also mdreative of the importance of the
cell urface 15 the presence i the influenza virus of two important
components lipids, meluding all types charactersstically found in the
host cell, and on which and Ada have
recently carried out an investiration. They showed that the poly-
sacchanides of the vrus are yery like those of the cell.

virus protem molecules carrying both enzymic and serological character.
Withm this surface membrane we have = collection of RNA which was,
as 1t were, trapped by the formation of the sheath of the virus particle.
This pieture can be readily modified to cover the two other types. The
o 10
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it. It has not been established whether there ave regular
units of infectiousness along its course but the evidence is
strong that haemagpglutinating, and probably enzymatie,
activaty oceur along its length. Smce the membrane of the
filament is contmuous with the cell membrane, and since
other members of the group seem to origmate as a budding
or pinching off of the cell membrane, opportunity for the
wncorporation of host protemn 1s great {Knight, 1946; Smmth,
Belyavm and Sheffield, 1955).

Because of the great suulanty of sectioned virus particles
with mucrosome fractions of cells and with endoplasmie
retieutum, we bave been unable to identify virus members of
thes group within cells, Finally, the filament does not appear
to be a homogencous structure, Although most of the data in
this paper have been hmited to cells of the allantoic sae
membrane, the fact that a profusion of mscrovsil oceur on the
surface of normal y cthated and ihinted cells,
suggests that the filament cell-surface problem 1s a general
ORE.
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Bumet. It 13 quite iteresting and ey to examine filaments under
a dark ground. a mplhl\d whish allaxe the mea nf mab o

iy e o towdeells
Bong* I was hoping you would mention this work because I think we
badly need some new and better method for analysing what 18 Within

this filament.

ome Dictares Tt nranared hu We Yolamsan = 6L_ v 08

wual tie numbper 1s greatly dumnished
Smath+ T think that Burnet's very wteresting suggestion may of
up Just a possible line of investigation. You can get some of these

“ttugauor.
Yon rannat € cam.
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filament certawly has a significant amount of functional virus protemn
onts surface and may represent a sort of space-enclosing change in the
cell surface, wiich leads to the formation of an indefinitely evtended
filament. From Schafer's puwtares of thie incomplete form one might
guess that ths form 15 ue 1o & partul fatlure of the rauforcement with
virus protemn giving rise 10 another type of space-encloaing shape.

Ilirst; The only place 1 which Rose snd Morgan ean find the virus
paritcles 15 on the outer surface of the cells and they appear there m
very raice array and covered by a thick coat, but they also find them just
beneath the cell surface, although not so well coated. I think it 13
clear that they sre not formed by @ virus fragment pushmng through the
memhirane and then o bud of the cell membrane bemg pinched off.
Inside the Alaments Rose and Morgan also find some structire which they
dan't find nside the long filamenta There 13 doubtless a pool of coating
materal yust beneath the cell surface The production of leng filaments
may be analogous to the formation of suk fibres, A coated particle
passing through the cell membrane pulls out a Jong thread of coating
material efter which it faus for sorne reason to get pinched ofl.

Williams Dr. Burnet has wnphed that in the electron mirroscopy
of a virus, if one sees & differential opacsty such as to make the intenor
of the virus, say, look photograplucally darher, this appearance 13 at
mdicetion of the presence of nuclex acid, Now, & do not seally felisve
that, sith respect to electron opacrty, one can distinguish 1 8 section of

ardinary thickness between a materal with the average density of nuclerc
acid and the average density of protem As an example of thes, if ane
electron of unsh wmfluenza virus, there 19
1o evidence of any miernal sort of structure. Any RNA that mught be
T the core mmply does not show up.

The only evidence that I hnow of that might be zeuclasve in tha
connection ¢ that m the case of bacteriophage if one stams these with
ordinary osmic acd stamung methods in an sttempt to disclose the
central part of the virus, one discloses not the centre but the periphery
because of the osmaphila of the protesn cost, It takes a speaifie staining
for the nucleic acid to bring out the centre,

Dr. Bang, is there any reason to beheve that if the filamenty were
examined m 8 stale such that they had not been allowed to flatten,
would they have the same diametet us the vicus? Whenever I look at
these pactares 1 get the impression that the filaments are flattened mote
than thee virus and hence might have had snanitial diameter considerably
Jess thin the virus.

Bang. Just before 1 come, I compared the petures of sections with
thase of the dried filaments that you saw here today. They were taken
with tuo Qiferent mucroscopes o st is o little hard to be sure that o
comparison i vafid. The filament in the section 15 s hittle thinner than
that of the fiattened one ip the dried preparation. However, I think that
that ia partly due to the fact that ¥ obviwously got one section through
one part of the vicus and that the diameter vavies. I da not have the
impression that there was any major differepsee in mize althon  Ysunply
don't have quantitatice data to answer you,
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Burnet: 1t is quite mnterestiny and easy to examune filaments under
a dark ground, a method which allows the use of wet reagents in a
rather smple fashion. Some expeniments I have done recentfy mndicate
that, with only one exception, anything which will haemolyse a chichen
red cell will break down filaments, suzgesting very stronaly that the
compounds in the surface of the filiment are of the same general
character as those of the surface of a cell.

The range 15 quite wide—it included hypotonic solutions, detergents,
'ma'kz'\'rnom and lysocithm. Saponin was the one exception, a particu-

Bang* I was hoping you would mention this work because I think we
badly need some new and better method for analysing what 15 within
this filament.

that tha newhne oo it 3 - oo Taa

centrifugation.
ang” You cannot for some peculiar Teasnn get pure preparations ;
toveral people have tried, fiest Murphy, and then Tsaacs and Donald.
I Tanome b an oot o pilbtind S A B i+

©of un expeniment ?
voxea 1o






Tio 1 (Wilhams) Llectron photomicrograph of a shadowed
preparation of PRR mfluenza virus

facing page 260
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Hangr No. We haven't had clean prepasations, Whith is why we
cannot say anything definite about the infectionsness

Burnet« Whether the appearance of these things in the dark ground
18 an optieal diuston or not, certminly seme of the Hlaments have more
sefractile paints ajong their length which appear to we 1o equate very
well with the knobs in the electron micrographs. You ean count those
whsch have knobs, and I have seen a few with more than one knob,

Hoyle: Yau often see them with more thon one hnob I thik that
many of these observations desensbed by Dr. Bang can be made better
by the dark fleld method than by the electron microscope method,
because you can watch these protrusions emetge from the host cell, and
can [ol?ow the sequence af events. The action of detergents on the flia.
ments is very interesting. Afmost all detergents break up the filaments,
and also lyse red cells in very much the same concentratron. But deter~
gents are divided in thetr action on bactena, for instance, very sharply
mto those which are nghly bactenerdat and those which are not bacter-
sexdal at a2l The virus particles behave more ke a host cefl than like o
bactertara, 1n that there 18 no dilference in effect between amonic and
cationde detergents

Tsanes Dr. Bang mentioned that these Alaments broke up very neatly,
and it 18 Very sinfung to examine the filaments dwrectly: some of them
are e long as 50 ¢, which means that their length is 500 times ther
breadth. We have never been able to purndy them, because we always
et at least 20 per cent of spheres present, but with Prof Witson Sauth's
suggestion, you could assuse that the vast bulk of the preparation
would be filamentous and you can separate the flaments ot by filtration
and get a preparation wiich 13 practieally pure spheres, so that you can

Hthowrkth

¥
Williams. Some remarks have been mode duning the past few days
e p ity of 8 himiing aroynd mfluenza, and
Thwve a slade which 10 cerinnly amusing snd saght bear on the powt.
Frgure 1 (o rather poor quatity) was taken by Wyckoft and myself almost
10 yeass ago and, at first glance, sppears like a collection of sea-guils As
a matter of fact, 1t 15 o shadowed preparation of PR8 influenza viruy, and
mueh to our surprise we found that there is apparently 8 wmng-like pro-
Jjection on each particle. If you note the character of the shadow of the
» wing *, compared to the character of the shadow of some relatne
sharp objeck lke the one intact virus particle seen at the Jower nght,
the edge of the shadow of the wing 1¢ tather fuzzy, This wouald indicate
that the wing was ezeated during the shadowing process, and wits conse-
guently shacdowed only lightly The next theng to natice s that the long
direction of the wing is at right anples to the shadowng dircetion YWe
found this enentation unsversally to be so. The only conclusion that
we were able 4o draw from this wae that what Ioohs hike 2 wing 12 teally
in three-dimensions a fan coming out of virus particle; one would deduce
this from the general length and chamcter of the shadows, 1t appenrs as
though dunng the shadowing the virus had been wternally and difter
entislly dehy drated or heated, and the vtrue popped, I think thie iy a
Atrong indication that there s some membrasie around the vire which
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has a sufficient amount of ngidity that some degree of internal pressure
is established before the membrane finally bursts and allows material
to be spewed out. For whatever this evidence 13 worth, then, it would
indicate that there is some type of mechanically mtegrated Lmiting
membrane,

Stoker:

Vith reference to other viruses, I think Dr. Coons has some-

think the whole development of the plaques in Dulbecco’s techmaque
mdicates spread of virus from cell to cell, rather than out 1n the flud
Melniek has also deseribed the presence of secondary micro-colontes

ding through the fiuid ay secondary, distinct plagues, whereas the

. Bang It was about 5 times as thick, but it was made up of a sertes of
individual ones that were of exactly the same size ns the typical filament.
Thus 1t was Iike a rope.

Trrimosts T e iebncnrtad o o a







INTERACTION OF PHAGES WITH BACTERIAL
CELL WALLS AND THE DEVELOPMENT OF
PHAGE IN THE WALL-LESS PROTOPLAST

M. R.J Sarron
of Unnersty of

Tat sequence of events following the collision of 2 bacterio-
phage particle with a susceptible bactenal cell 15 now fairly
well understood. The mitial interaction mvolving the
adsorption of the phage on to the cell surface occurs in two
stages—a reversible step during which time the phages may
be recovered from the surface by transfernng into a medium
that does not favour adsorption, followed by an irreversible
step {Puck, Garen and Chse, 1951, Stent and Wollman, 1952).
The factors effecting the reversible attachment to the bacter-
1al surface have been found to be identical to those required
for reverstble adsorption of phage onto “chermeally defined”
surfaces, such as cation exchange resins and glass (Puck,
Garen and Chne, 1951) However, 1t would seem that the

h and subsequent injection of phage
DVA snto the host cell involves processes of a more cireum-
scribed nature. The specificity of bacteriophage action would
appear to be governed by the presence of characteristic
mosaes of molecules in the cell surface. With our mncreasing
knowledge of the nature of the bacteral surface, 1t 1s not
surprising to find that some of the superfictal structures
provide the bacteriophage with receptor systems.

The Location and Chemical Constitution of Bacterio-
phage Receptors

[ SN TSR TP LI PR
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.
them, 1 sm quite certain.
Hopyle* X thunk, actually if you natch from the beginning they always
have a knob on the end at the start, but that quite often the hnob breaks
off into a sphere, and leaves you the filament without a knoh on the end.
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interaction between the receptor sphere and T3 phage particles
has been clegantly demonstrated m the electron microscopie
study by Weidel and Kellenberger {1955).

Teolated cell walls of several other bacterial species have
been shown to react with phages speeific for the organisms.

.
1504

INFECTIVE CENTRES

.
O 10 20 30 40 SO
MIMUTES

nactivation. an wnenbatinn with cell
walls (T'rom Salton, 1056b).

Hotchin, Dawson and Elford (1952) demonstrated the ad-
sorption of staphylococcus K phage by the isolated “ecell
membranes or shells” of the host Staphylococcus aureus.
Salton and Stent (unpublished observations) found that the
phage C for Bacillus megaterium was mactivated by isolated
walls of this organism. The latter system secmed to be an
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the receptors studied by Miller and Gocbel (1819} belong to
the surface components possessing marked antigenic properties
{somatic antigens), components that do not appear to be
essential for the mamntenance of the cell’s morphological
integnity. In 1solating the receptor substances from Escheri-
chia coly B, Weidel {1950) discovered that he had isolated the
cell walls of tlus orgamsm! Thus the phage receptors were
shown to be an mtegral part of the rigd cell-wall structure.

The purified antigen 1solated from Phase Y1 Shigella sonnei
by Jesatis and Goebel (1052) was found to be a protein-
lipocarbohydrate complex Al of the T phages to which the
organmism was suscephible were inactivated by the complex,
and the antiviral properties were confined to the lipocarbo-
hydrate part. The latter contained 29-8 per cent lipid, and
the monosacrhanide components were identified as glucose,
galactose, gl and an aldoheptose. It is of interest
to note that the ability to inactivate T4 phage was lost oa
extracting the hpocarbobydrate with 70 per cent ethanol;
antiviral activity could be restored by adding the hipid extract
to the treated complex, but this restoration was not speaific
for the bactenial hipid as other saturated fatty acids behaved
similarly (Jesaitts and Gaebel, 1953),

Weidel {1951) showed that the isolated walls of E. coli B
possessing phage receptor activities, werc of lipopratein
nature. Subsequent mnvestigations with soluble preparations
of receptors for T8, T4 and T7 established that they were
complexes of Lipid-carbohydrate and protem, the ipid con-
tents being of the order of 80 per cent (Weidel, Kochand Lohss,
103$). The monosacchanide constituents have been identified
as glucose and gl ine and the 1 of a heptose

R wm-temtosst bes Peoq demonstrated (Weidel,
. 1 and Shigella spp. have
s in common (Weidel,

1955). . )

;“)e T3 phage Teceptor possesses a similar constitution to
those for the other phages, and the isolated receptor substance
has been shown to be in the form of n spherieal particle. The
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p y 50 per cent polysacchande (as determned by
reducmg valyes after acid hydrolysls) and 50 per cent poly-
peptide. One intercsting feature of the constitution of these
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walls is the limited range of ammo aad components. Di-
aminoprmehe acid, alanme and glutamic acid are the major
amino acid constituents of B. megaterium cell walls (Salton,
1956a). M. lysodethiicus walls possess alamine and glutamie
aaid In common with B. megaterrum, but contam in addition
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attractive one for further investigations owing to the suscepti-
bility of the walls of this organism to digestion by lysozyme
(Salton, 1953).

The inactivation of phage C by isolated cell walls of B.
megaterium s 1llustrated m Fig. 1. If the walls arc digested by
lysozyme before the addition of the phage suspension, no
mactivation oceurs. Such a destruction of receptar activity
was not surprising, as Pirie (1940) had demonstrated the
mability of heat-killed, lysozyme-treated cells of B. mega-
terium to adsorb phages. The addtion of lysozyme at various
times after mxing bactertoph with cell-wall suspensi
results i a “‘temporary ” release of phage as shown  Fig. 2.
‘The proportion of inactivated phages 15 unaltered after about
90 munutes due to the dissolution of the residual cell-wall
structure. The addition of lysozyme at times earlier than those
shown 1n Fig. 2 appears to stop the subscquent decline which
occurred when lysozyme was added after 10 and 30 minutes
exposure to the walls; for example, when lysozyme was added
after 3 munutes from the time of mixing phages and walls,
there was no further change in the numberof infective particles
for up to 60 minutes, The ‘““tempurary” release of phage on
the addition of Iysozyme at 10 and 30 minutes could be due to
*“desorption” on dilution of the suspension at the time of
sampling.

Professor Naylor has kindly provided me with several
phages for 2 strain of Mrcrococcus lysadeilticus and the inter-
action of his N4 phage with 1solated ccll walls of the host

strain shows a similar course of inactivation as that observed
Sa . B e e e

NS

As “receptor substances” the cell walls of B. megaterivan
and M. lysodeihticus differ in composition from the E. eoli
cell wall and isolated receptors. Unlike the L. colt substances,
the walls of these lysozyme-sensitive organisms contain httle
or no lipid matenal. The walls of B. megaterium and M.

Jeikticus arc of lex nature, being composed of

iy
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walls are not completely degraded by the enzyme, lysozyme,
for there is an appreciable Iiberation of reducing substances
when the “soluble wall matersal” 1s incubated with lysozyme.
However, preparations have lost their antiviral activities for
their appropriate phages, Neither bactertophage mactiiation
nor lysozyme digestion is blocked when B. megalerium s
treated with 1-fluoro-2: 4-dimtrobenzene (FDNB) Unpub-
hshed experiments performed by Dr. Ingram and the wnter
have shown that treatment of the walls of this orgamsm
with FDNB give DNP-alanine as an end-group amino acid as
well as mono-DNP-diammopimelic acd,

A complex mixture of fragments of varying molecular sizes
results from the digestion of the cell walls of B megaterium
and M. lysodeikticus with lysozyme (Salton, 1956a, b) The
loss of phage receptor activity on dissolutton of the walls with
lysozyme is not difficult to understand since the spatial
relationships which such fragments must have shared m the
ntact walls 1s replaced with a disorderly array of molecules
n solution, It 1s hoped that further studies may reveal the
nature of the cell-wall mosaie reacting with the phages and the
location of such a mosarc 1n terms of the linkages attacked by
lysozyme. The disintegration of cell walls catalysed by ad-
sorbed phages has been reported by Weidel {1951), and 1t
would be of considerable nterest to determine the nature of
fragments that may be released from the walls of these
lysozyme-sensitive bactena after reaction with their specific
phages.

Bacteril 3 ion in Pr

The sensttivity of certan bactena to lysozyme has pre-
sented us with a unique opportunity of studying some of the
relationships between structure and function in the bacterral
cell. Weibull (1053) has shown that treatment of B. megater-
fum with lysozyme in the presence of sucrose {0-15 31) results
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glyeine and lysine, Glucose, glucosamine and an unknm\:n
substance giving the reactions of an amino sugar are found in
both cell walls, An acetylamino sugar complex (composed of
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digested with 5 ug. lysozyme/m! for
30 min at 37° € before the addition of
the phage suspension  Curve 2—show-
ng tnactivation of the phage by in-
cubation with cell walls

glucosamine and the unknown amino sugar reacting sub-
stance) 15 Dberated from cell walls of both organisms on
digestion with lysozyme (Salton, 1956a).
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McQuillen, 1953), but this was perhaps not surprising m view
of the complex physiological conditions governing “aptitude™
(Lwoff, 1953).
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Fio 4 Bactenophage multplcation ia B
megaterium KO cells; P—

Pprotoplasts, lysed promphm Cells were
fected prior to protoplast formation as de-
scribed by Salton and McQuullen (1955)

So far, bacteriophage mulnphcatlon has been demon-
strated in pl. of two lysozyme-: tive bacteria—
B.megaterium (Brenner and Stent, 1955; Salton and McQuillen,
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1n the dissolution of the eell wall, leaving the inner cellufar
structures 1 the form of a rclatively stable spherieal proto-
plast  Recent investigations have shown that protoplasts of
B. megaterium retain much of the structural organization of
the bactenal cell and that many of the synthetic processes,
such as protemn and nueleie acid formation, are not seriously
impaired by the absence of an outer cell-wall structure {Me-
Quulien, 19563 Wetbull, 1956). Although the bacterial proto-
plast can grow and appears to undergo a process of division
(McQuillen, 1956), 1t docs not revert to the rod-shaped
orgamsm nor does 1t give rise to colonies when studied under
the normal conditions used for cultivating the original
organism.
1t was of interest, then, to determine whether the bacterial
protoplast which was unable to revert to the normal celi could
support the production of bactcnophages, by removing the
cell wall with lysozyme after the imtial infection process had
been allowed to take place. Several independent nvestiga-
tions have confirmed the ability of protoplasts to support
phage multiphication (Brenner and Stent, 1955; Mutsaars,
1955; Salton and McQuillen, 1935). Such results are i agree-
ment with the present concepts of bacteriophage infection,
illustrating the dispensability of the wall, once the release of
phage DNA has been “ triggered ™ by the receptor mechanisms.
These investigations also show that the protoplast membrane
must be a structure of sufficient flexibility to allow the entry
of phage DB'IA without serously damaging its functions of
. o support the
' by the data
from Salton and Mewulien {1uab) presented in rig, 4, Studies
with the lysogenic B. megaterium 899 have shown that cells
;nduced with hydrogen peroxide prior to removal of the wall
with lysozyme can subsequently produce new phage. The
growth of phages in protoplasts of the lysogenic B, megau(ium
‘3 illustrated in Fig. 5. Attempts to brmg ,ab()ut a direct
induction of protop! were (Salton and
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McQuillen, 1953}, but this was perhaps not surpnising in view
of the complex physiological conditions governing “aptitude™
(Lwoff, 1953).
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pmwphstrl,-lysc prolopla-sh “Cetls were
Infected pror to protoplast formation as de-
scribed by Salton and MeQuutlen (1033)

So far, bacteriophage multiplication has been demon-
strated in lasts of two lysozy bacteria—
B.megaterium (Brenner and Stent, 1955; Salton and McQuillen,
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m the dissolution of the cell wall, leaving the inner ccllular
structures in the form of a relatively stable spherical proto-
plast. Recent wvestigations have shown that protoplasts of
B. megaterium retam muceh of the structural organization of
the bacterial cell and that many of the synthetic processes,
such as protein and nuclere actd formatton, are not seriously
smpatred by the absence of an outer cell-wall structure (Mc-
Quitlen, 1936; Weibull, 1956). Although the bactenal proto-
plast can grow and appears to undergo a process of division
{McQuillen, 1956), 1t does not revert to the rod-shaped
organism nor does 1t give rise to colomes when studied under
the normal conditions used for cultivating the original
organism

It was of interest, then, to determine whether the bactenal
protoplast which was unable to revert to the normal cell could
support the production of bactertaphages, by removing the
cell wall with lysozyme after the mtial mfection process had
been allowed to take place. Several mndependent investiga-
tions have confirmed the ability of protoplasts to support
phoge multipheation (Brenner and Stent, 1935; Mutsaars,
1933; Salton and MeQuillen, 1955), Such resuits arc in agree-
ment with the present concepts of bactertophage infection,
sllustrating the dispensability of the wall, once the release of
phage DNA has been “triggered by the reccptor mechantsms.
These investigations also show that the protoplast membrane
must be a structure of suflicient flexibihty to allow the entry
of phage DNA without scriously damaging its functions of
retention of intraprotoplast metabolites,

The ability of protoplasts of B. megaterium to support the
multipheation of virulent phages 1s Wlustrated by the data
from Salton and McQuullen (1955) presented in Fig. 4. Studies
with the Jysogenic B. megaterium 899 have shown that cclls
induced mith hydragen peraxide prior to removal of the wall
with lysozyr an bseq y prod new phage, The
growth of phages in protoplasts of the Yysogenie B. megaterium

" is diustrated in Fig. 5. Attempts to bring about a drrect

induction of protoplasts were ful (Salton and
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One of the central problems in mind, during these studies
attempting to integrate structure and function, has been the
possibility of determining whether the bacterial cell possesses
any potentiakities for synthesizing bacteriophages other than
those errcumscribed 1n their infectivity by the presence of a
specific receptor. The answer to such a problem would enable
us to decide whether multiplication of phages in a given host1s
governed solely by a receptor system that effects the entry of
phage DNA or whether bactertophage growth 1s governed
also by “intraprotoplast ” factors. The y of Iy
orgamsms to therr own phages (Lwoff, 1953) would seem to
be governed by intracellular factors or events. Bacteral
protoplasts may offer one possible expertmental system of
testing the abihty of the protoplast to synthesize an *“unre-
lated” phage; this could be tested by coating the protoplast
surface with a “*soluble receptor” specific for the “unrelated ™
phage, Inthis way it may be possible to find out if protoplasts
of B, megaternum provided with soluble receptor for M
Iysoderkticus phage could support the growth of the M.
lysodeikticus phage and to test the converse system with
soluble receptor for B megaterium phage on protoplasts of M.
lysodeikticus, Unfortunately, the soluble wall material from
these organisms has lost its receptor activity, and until some
method of retaming receptor activity 1s found we shall not be
able to answer the problem with this protoplast system.
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causes 1t to burst holds completely, beeause I would not thnk that the
protoplast membrane would be nearly as tough as the cell wall of the
bactenum,

Salton; No, 1 think 1t 13 certainly much more fragile a structure That
was shown by the so-called echpse perlml on dilution of protoplast
suspensions for phage assay, the dilution of the suctose stabilizer
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causes 1t to burst holds completely, because I would not think that the
protoplast membrane would be neatly as tough as the cell wall of the
bactenum.

Sallon. No, I think it 35 certainly much more fragile a structure  That
was shown by the so-called echipse penod, on dilution of protoplast
suspensions for phage assay, the dilution of the sucrose stabihzer

Salton: No. Induction happens all might with the mtact cells m
sucrose mediurm. All these experments were performed with the same

£14L S0LLIE LU WaLls, B JEASL, 1Ay COLLAM LIE D-isupiel Of cel (il dunno
aads There 1s certainly p-glutamic acid 1n both of these, and possibly
D-slanine b-Alanme has been found in cell walls of some of the lactic
acid bactena

‘The cell walls themselves are not sensitive to trypsin. Soit 1s concerv-
able that you mght be able to degrade some fractions with other

enzymes.
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GENERAL DISCUSSION

Burnet: In attempting to sort out the material that has been
discussed and to say something in broad strokes of present day
trends, hmitations, opportumties and objectives n this field of
physics and chemstry 1n relationship ta viruses, I shall have to look
at them vcr{x;nuch from the pomnt of view of a biologist’s impression
of what can be gamed by the physiochemieal approach with which we
haye been mostly concerned.

From this biological angle, there arc two pomts which I think are
essential, as much for people concerned with the phystes and chem-
1stry of viruses as for the biologist, First, whatever the host and the
virus that are being d they & sur g system,
whether 1t 15 a host-virus relationship i the real world of infectious
disease, or 1n the laboratory world, where we deal, or tend to deal,
with relatively artificial systems as, for mstance, a well-adapted
wmfluenza varus and the chick embryo *

Second, every mfection by a virus represents the interaction of

- S - Oeivt Sty Sl S A S

ton et o

hood ‘of successful transfer—the second through 1ts capacity to

disease of human bewmgs or of orgarusms important to human beings
I'should Lke to mentuon first £ the durestions i winch acad
otk oF tha tyne thes e 3.

e T T oL e P,

anything that we can do m the matter of punfication of viruses

may help 1 the production of vacane matenial, and anythmg that

we might do i sorting out from crude virus materal Immunizing

agents with the requisite qualities 15 equally desirable. Sccondly, it

we continue to use iving vaccines, s we are now and may do morem
277
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Salton: 1 don’t know that Brenner specifically showed that DNA was
released. I think he did try with some DNA preparation, 1solated
from the phage, and incubated that with protoplasts, but again nothing
happened,

P Cre e catar,

species but were unable to find any. So the negative exf;cnments are
devoid of significance.

Bumnet s that a generalization?

Luwoff No,t1snot I think one should be able to obtain the passage
of the DNA of the phage into a bacterium, but one has to find the nght
system.

Salton. Perhaps coating the soluble receptors on the protoplasts of
another organism would be ane way of getting it in. We still have hopes
that we may be able to do this.

Luoff: It1s a very i from a 1 pownt of
view because 1t 1s the only way to prove that a phage can be produced
from pure nucleie acid.

Gard: Could you not, by use of mucromanipulators, put a naked
protoplast 1nto any empty shell?

Salton  Wémoscher dissected bacteria with micromanipulators, but
1o one has attempted that with protoplasts.
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that we have a rather small amount of RNA in these viruses and we
have some fairly complicated structures which require to be deter-
mined by the information contamed 1n that RNA

In particular, 1t 15 clearly desirable to know what is the relation-
ship between the protemn associated with the nucleic acid 1n the
soluble antigen (the bound antigen of Schafer) and the protemn which
15 responsible for the specific viral characters of the surface of the
particle, such as the serolomeal surface character and the enzymic
adsorptive activity. We must bear n mund the posstbility that those
two protems may duffer only because they are assoctated with other
material; 1n the case of the specific saluble substance, with nbo-
nucleie acid, 1 the case of the surface, with lipord and, presumably,
polysaccharide. T rmight interpolate that it 1s still not proven that
the polysaccharide, which all the workers find 1n these viruses, is
wholly a host component I should guess that it was, but the possi-
E;hfty that 1t 1s part of the antigerue pattern of the virus must still

faced.

handhing virulence by genetic methods tm animal virdses, and there
are hunts from Best’s work in Austraha that this may not be out ot
the question with regard to plant viruses The chemucal work
Berkeley again suggests that eventually we may have a genetic
approach to the understanding of virulence Further, with the de-
velopment by Dulbecco of a much more refined and delicate analysis
Y e S A e e e

may have a means of tackhng what I believe 1s the most fundamental
question of all: In what does the varulence of a varus consist? What
15 this rel ip between repl in a cell and cy
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the future, then 1t 1s obviously one of the major tasks of virology to
produce the correct strains for stich purposes,

We have been concerned with a strictly academic approach to the
problem, and it has become rather evident in the course of this
discussion that there are two mam aspects from which we have
approched this problem. On the one hand we have broad physical
descriptions of structures, varying in size from the morphological to
the macromalecular; two particularly good examples of such discussion
were provided by Willhiams, at the electron microscopic level, and
IL)r Frankhn, at }he ™: mmu\cc}ﬂm‘ \c}*el But I would stress that

—a L ettt bl st )

bahl . bed

broadest terms, this second apy h could pr y be
as being concerned with recogntzing and classifying the amount and
type of information, 1 the modern sense, encoded in the macro-
molecules which make up both the virus particles and the host cells
whach they infect

Perhaps the two major objectives that such work will aim at wll
be, first, to explort to the utmost what help work with viruses, in any
particular field, can give to the understanding of protemn synthesis,
or perhaps more broadly to the general problem of the replication of
speafic pattern m orgame macromolecules. The speeial virtue of
virus studies 1s that they provide relatively self-contamed systerns
in which no other component appears to be present than protein and
RNA. This 1s particularly true for TMV. The second major ob-
jective 15 the analysis of the nature of vx{ulcnce, and I should just
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following infecttons mn single cells, Dulbecco’s tissue cultures would
be very much better than leaves of plants

Dulbecco. The dilficulty is to get the nght nucleic acid for the
mnjection technique.

Luoff The other difficulty is that if you have a concentrated
preparation of nucleic acid, 1t will be very viscous, and I wonder
whether it could be mjected

Gard- With relation to what Bonden has just said, T would bke

infection. It seems that some new aspects of the mechamism of m-
fection and multiplication of the virus may come out of these studies
Tamnot familiarwith but ding to the ph h
that have been published of his work, 1t seems to be a techmque
that is reproducible and not Just dependent upon happy eircum-
stances and which can be used as a more or less relable routine
method.

‘I saacs. O
Hha o

b,

very interesting

t that hus come up has been
that hs qome up e B

plants and msects all scem to be unstable and to occur in 'salt
quantities, so that it will be very difficult to get them mn a state
su{?able for any cnitteal work on their constitution. @s the strain of

also be affected. But surely many changes, mcluding those not easdy
Teyersible, could happen without the need to go as far as turing
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eflect on that cell, and the various pathological effeets which follow
at higher levels?

As a final remark, I would mention that it would be both un-
realistic and unwise not to recognize that advance 1n this field, or
any other field of science, cannot be forceast logically, but will
depend on the emergence of the various factors which from time to
time will allow a new break; parttcularly new 1deas of technigue,
apphication of h:chmques from one ﬁcld to another, the appcarance
of some or the happy result
of n fool cxpenmcm 1 feel that pcrhnps Dr Salton's suggestion of

of by some trick ot inducing
thc DNA of a virus to come |ntu the protoplast, 1s just that sort of
new tecl 11dea which, although 1t may be a lete washout,
yet has .t the potentiality of a really new field But even without
the emergence of any outstanding novelty the elaboration and
development of the sort of thing that we has e been discussing should
make 1t quite certain that there 1s a reasonably exeating time in
front of us

Andrewes Gard, in discussing what Salton said, mentioned the
prospect of micromanipulation, and Burnet has just told us that

. N

the nucleic acid directly mto cells by means Ol MUCrONHUNPULALILIL,
That should be technieally possible, but I should like to know from
Bawden, as repards plant viruses, how far one could get 1if one
could nject nuclexc acid mto a single cell; could you follow what
happened?

. Dulbeceo. 1 tth tlmt 1f we could m]ect i, we could follow w}mt
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Bang- T haven’t seen any recent pietures of APC’s but certainly
one suspects that that is what is happening
Iilhams* Is the type of nucleic acid known for herpes simplex?
Bang: 1 don’t sce how one could tell because no one has had »
sufficiently clean preparation

£ung* HOW would he tell, except by looking at the melusion,
which would have all sorts of material?
Burnet 1 thunk 1t was the semi-punfied virus

Because 1f we are going to encounter a lot of viruses wiich have got
RNA and DNA 1n them, and that will rather confuse the 1ssue

Bawden* Burnet has stressed the need for uniform lines of cells m
studying viruses, The value of this has long been obvious with plant
vruses, where we have worked with clonal lines of plants such as
potatoes. The reaction of different clones to one and the same virus
strain can differ enormously: one clonal variety may die when mn-
fected with a stramn of virus X, which produces only a muld mosaie
in a second clone and 15 carried symptomlessly by a third, although
the virus may multiply more extensively i the second and third
varieties. Virulence 15 not an trinsie character of a virus, but 1s a
measure of the way the virus and a given genotype of host react
Whether a virus 15 harmless or lethal seems sometimes to be deter-
muned by a sigle genc in the host

Twould add a third point to the two stressed by Burnet It 1s the
need also to control the conditions n which the infected orgamsm 1s
kept A virus may multiply extensively in a clonal variety m two
widely dufferent environments, and m one 1t may cause a lethal
disease and m the other be bemgn Differences between the con-
ditions m which nfected plants have been studied are perhaps
Tremome Wlo fom onva s AT EER Y
DL o

1 .
& Bucid wes suguesuung about Puck s Work
I gathered from Dulbecco that not much had come out yet mn the
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DNA, normally multiply 1n actively dividing cells, There is probably
nothing to the idea, and T don’t know shether the viruses that con-

1 .
late mature cells to divide.

Crick: One of the experiments one would like to see 1s the multi-
pheation of an RNA virus m a cell in which one has destroyed all the
DNA. It 1s possible m some cells to destroy the DNA and allow
protein synthesis to go on. Xf 1t could be shown that, without any
DNA there, you could get replication of an RNA virus, this would be
an important expenmental result.

Dulbecco- Perhaps with some enucleated cell.

Smith- 1should hike to refer again to the question of the very great

p of the h y or h of the virus
produced m the cell, because 1t seems to me that offers a very im-
portant line of work, If the virus produced within a cell 1s not homo-
geneous and 1f you can separate off different sorts, one has got to
account for that non-homogeneity. 1Vhen does 1t occur?

As 1 showed yesterday, we have been able to separate off 1n pure
form, one form, at any rate, quite distinct from another I do not
suppose {orAa‘ n:om'ent‘ that thﬂt s the onl‘y exar;nple of non-horﬂm

Pirte: Bawden and Lhad shot at that by giving plants radio-
S e FAREPaN e e R e

comcalled incomplete forms and degraded forms.

so‘f,""ﬂl,‘am’: Th’e’re is good demonstration that for one of the animal

viruses the beginnng of the growth is in the nueleus—I was think-

ing of herpes simplex. Do you know if this is true of any other
g

viruses?
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Bang: T haven't seen any recent pictures of APC's but certainly
one suspects that that is what is happening

Williams: Is the type of nueleic nerd known for herpes simplex?

Bang* 1 don't sce how onc could tell beeause ne one has had s
suflicicntly elean preparation.

Il"xll{amy- Here scems to be a virus that forms in the nucleus; 1t
—rt R A -

. ' both DNA and
. A BEREEEEEN told me this on
Hang: How would he teli, except by lousing at the inclusion,
which would have all sorts of material?
Il‘umn‘ T think it was the semi-punfied virus,
Mol Stedbiad T M WLl

B

potatocs, The reaction of different clones to one and the same virus
stram can differ enormously _one clonal variety may die when -
P R Pl S ey Y A e

mined by a single gene 1n the host.

1 would add a third pomt to the two stressed by Bumet It s the
need also to control the conditions i which the infected organssm i
kept. A virus may multiply extensively i a clonal variety in two
widely different environments, and 10 one it may cause a lethal
disease and in the other be benign, Differences between the con-
ditions in which infected plants have been studied are perhaps

* gaueled LOUL uibeeeo that not much had conte ouL yeu i tind
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way of finding varying susceptibihty of clones of cells from mixed
populations, at least 1n Puck’s case.

Dulbecco® We have no experience 1n this field, but I know that
Puck looked for cells resistant to Neweastle disease virus in sensitive
populations, and he actually has obtained clones of relatively re-
sistant cells These cells seem not to be entirely resistant, but they
certamlyare considerably more resistant than the origimal population.

Stol:er,"Is the suggestion that HeLa cells were resistant to polio

1t has not been denived from a clone but certamly from a uniform
group of cells that had been n culture for more than ten years.
The tumour cell 1s highly susceptible to the virus of encephalitts,
whereas the normal denvative 1s resistant to the virus (Bang, F. BB,
and Gey, G. O (1952). Johns Hopk. Hosp. Bull., 91,‘427).

Filhams: Puck 15 able to grow cells and so treat them that he
pets non-dividing cells over a millimetre in dizmeter This over-
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thecs ars namatisrar nahader hac Tanlad aravar §asd  hast thara seem to

to these
Yeast
rosomes
It also
contains DN \.
Luof Many scientists whom I know have looked for viruses m
Measts and were unable to find any,

* * * * *

Harington This brings us to the close of this meeting, and to my
closing remarks It would be preposterous for me to try to make any
seientific contribution to a summary of the proceedings of this
conference; in any case, Burnet has done that with authonty and
to admuration. All I ean possibly offer would be a sort of general
mpression T have received sitting here as an observer.

Tn my opemng remarks, I did make the obvious statement that
we have now reached the stage at which biochemstry and physies
have clearly come into their own 1n virus research It did not take
long for that to be illustrated, because on the very first day with
the theoretical contribution of Dr. Crick and Dr Watson, the very
beautiful papers read by Dr. Willams and Dr Frankln, and on
chemustry by Dr. Knight, we had the best possible demonstration
of the great power of both physical and chemical methods as they
are now bemg apphied I was, however, left at the end of that day
with a hitle uncomfortable feeling, which I think perhaps Bumnet
shared, that the very power of those methods when applied to the
simpler plant viruses had 1ts own danger, 1n that 1t might disguise
from people who were approaching the problem from the purely
physicochencal pomnt of View the greater complications that have
to'be dealt with in the case of amimal viruses, where you have more

mmplcxlty 1 the structures of the viruses themselves and mn the
host-virus relationship

T ik emer dhot T Sde ALis 3. - P P f

meeting and 1 was very glad to find that Burnet also seemed to be
feeling that we were reaching a stage m which some closer contact
between the two sides was bemng achieved, That seemed to me to be
reflected in the broadening of the discussions of the later papers,
where there have been to the
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both from the bioclogists and from the physicists and chemists. If,
in fact, I am nghtn ths conclusion, I think we may say that one
ipal object of the symp: has been achieved, namely that

pleasant.
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