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ABSTRACT

Interaction of Subviral Particles of Dacteriophage ¢X174

with Protoplasts of Escherichia coli. Part It Infection of Proto-
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plasts of Escherichia coli by Subviral Particles of %&@t@ﬁ?i@@&uwe

$X474. G. D. Guthrie and R. L. Ema&%eameﬁ J. Mol. Bisol.,

(1360), 2, 297-305. Infection of protoplasts of &. coli leading to

the production of mature phage can occur with subviral particles
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of phage $X474, including the purified DNA of the phage. Meth
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for obtaining the proper conditions for infection are described.
Results of experiments describing the characteristics of the in-
fection and the nature of the subviral particles causing the infec-
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mature $X 174 can be obtained from infection of protoplasts by
purified X474 DNA.

Part II: Initial Studies oun ?rdﬁ@pm%% and X -DNA as a
system for investigating virus replication. ©. D. Guthrie (unpub-
lished thesis research). Further investigations on the interaction
of pH-DMNA with protoplasts are described, General techniques
to be employed in using the system for the study of the replication
of virus are outlined,

Data from investigations on the initial ''infection'' process
of PHR-DNA are presented, From these data, factors influencing

the level of infection are discussed and a simple mathematical

relationship relating these parameters to the infection is proposged.
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b
INTRCDUCTION

Initial Investigations of Biological Activity of Free Nucleic Acids:

In a report concerned with the biological activity of deoxyribonucleic
acid it would seem appropriate to begin with a quotation from the
paper by O. T. Avery, C. M. MacLeod, and M. McCarthy (4) on
the transformation of pneumococcal types:

"'"The data obtained by chemical, enzymatic, and seroclogi-

cal analyses together with the results of preliminary stud-

ies by electrophoresis, ultracentrifugation, and ultraviclet
spectroscopy, indicate that, within the limits of the meth-
ods, the active fraction contains no demonstrable protein,
unbound lipid, or serologically reactive polysaccharide and
consists principally, if not solely, of a highly polymerized,
viscous form of desoxyribonucleic acid."

This statement laid the foundation for what has become a con-
tinued and increasingly diverse series of investigations on the bio-
logical activity of both ribonucleic and deoxyribonucleic acids (RNA
and DNA). It also outlines the limitations governing conclusions
which are drawn, on the one hand from macroscopic physical chemm-
ical analyses on a preparation, and on the other from a bioclogical
response in which apparently only a small fraction of the population
of molecules exhibits activity. It is evident that any conclusions
based on data from both of these different approaches rest hsavily
on the hoped for homogeneity of a particular preparation which will
permit the identification of a biclogically active fraction in terms of
its physical and chemical properties.

The phenomenon of transformation has been utilized'by many

investigators for the study of the ability of DINA to produce in an



R

organism, through genetic change, particular phenotypic modifi-
cations. It is a method for investigating one or a few genes of the
total genetic complement of an organism, using free nucleic acid.
Such a system alsc permits the study of the effect of nucleic acid
which has been altered physically or chemically in an isolated state.

Fraenkel-Conrat (2] and Gierer and Schramm {3, 4) demon-
strated that the ribonucleic acid from Tobacco Mosaic Virus
{(TMV-RNA) was infectious. Innoculation of sensitive le&ves with
the RNA caused the production of complete TMV in the plant cells.
This achievement proved that not only could a particular genstic
function be %?msf@rréd by nucleic acid, as in the transforming
system, but in fact all the necessary information for the produc-
tion of a complete virus could be carried to the cellular metabolic
mechanism by the viral nucleic acid alone.

Methods for purifying large amounts of both TMV and TMV -
RNA were developed, and such a system offered many advantages
for the characterization of free nucleic acid. In addition a great
deal of knowledge has been gained about the biological effects and
the mode of action of chemical and physical mutagenic agents on
the genetic material with and without the presence of its associated
protein.

In attempting to investigate the replication of nucleic acid,
in vive, however, the efficiency of TMV-RNA infection and the
relative instability of TMV-RNA, even in a purified state, present

significant technical difficulties. Partially for these reasons the
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possibility of developing another system is of interest. In addition
DNA, which appears to be the genetic material in most fustances,
might yield more general information about the replication of the
genetic code.

The Bacteria-Dacteriophage System and the Protoplast-Subviral

System: The extent of development of the bacteria-bacteriophage sys-
tem is generally known. DBeginning with the discovery of bacterio-
phage by d'Herelle, Twort, and others (5), many data on bacterio-

7 phage have been reported by a large number of investigators. With
the evolution of this background of information bacterial viruses

have become inc maaiﬁgiy valuable as tools in the study of the rep-
lication of macromolecules.

In 4953 Weibull {6) reported that the bacteria, Sacillus mega-

terium , when exposed to the enzyme, iy%zgfmm under hypertonic
conditions, formed spherically shaped bodiss which he called pro-
toplasts. ke and other investigators have shown that these proto-
plasts offered certain advantages over intact bacteria for metabolic
studies. Repaske (7) esﬁende& the technique of obtaining protoplasts
from whole cells to include some gram negative organiems. Fur-
thermore, Salton and McQuillen (8) and Brenner and Stent (9) demon-

strated that protoplasts formed from cells of 2. megaterium pre-

viously infected with bacteriophage C could carry out all the meta-
bolic steps necessary for making mature phage. Zinder and Arndt (40)
found similar results using E. coli (a gram negative organism) and

T4 phages.
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These data suggested the possibility of using a protoplast-
subviral pmﬂ%icé@ system for the study of phage production.

Y

Spizizen (11) and Fraser, Mahler, Shug, and Thomas {12} pub-
lished descriptions of such a gystem using protoplasts of Zache-
rickia coli B and subviral particles from T2. While these reports
repregented the initial success in the developmnent of a method
for studying the activity of subviral particles, the particulaw
virus used has proved to be somewhat limited. The only sub-
virval pazrticles of T2 exhibiting biological activity also have been
shown to contain a significant fraction of the viral protein still
associated with the DNA. Lack of evidence for infection by free
TZ DNA may result from the ease of breakage of the T2 DNA
during purification with concomitant loss of biological activity
or may actually be inherent in the nature of the mechanism of
infection of the T2 phage. Whatever the reason, as yet the only

.

subviral particles of TZ demonstrated to be biologically active

have only been slightly modified from their normally active vizus
o

state.

The Dacteriophage ¢pX174: V. Sertic and MN. Boulgokov {43}

‘”@

b&i@’aa‘% a series of papers on the isolation aad initial characteri-

zation of a group of minute bacteriophages. In the last of these

#* Subviral particle, as used herein, is any particle i::magmb@ca ©§
infecting bacteria but capable of infecting protoplasts and causing
the production of mature virus as a result of this infection.

¥% Since the work on this dissertation was started, other systerns’
for the assay of free nucleic acid or ""mazrkers' from nmﬂ@w aeid
extracts have been reported. DBecause these systems were not a
part of the original point of departure, they are not summarized.
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papers and in two later publications (44,15}, the bacteriophage
$HEAT4 is mentioned and described briefly as to its salt require-
ments, plague size, probable particle size, and other basic
characteristice. In 4955, R. L. Sinsheimew obtained the phage
and began a detailed characterization of the physical and chemmi~

al properties of both the phage and its r«uc%w acig (46, 47, and

18). Briefly, 9X174 is a minute, g;@%‘}m@@?aﬁ particle approui

Eince these publications, other data have been reported
concerning (X174, Several papers compare $i74 with 543,
Notable are publications by Zahler {20} comparing growth, ser-
ology, and other properties of the two phages and Tessman (24)
@@mégz«aﬁng the inactivation of the phages labeled with ?aé%i@am%%@
phosphorous. Woodley (22} first investigated the wltraviolet

action spectrum of pX174; recently Setlow and Boyce (23) pub-

lished ultraviolet inactivation @%am correlating their results with
prl during irradiation.

Because of the size of $X 4174 and the fact that each virus
particle contains only one molecule of DNA, it was felt that this

phage might be more useful in a protoplast-subviral systern than

n 4958 on the devel-

g0

TZ. As a consequence, research was begun

opment of such a system. The results and characterization of
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the system are contained herein. In addition to these results,
there are three other publications which report similar findings
with subviral particles of pX1474. Hofachneider (24) describes
a system quite similar to the one described in Part I of this dis-
gertation. R. Wahl, J. Huppert, and L. kﬁm@rig&@»ﬁmm {25}
report the finding of an infectious unit in the lysate of cells in-
fected with ¢X174 and prematurely lysed, while a preliminary
note by M. Sekiguchi, A. Taketo, and ¥. Takagi (26) deseribes
infection by a subviral particle under conditions similar to
Hofschneider's. At least two of the investigators mentioned
above are continuing to work with protoplasts and QX -DNA, |

The work described herein is divided into two parta. Fart
lis a reprint of developments up to June, 1960. Part II de-
scribes some of the resulls found since that time and ocutlines

the proposed uses of the system in future investigations.
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Infection of Protoplasts of Escherichia coli by Subviral
Particles of Bacteriophage ¢X174%

Grorce D. GurHrRIE AND ROBERT L. SINSHEIMER

Division of Biology, California Institute of Technology, Pasadena, California, U.8.4

(Recetved 11 July 1960)

Infection of protoplasts of various strains of Hscherichia coli may be obtained
with purified DNA preparations from bacteriophage ¢X174 made by two
distinetly different methods. Infection of such protoplasts can also be obtained
with nuecleoprotein particles made from ¢X174 by heat treatment. None of the
particles, infective to protoplasts, are infective to whole cells and all are infective
to protoplasts of strains of bacteria usually resistant to whole ¢X174 virus.

The protoplast-infective agents are in all cases destroyed by enzymatic treat-
ment with DNase. The infective DNA is not inactivated by treatment with
enzymatic amounts of trypsin but is by treatment with stoichicmetric amounts,
suggesting the formation of an inactive DNA-trypsin complex.

Studies of the properties of protoplast infection indicate certain general
characteristics which distinguish it from the more familiar virus infection of
whole bacterial cells.

1. Introduction

The use of protoplasts for the study of microbiological phenomena is becoming
increasingly widespread. Investigations conducted more or less simultaneously by
Spizizen (1957) and Fraser, Mahler, Shug & Thomas (1957) demonstrated that
protoplasts could be infected by subviral particles of the bacteriophage T2. Fraser
has discussed the general characteristics of such infections.

Bacteriophage ¢X174 has been characterized by Sinsheimer (1959¢) as a minute
particle containing a single molecule of DNA. This DNA molecule has been character-
ized physically and chemically (Sinsheimer, 1959b) as a small single-stranded poly-
nucleotide of some 5,500 nucleotides. For these reasons, attempts have been made to
obtain, from ¢X174, subviral particles with the ability to infect protoplasts. Such
infective particles have been obtained by three different methods. These particles are
of two types. One type is known from its behavior during sedimentation and from
its density to have associated with it a large part of the original viral protein. The
other type is the free nucleic acid of the virus. Evidence for the fact that this latter
particle is the free DNA rests to a large extent on the physical-chemical characteriza-
tion of the molecule as reported by Sinsheimer.

2. Materials and Methods

Stock solutions

All stocks including nutrient media are made up using either deionized water or double
distilled water.

Tris buffers: Sigma 121 grade (Sigma Chemical Co., St. Louis, Mo.) is used in stock
solutions of tris (2-amino-2-hydroxymethylpropane-1:3-diol) buffer.

+ This research has been supported by U.S. Public Health Service grants C-3441 and 2G86.

One of us (GDG) has been supported by a U.S. Public Health Predoctoral Fellowship (No. 10, 078)
during most of this work.
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INFECTION BY SUBVIRAL PARTICLES FROM ¢X174 299

1. Heated particlet (HT$X): purified ¢X (at a concentration of 1015/ml.) is diluted
1/100 into 0-1 m-tris buffer pH 7-5. It is then heated at 70°C for 5 min and cooled. Samples
treated in this manner show a loss of infectivity (as assayed by normal plating procedure)
of between 10° and 108/ml. From electron micrographs of this particle (Hall, Maclean &
Tessman, 1959) it appears that, on heating, the virus breaks open and that the DNA,
possibly with some protein, is extruded from the protein coat. HT$X has a density in
rubidium chloride of 1-42 g/em3 (0-02 g/cm? greater than the whole virus). Its sedimenta-
tion coefficient in 0-1 m-tris pH 8-0 is 47 s, less than that of either the whole virus (114 s)
or the protein ‘“‘coat” (70 s), a result which would be expected for a particle of the type
seen in the micrographs. Upon treatment with DNase the sedimentation coefficient of
the residual protein particle rises to 70 s. Also present in the HT$X preparation is a small
amount of material which is probably free DNA. This material may be separated from
the HT¢X particle by banding in a cesium chloride density gradient (vide infra); both
the DNA and HT¢X particle are biologically active when tested with protoplasts.

1I. Phenol-prepared DNA: the preparation of this particle (the free DNA) is described
and the molecule is characterized as the free DNA by Sinsheimer (1959b).

II1. Calcium particle (Ca¢pX-DNA): a third method for obtaining a biologically active
subviral particle is the following: purified ¢X is diluted tenfold (from a stock of 10 to
10%8 virus/ml.) into cold 4 M-CaCl, (analytical reagent grade recrystallized once from 959,
ethanol and dissolved in deionized water), allowed to stand at room temperature for
30 min and stored in the cold for another 90 min. A heavy precipitate forms which contains
almost all of the virus. This is centrifuged in the cold for 30 min (12,000 g in the Servall
8S 1 centrifuge). The supernatant} is discarded. The pellet is resuspended in 0-1 M-tris
buffer pH 7-5 to 8:0, centrifuged and the supernatant retained. This supernatant contains
from 30 to 509, of the original viral DNA. Repeated extractions of the pellet, which
presumably contains the rest of the DNA, are largely unsuccessful.

The ultraviolet absorption spectrum of this calcium-prepared DNA is the same as the
spectrum of the DNA from the phenol treatment with a minimum at 230 my and a
meximum at 257 myu. Its sedimentation coefficient is that of phenol-prepared DNA (23 s).
In the cesium chloride density gradient it bands at a density of 1-72 g/ecm3 as does phenol-
prepared DNA. On the basis of these criteria the Ca¢X-DNA is believed to be the same
molecule as that prepared by the phenol method. Data obtained using either of these
particles are reported as data resulting from the infection of protoplasts by free $X-DNA.

General Method for Infecting Protoplasts with Subviral Particles of $X174

Cells are grown and converted to protoplasts as described above. The infecting particles
which is stored in 0-1 M-KCl, 0-001 M-tris buffer, pH 7-5 (under these conditions infectivity
is retained for weeks if the sample is kept in the cold), is diluted at least tenfold into
0-01 m-tris pH 8-0 to 8-3. To a volume of infecting particles is added an equal volume of
“protoplast stock.” The mixture is incubated at 37°C for 10 to 15 min, after which it is
diluted fivefold into nutrient broth. After another 90 min incubation the sample is titered
for mature ¢X phage. If infective centers are to be assayed the sample is diluted and
plated after the 10 min adsorption period. Dilutions for infective centers are made through
nutrient broth plus 29, BSA and plating is performed as described above.

Experiments have shown that, while 29, BSA is necessary for the initial stabilization
of the protoplasts, the BSA concentration during incubation of the infected protoplasts
in liquid medium must be below 0-29, for maximum final phage yield. During incubation
of the protoplasts on agar plates, however, BSA at a concentration of from 1 to 29, is used.

3. Experiments and Results

Banding of the infective particles in the cesium chloride density gradient: each of
the three particles has been banded by cesium chloride density gradient centrifugation
(Meselson, Stahl & Vinograd, 1957). After fractionation by drop collection from the

+ This method for obtaining a subviral particle was suggested to us by Dr. Irwin Tessman.

1 This first supernatant has ultraviolet absorption with a maximum at 270 mp and apparently
contains a small amount of viral protein.
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the manner ordinarily observed with whole infected cells (due possibly to the presence
of sucrose in the nutrient medium), and that a portion of the virus produced by the
protoplasts is not released from them unless they ave shocked into water.

Since the adsorption of DNA by protoplasts occurs in the presence of nutrient,
events are measured from the time of mixing. The ‘“zero time” infective centers
simply represent those infections occurring between the time of mixing the DNA
and protoplasts and the time the first sample is plated, i.e. within about the first
minute. The mature phage curve (curve B of Figs. 3 and 4) is extrapolated back from
the time of the first appearance of mature phage.
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F1a. 2. Infectivity and particle concentration of samples from a cesium chloride density gradient

band of Ca¢X-DNA. Mean density of the band is 1-72 g/em?®. Biological activity is shown by
open bars; particle concentration, calculated from the u.v. absorption, by solid bars.

There is an obvious difference between the two growth curves at later times of
incubation. The curve from the K12 experiment resembles more closely the shape
of the growth curve of virus in whole cells, while the Z. coli C curve continues to rise.
E. coli C is a normal host for $X while K12 is not; also, protoplasts made by our
method seem to show some capability of resynthesizing cell wall. These facts, coupled
with the observation that the infected tube of C protoplasts remains clear while the
control (uninfected protoplasts) is found to contain a high concentration of whole
cells after incubation, lead to the conclusion that residual C cells or protoplasts which
have regrown a portion of their cell wall are infected by the phage initially produced
by the infected protoplasts, resulting in the continued production of phage. For this
reason it is preferable in these experiments to use protoplasts of an organism which
is resistant to mature $X174.

Dilution experiments: if successive dilutions of DNA are used to infect a constant
number of protoplasts, activity curves of the general shape of those shown in Fig. 5
result. At high concentrations of DNA there is an apparent saturation of proto-
plasts susceptible to infection. At lower concentrations of infecting particle a linear
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At the lowest concentration represented in Fig. 5 the number of infective centers
obtained is equivalent to 3%, of the DNA particles (the number of DNA particles is
calculated from the u.v. absorption). The final phage yield at this concentration
contains 5:5 times as much ¢X-DNA in mature phage particles as was initially

10’7

Plaque titer

ot 08 0° o 100 1 100 o
Concentration DNA (particles /ml)

Fia. 5. Dilution curve (nonlinearity of assay). Curve A (O ©) indicates infective centers
(plated after 10 min adsorption), curve B (@-——@) represents mature phage produced after
2 br incubation.
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Fie. 6. DNase inactivation of Ca¢X-DNA. The curve represents the normalized decline in
final phage titer as a result of DNase inactivation of the infective particle. The actual inactivation
is somewhat greater since the nonlinearity of assay tends to make lower concentrations of infective
particles more efficient. Temperature 25°C, reaction mixture contained 0-005 M-MgS0,, 01 m-tris
pH 7-5, approx. 103 Ca¢X-DNA particles/ml. and 10" DNase molecules/ml.

present in the infection mixture as free DNA, clearly indicating that new DNA is
being made (rather than input DNA simply being “coated” with viral protein).
Reactions of DNase and trypsin with subviral particles: studies have been made of the
actions of DNase and trypsin on Ca¢pX-DNA and HT¢$X particles. Fig. 6 demonstrates
that the action of DNase on Ca¢X-DNA follows the kinetics of an enzymatic
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The evident ability of these protoplasts to take up a single-stranded DNA suggests
that bacterial transformation or infection with the DNA of other viruses might be
achieved if the DNA employed were first converted to the single-stranded form
(Doty, Marmur, Eigner & Schildkraut, 1960).

It is a pleasure to acknowledge the capable technical assistance of Miss Faith Poole.
Several talks with Dr. Dean Fraser, Indiana University, about the preparation and use of
protoplasts were of considerable value in developing the techniques for this research.
Dr. Wolfgang Mundry’s contributions in numerous diseussions are gratefully acknowledged.
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PART 11

The original thesis ''that ¢X 174 DNA can exhibit biclogical
activity under the proper conditions'' has been demonstrated in
Part 1. Therefore, it would ssemn advisable at this point to in-
clude an apologia for Part 1I.

As a result of the publication of Part I, the use of the proto-
plast @ymmﬁ has bac«:zmé important as an assay method in several
other phases of $X 174 research. DBecause of the variable condi-
tions in different investigations, Eufth@f characterizations and
improvernents were needed in order to extend application of the
agsay system. A method for making more reproducible and active
protoplasts was developed and will be described. In addition, the
effect of salts and other agents was studied.

To go beyond this generalization of the assay system, a
second thesis must be put forth--namely "'that the protoplast sys-
tem itself can be uzed to study the replication of a virus''.

Technically, therefore, the system must be able to turn
back upon itself making possible the study of replicationof infec -
tious subviral units within infected protoplasts. This could then
lead to the eaﬁ:sz,ﬁy of the replication of altered DNA and possibly to
| the effect of izolated specific RIMA or protein during replication.
While this second thesis is not proved in Paxt II, the preliminary
data presented offer support to the idea.

Such a proposal is made at a time when significant advances

are being reported in in vitro systems. Not only are the early
fos § I YRro 8y ki ¥
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DNA and RNA polymerase systems being further developed and
refined, but recently combined studies on DNA, RNA, and pro-
tein in protein synthesizing systems have provided new thoughts
and theories concerning their interrelationships during replica-
tion. In the face of these advances, the reasons for continuing
with a relatively involved émi unknown system, such as proto-
plasts, might seem less obvious than before.

The ultimate hope of this general area of research is to
md@%éaﬁ@ the biological processes involved in gpecific replica-
tion. ﬁﬁé&a@y the DNA polymerase systems have been shown to
be specific from chemical tests. For example, the base ratics
and nearest neighbor frequencies of synthesized molecules
agree with those of the ""primer'’ and physical studies have
demonstrated the new molecules to be highly polymerized. VWith
protein in vitro systems antigenic tests give evidence for spe-
cific antigen-antibody reactions with material which contains
the radiocactive label of the precursor amino acids. Finally,
control of the base composition of the RNA in in vitro protein
synthesizing systems has resulted in preferential incorporation
of one or another amino acid from the precursor pool.

These data offer evidence of controlled specificity in the’
replication taking place in the in vitro systems. However, the
ultimnate specificity is production of biclogically active mole-
cules. Asg yet, no convincing evidence has been found for the
presence of such biclogical specificity in in vitro synthesized

molecules,
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The opposite approach to this problem presents contrary
advantages a@@. difficulties. The protoplast-subviral system de-
seribed here is one example of such & contrary approach. The
first step has been taken in the reduction of the baete@ﬁé&wvigal
syatem of %‘@?ii@aﬁ@ﬂ to an in vitro aystem by removal of part of
the bacterial cell wall, thereby permitting infection of the resulte
ing protoplast by subviral particles. |

While this “"first step'’ is a minor one toward the final
goal, already the protoplast system is coupled to the in vitro
system by providing a test for the biological activities of products
from in vitro synthesis. For example, the product of the Korn-
berg E}NA polymerase system, using «;g’ﬁiam*m as primer, has
been tested for biclogieal activity, (mg&mﬁsh@& results). The
maﬁi‘&s indicated that by the time the ¢X-DNA had served as
primer once, all biclogical activity was lost. No activity re-
turned even after. incorporation had reached 40 times the initial
level.

It is hoped that further steps can be taken in reducing the
protoplast Es%;‘aﬁem toward an in vitro system. Certain of the re-
sults reported in Part II may be of value in furthering mia reduce
tion., However, the primary purpose of Part II is to outline the
basic %eehnéég&eé used in studying the initial process of replication
in the intact protoplasts.

MATERIALS AND METHODS

Several new techniques and changes in stock solutions have
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tration of 2 mg/ml. in 0.25M ;@igma 424 Y"¢ris' buffer pil 8, 4.

Nutrient Broth: The "'nutrient broth'' contains 0.2 % MgS0 4

instead of 0.4% For making protoplasts, ''nutrient broth'' without

A fi:‘:%@% iz nsed. Ctherwise it is the same as deseribed in Part 1.

with aeration in 3¥D medium as in Part I. Twenty ml. of cells

at 5= ﬁ@g/mi. are centrifuged. The pellet is resuspended in

0.35 ml. of 1.5 sucrose. The following sclutions are added in
order with gentle mixing after each: 0.47 ml. of 30% BSA, 6.02 ml
of 2 mg/ral. lysozyme in 0.25 M tris pH 8.4, 0.04 ml. 4% versene,
and 40 ml. of ”mmriem broth' without MgSO 4° After the mixture
is incubated at room temperature for 40-15 minutes, 0.2 ml. of
10% higsSO 4 is added to remove the versene and stop the reaction.
This is the ""protoplast stock'' and may be kept at room tempera-.
ture for about an hour or stored on ice for several hours. DNote
that 20 ml. of cells at 5 = @@%/mi yield 40 ml. of protoplasts at

1% 107 fenl.

Protoplasts made in this way produce approximately 10 times
as many virus per DMNA molecule added as the ‘meﬁwd described in
Part I or any of the several intervening methods. Infection versus
DHA concentration is always or nearly always linear as opposed
to the drastically non-linear assay shown in FPart I. The results

of a representative infection experiment are presented in fig. 7.
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Figure 7. Results of an infectivity versus DNA concentration experi-
ment. Curve A represents the infective centers at the end of the
adsorption period, i.e., the infected protoplasts. Curve B preseunts
the final titer of mature phage. The two sets of data (e and o) are
independently diluted, duplicated runs.
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Large Scale Assay: One of the primary uses of the proto-

plast system is the assay of "drop f?&&éi@ﬂa" from the preparative
density gradient. For this reason it is often desirable to agsay
many samples with one protoplast stock. Protoplasts are made
by scaling up the described protoplast procedure. Drop samples
are diluted into 0.4 ml. of 0.05M tris buffer, pi 8.4. By means
of an automatic syringe (aupipette)*, 0.4 ml. of protoplast stock
are added per sample tube. After 40 minutes at 35° C, 3.2 ml.
of "nutrient broth" containing 0. 2% MgSO 4 and prewarmead to 35° C
are added with another aupipette. In thi& way 150-200 samples
can be infected and diluted within the 40 mainute time limit. By
adding solutions with an automatic syringe, no further mixing is
reguired.

Hot Phenol Extraction of DNA: Previously described

methods (cold phenol and 4M Ca(ﬁz) of extraction of ¢pHX-DNA
are limited in use to concentrations of virus of 0.4 mg/ml. or
greater ax’é@ yield 40-60% DNA. By use of a hot phenol extrac-
tion, first suggested by Huppert {(27), lower concentrations of
virus may be used and yields above 60% DNA are obtained.

One veémm@ of borate {sodium tetra borate saturated at 4° ¢ §
at 70° C is mixed with 5 volumes of phenol (redistilled and lique-
fied phencl) also at 70° €. The mixture is allowed to equilibrate,

and the phases are allowed to separate at room temperature.

* Aupipettes are available in various sizes from secton, Licks
ingson, and Co., Rutherford, N. J.



Une volume of the equilibrated phenol is brought to 79Y C. An
equal volume of virus sample ig separately brouoght to 769 Géco
The two volumes are combined and alternately shaken and re-
heated to 70° C for 3 minutes. The mizture io then brought o
room temperature and centrifuged at 41000 g for 5 minutes to sepe-
arate the layers., Two additional roum temperature phenol
extractions are periormed on the aguecus layer, and the three
phenol layers ave serially re-sxtracted with 4/2 volume satu-
rated borate. The two aqueous layers arve combined and the
residual phenol extracted at 6% C with an equal velume of ether,
three to five timmes. The ether is then removed by dlalyein o
bubbling nitrogen through the sample., Such extractions can be
“d

successfully carried out on as little as 40 ° my/wml. of vizus.

Centrifugation and Recovery of Infected Protoplasts: Ine

fected protoglants can be centrifuged and washed by vee of a

aucrose layer techuique and a swinging bucket centrifuge. TForp

this centrifugation the Sninco Model L. 8 ¥ 39 votors
[ LN

have been voed. The rotor used depends on the volume needed:
Qapr R

the &W 25 has three tubes of about 35 ml. sach; the 8W 39, three

tubes of about 5 ml. A diagram of a sucrose layered tube is

Depending on the particular experiment, layeving can be

% For low concentrations of virus, about 1 my of powaered LCA
is previcusly added to each ml. virus stock.
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Figure 8. Sucrose layered tubes for centrifugation of
protoplasts. Layer I is 4M sucrose and must be high enough to
at least fill the rounded portion of the tube. Layer II, a mix-
ture of nine parts 4M sucrose and one part 30% DSA, is 2-5 mm
thick. The protoplasts sediment into this layer. Layer III, a
mixture of equal volumes of 4.5M sucrose and "nutrient broth”,
serves as a wash for the protoplasts provided the sample volume
is small enough to allow for inclusion of this layer. Layer IV
iz the sample.
done from bottom to top or by under layering with a capillary
pipette. For larger sample volumes the latter is often easier;
the order of addition therefore being IV, I, II {omit III).

For removal of layers a Pasteur pipette, whose tip has
been bent at a right angle to the axis, is used to avoid undue
convection. The layers may alsc be fractionated by drop col-
lection from the bottom of the tube.

EXPERIMENTS AND RESULTS

Optimum Conditions for Adsorption and Incubation: Four




¥
essential, externally controlled parameters are influential in the
adsorption and incubation mixture in p?@@@gﬁa@% infection: the con-
centration of sucrose, MgSO 47 bovine @@é&m albumin, and tris
buffer. The optimum concentration of tris will be discussed in
the next section.

Bovine serumn elbumin, at a concentration of 0.5% in the
srotoplast stockY, gives highest yields of phage in the final incu-
bation mixture. This assumes the standard dilution sequence of
equal volumes of protoplasts and DNA for the adsorption mixture
followed by a five fold dilution into "nutrient broth' for further
incubation. No significant difference in the production of phage
exigts among the sterile 30% BSA solution, which contains 0.1%
sodivmn azide; the purified powdered "§z*a@€:iéz:a V' Bovine plasma
{obtained from Armour and Co.); and a sample of bovine albumin
obtained from J. Huppert which gives optimnumm results in his sys-
taem .

The optimum concentration of MgsSC 4 in weight/volume
percent varies slightly with different protoplast stocks but is
approximately 0.4% for adsorption and 0.2% for incubation.

In order to achieve good infection of protoplasts with ¢ -DMNA,
the concentration of sucrose must be reduced during adsorption
and raised again for the incubation period. Average values for
these optima are 0.45 to 0. 05} for adserption and 0.3 to 0.5M

for incubation.

#The sodium azide is added to the BSA solution by Armour and Co.
as a bateriostatic agent.
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Effect of the Presence of Various Substances on Infectivity:

Several substances have been tested for their effect on the infection
of protoplasts by ¢X-DNA during the adsorption period. Some of
these substances are unavoidably present in samples of $X-DNA.
For example, X -DNA recovered {rom a column fractionation is
in a sclution containing 4M NaCl, wﬁfzﬁe fractions from a density
gradient contain CsCl.

| Initially the optimum concentration of tris buffer in which
the DNA is added to the adsorption mixture was determined. Fig.
9 dermonstrates that an optimum concentration for tris exists.

All other experiments investigating the effect of salt concentra-
tion were done in the presence of 0,053 tris pll 8.4, In the
abgsence of tris the shapes of the curves for other salts are the
same but the phage production is lower. The reason for this tris
optimurn has not been investigated.

Fig. 40 shows the effect of three salts present in the DNA
samples at the time of infection. The molar values are these in
the DNA sample tube, i.e., the sample half of the adsorption
tube. As with the tris buffer, there is a marked inhibition of
infection at about 0.4l or greater. Uther experiments indicate
that the inhibition i3 most pronounced during the adsorption periocd;
however, i the adsorption is carried out in low salt and the subse-
quent incubation in high salt, a partial inhibition is still ocbeerved.
Unlike tris, these salts do not cause the infection to exhibit an

optimuom value.
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The pH optimum is rather broad; ite lirnits seem to be de-
termined primarily by the precipitation of BSA at low values and
the lysis of protoplasts at high velues. Infection is constant be-
tween pli 7 and 8.5. Since the normal buffering of the adasorption
mixture is due to the DBSA and is in the region of pH 7, any adjust-
ment of the pH must be accomplished by the addition of a significant
amount of salt. For this reason critical studies on the effect of
pH on adsorxption have not been done.

Table 4 summarizes the effects on phage titer of various
other substances present during the adsorption period. The two
E. coli extracts were selected because of the possibility of their
presence during infection. The results with irradiated ¢X-DNA
do not necessarily reflect the effect of PH -DNA inactivated in
other ways. The "705 extract” was made by repurifying the 708
sample {17} using an additional isolation from a RbCl density
gradient and then extracting by the hot phencl method. Cohken and
co-workers (28} ?@p@z‘ﬁeé that addition of the nucleic acid from
the 705 fraction increased the infectivity of the $X-DNA even though
this fraction was not active alone. The results in Table 4 do not
confirm this finding.

The optimum temperatures for adsorption and incubation
after adsorption were determined. Table 2 summarizes the re-
sults of infection and incubation at several temperatures. The
first column of titers in the table gives the concentration of infected
protoplasts at five temperatures. For the mmaimmg data sach ad-

sorption mixture was diluted and incubated at all five temperatures.
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TABLE 4
Inhibition
Substance Added Amount in % of
Lontrol
‘Ewtract of ©. coli K 42
nucleic acidl ~ 40 ug 94
4 ug i6
d.4 ug 0
- Lysed, uninfected protoplasts Equivalent to 43
"m?ﬁﬁmg’@mgagg P @@3»”
e &
added 97
2 £ stock 75
@ stock 30
0.5 ¥ stock 0
Ultraviol fﬁ éﬁacﬁwaﬁ@ﬁ
H-DHA 400 X infecting
PpX-DNA 0 to 48
10 ¥ ¢
1 X ]
70 8 DNA® Equivalent in opti-
saﬁ deasity to:
22407 ¥ infects tng OX-DNA 96
2 % 40° 32
2% 10° 16
2 x 40% 8

Table 1.

Summary of the effect of various @x’éfa@% present in

the adeorption mixture on the inf &%@‘éi@i’% by QX -DNA.

la).

After the protoplasts were lysed by dry ice-acetone freezing €
times the lysate was extracted Wxih phenol at room tem p@mamw
?T@Cigﬁﬁ%ﬁ;@@ with mmtr&mamﬁ at 0°C and redissolved to the origi-

nal volume in 0.4
15 minutes at ?:}3@@ %@ rermove

ris pi 8. 1.

any residual DiNAase activity.

The nucleic acid extract was é;ugiﬁ%@@z fromn prot @g@ia ta.

hree

The extract was then heatad §€:s%
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b). Infection of protoplasts by RF (29) is inhibited to es-

sentially the same degree when these concentrations of extract
are used.

c). The amount of nucleic acid added is estimated from
the absorbency; 40 pg is assumed to be the nucleic acid in 1 mi,
having an optical density of 260 mp of 0.8.

2). Since the infection was performed with 107 unirradiated
PH-DMNA molecules/mi. and 5 x 408 protoplasts/ml. , interfer-
ence due to a random selection of inactivated molecules would
have caused a drastic inhibition in the 100X and 40¥ samples.
Fowever, gince the multiplicity of total DNA (irradiated plus
unirradiated) to protoplasts is never more than two, interfer-
ence resulting from multiple infection would not be observed.

The final titer for each initial sample is listed in the last five
colurnns under the appropriate incubation temperature. These
data suggested that the incubation temperature exhibited the
greatest influence on the production of mature phage. This in-
terpretation was checked with data from a growth curve experi-
ment on infection mixtures at 25° and 30° C. The results, shown
in  fig. 11 = demonstrate that the titers at 120 minutes, the
timne at which the assays listed in Table 2 were performed, ave
very dependent on temperature; however, if the production of
virug is allowed to continue until phage titer remains constant,
the difference in concentration of mature virus approaches the
difference of the initial infective center titer. Further investi-
gations have shown that the titer of mature virus decreases above
37° C. From the above data the optiznum temperature for ad-
gsorption is congidered to be 30° C and for subseqguent incubation

35° ¢,
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FIRST 3TEP: TOWARD THE STUDY CF INFECTED

».w

PROUTOPLASTS AS A REPLICATING 3¥3TEM

Fate of Non-infecting 9 X-DNA: The sxperimental results

presenied thus {ar have been for the purpose of defining an assay
gy stem which can be used in conjunction with a ctendard © X -DNA

dilution curve to determine the concentration of infectious sube
viral particles in an unknown sample,

Before proceeding further and atféémpﬁmg even the initial
steps in the study of the protoplast replicating sy stem, the cur-
rant status of the understending of v X -DNA will be reviewed. It
was shown in Partl tha,t the infectivity of a preparation of v X-DNA
banded in a cesiumn chloride density gradient coincides with the
aliraviclet adsorption of the ¢ X -DNA. Furthermore, for several,
independently isclated samples the specific infectivity (infective
units per optical density unit) has been constant across the band
within the accuracy of the assay system, PFPreparaiions of ¢ X-DNA,
therefore, appear to be homogeneous in infectivity with respect to
density isclation.

Recently, however, Fiers (30) has shown that phenol extracted

2

o X=-DMNA containg two species of DNA, called 5. and 5, because of

1 2

their differing sedimeniation coefficients. The arnount of infectious

@ X«DNA in any sample cmrrelw:w with the amount of 3, component

i

present. The :JE fraction has the same molecular weight and the

e

same density in CsCl as the 3, fraction

1 »at contains no infectious

DNA,

Specific activities (infected protoplasts per DNA molecule)
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in pm@;@@zma infection have &iwayﬁ’%}e@a caleulated on the basis of
the optical density of a ¢X-DNA .i%sm;:zpm* oz {vide infra) from the
specific radiocactivity according to 32"&%“9 label. Such methods were
based on the previous assumption that the material isolated from
a CeCl density gradient was homogensous with respect to physical
properties and therefore could not be further separated into in-
fectious and non-infectious ff&éﬁmm, As a result of Fiers' inves-
tigations, it is clear that only the 8, fraction contains infectious
molecules. However, the S 4 fraction always rvepresents a sig-
nificant percent of the total. Thue the fraction containing the bio-
logical activity {the 5, fraction) etill represents from 40-80% of
the total absorbency. Biological specific activities {caleculated
from infective center data at early times, vide infra) range from
107 to 10°% infective &@é@%a% per DNA., Therefore even correct-
ing for the probable 5, content of a particular DNA sample, only
a small fraction of these S 4 molecules infect protoplasts to form
infective centers.

Larly experiments (cf. fig. 5, Part [ and fig. 12, Paxrt [}
had indicated that such low efficiency at higher concentrations of

DX -DNA might veflect a heterogeneity in the protoplast population.

* The number of particles/optical density unit can be calculated

frowm the E{p) for $H-DNA and the influence of salt concentration
and temperature on the E{p). These data are given by Sinsheimer
{48). For 0.2k MNaCl at 259 C the conversion factor ig: 1. 33x10%°
particles per optical density unit (Beckman DK 2 Spectrophotome-
ter, one centimeter cell). The conversion for optical densities
taken in 0,434 tris buffer at 25° C is 4.0 x 10%~ particles per opti-
cal density uait.

R

The %, content of ©X-DNA samples used throughout this work
was not determined. In all cases where number of DNA molecules
is given the calculations are made from the total absorbency using
the conversion method described in the preceding footnote.
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This conclusion was supported by the increase in efficiency at low
DA concentrations, if some selective infection process were pos-
tulated.

In addition, these data demonstrate that under proper con-
ditions a net synthesis of DNA, normalizing to the amount of DNA
added to the adsorption tube, does occur, ge.agg@stmg that a sig-
nificant fraction of the initial DNA was infectious. Furthermore,

a change in the method of forming protoplasts changes the response
of the protoplasts to infection at both high and low concentrations
of DNA (causing an ixﬁcr@age in efficiency at high concentrations
and removing the 'ultra-efficient" segment of the dilution cuwrves
formerly observed--comparing figs. 42 and 7). The results of
salt and buffer studies (figs. 8 and 9} demonstrate a strong depen-
~dence of infection on the ionic conditions in the adsorption tube.

All of these data ,f'permit the hypothesis that possibly allDNA molecules
of the S q fraction are potentially infectious and that their infection
is limited by @ﬁhér parameters. Therefore, experiments have
been done to investigate both the fate and nature of the DNA wﬁzi@h‘
does not initiate infection in the adsorption tube.

Infection of Protoplasts by Phosphorus 32 Labeled ¢X-DNA:

Tessman (19) has shown that &, the efficiency of inactivation from
32 s L : . . .

P decay, is 1 for (X174, Therefore, since a single radicactive
decay will inactivate a DNA molecule, the specific activity of

PpX174 is limited to an average of 0.3 32}? atoms per DNA molecule

rz‘“"é 2 »
or a maximurn of about 10 ~ cpm per plaque forming phage .

8 Sinaheimefz et al. (<9} discusses the method of preparing (X174
labeled with 3 P for experiments involving the use of the labeled
nucleic acid.
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With this limit for the specific activity it is not possible to study
the infecting DNA molecules, but it might be possible to gain
information about the non-infecting molecules which make up
more than 99% of the total.

S -DNA was extracted from labeled @?&E?é@@ by the hot
phenol method. The number of DNA molecules present was cal-
culated from the radioactivity and the kuown specific activity of
the virus sample. Such a calculation implies essentially the
same assumptions as those used in calculating the nwmber of
particles from ultraviclet absorbency.

?mmgﬁéaﬁm at 5 x E@‘%fml were infected with labeled DNA
at 1 x w%/mﬁ.. After adsorption for 10 minutes at 30° C, the mix-
ture was centrifuged in the SW 25 rotor at 10, 000 rpm for 5
minutes. The supernatant was removed from each tube; the
protoplasts were resuspended to the original volume in "nutrient
broth" containing 0.5% BSA and centrifuged again. The second
supernatant was removed, and the protoplasts resuspended as
before.

Biological assay indicated quantitative recovery of the in-
fected protoplasts as compared with an uncentrifuged control.
The combined radicactivity of the first and second supernatants
accounted for approximately 50% of the input radioactivity; that
of the res&a?emﬁe@ protoplasts for 10% . The infected protoplasts
indicated that l@”‘% of %E’zé total input DNA oz EQ“B of the DINA re-

maining with the protoplast fraction after centrifugation had

#® Labeled (X174 was provided by M. U. Denhardt and Dr. A,
Burton.
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formed infective centers.

From such results it can be concluded that (2} a significant
fraction of the initial DNA particles remains in the supernatant after
infection is complete, and (b} even though oanly 10% of the radicac-
tivity remains with the protoplast fraction, this 10% still represents
3@3 DNA molecules per infective center.

Investigations of the Supernatant from Infected Protoplastsa:

In order to observe directly the state of the ¢X-DNA which does
not remain associated with protoplasts after infection, the super-
natants of adsorption mixtures were investigated after centrifu-
gation.

Sucrose layer tubes were made up as shown in fig. 8 ex-
cluding the sample layer. Protoplasts and DNA (multiplicity =1}
were mixed and incubated for 15 minutes at 35° €. Sufficient con-
centrated sucrose was added at 15 minutes to increase the sucrose
concentration from the 0.15M of the adsozption mixture to 0. 3.
Part of the sample was then diluted to incubate as the control.
Cne and one half ml. of the sample were added to the centrifuge
tube and cemtrifuged for 1< minutes at 5, 000 rpm in the 5W 39
rotor.

After centrifugation, the top layer was removed with a
pipette, then isolation of the protoplast band (layer 11} was accom-
plished by drop collection through a hole in the bottom of the tube.
The protoplast fraction was adﬁjagﬁz@d to the original volume and

diluted for incubation. The top layer which should contain the
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unadsorbed $X-DNA was diluted 145 times into 0.05M tris and
used to reinfect protoplasts. At the same time a control sample
of $X-DNA which had been diluted 1:4 into broth-BSA was also
diluted 125 times and used to infect protoplasts.

The sumumary of the results of this experiment is given
in Table 3. Other experiments of this kind have also indicated

a recovery of supernatant $pX-DNA equal to about 50%.

Protoplast control (infected, uncentrifuged protoplasts)..2.5 x 4

o

T

Centrifuged protopladts oo oevrcioorerennrenececsnoesoolodds 40°

Percent recovery of infected protoplasts..........85,5%

Control ¢X-DNA (X -DNA mixed with an equal volume
of broth containing 0.5% BSA}. .o ivriionrnrnrenonesododdn

Fraction IV (the adsorption mixture after removel of

=2

i0’

protoplasts by centrifugation) . ..cceeveenorerecnnsee 8.6 x ﬁﬁ’s‘?

Percent infectious ¢X-DNA remaining in the
adsorption mixture:
compared to the X -DINA contPole ccvoovesonosa 78
compared to the original infeetivity............66.8%

Table 3. The results given have been corrected to the original
stock X -DNA tube in order that comparisons may be
~made directly.

These results clearly indicate that a significant fraction of

the initial $X-DNA remains in the adsorption tube as infectious

particles. The exact fraction undoubtedly varies, and occasionally

no infectious material has been recoverad. These occasional

failures are preswmed to be cauysed by uastable protoplasts or
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by poor technique in the centrifugation steps.

Investigations on the Protoplast ¥Fraction of Centrifuged

Infection Mixtures: The results of infection with 32P labeled

$¥ -DNA have shown that a significant fraction (at least 410%) of
the DNA added to the adsorption mixture remains associated
with the protoplasts after centrifugation. In order to investi-
gate the fate of this DNA directly, density gradient centrifuga~
tion in CsCl was performed on the protoplasts recovered from
a centrifuged adsorption mixture. Table 4 outlines the pro-
cedure used for infecting and centrifuging the protoplasts.

The initial adsorption mixture contained protoplasts and
$H-DNA at 6 X %ﬁg/m!. each. Infective center assay indicated
ﬁf@g infected protoplasts/ml. In the next ét@@ of the experiment
each density gradient tube contained 3 ml. of the final frozen
samples. Since these frozen samples are 3.5 times as con-
centrated as the initial mixtures, each density gradient tube
contained: 3.5 x 6x 10° protoplasts/ml x 3ml = 6.3 % 407 PO
toplasts. From the infective center data the two tubes containing
infected samples had 3.5 % 10° infective centers/ml x 3 ml =
4.05 % i@é infective centers. From these data, at least ﬁ}gﬁ@é
infective DMNA molecules were known to be present in @a@%ﬁ gradient
tube. However, from the results of the experiment with 3213
labeled $X-DNA, at least 10% of the initial PX-DNA or 6. 3x 40°
$X -DMNA molecules should be present in each gradient tube.

Since the only evidence for the presence of this fraction of the
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4. Chloramphenicol, to a final concentration of 40 pg/ml.was
added to the protoplast stock 40 minutes before infection.

4. Protoplast stock and X -DNA in 0.05M tris pH 8.1 were
mizxed in a volume ratio of 2 to 4. For a control protoplasts
were mixed in the same ratio with 0. 05 tris.

3. The mixtures were incubated at 30° C for 15 minutes.

4. 50 ml. of infected protoplasts (<& tubes) and 25 ml. of control
{1 tube)} were ce’gtfiiug@& in the SW 25 rotor at 40,000 rpm
for 40 minutes.

5. The supernatants were removed, and the protoplast layers
were resuspended from the sucrose pad which covered the
bottom of the tube. Resuspension was made in "nutrient
broth" containing 0. 2% Mg3C,, 0.5% BSA, and 10 pg/ral.
chloramphenicol. Samples were resuspended to their origi-
nal volume, ¥%

6. The samples were centrifuged as before.

7. The supernatant was removed and the protoplasts resuspendsd
in the same medium except that chloramphenicol was omitted.

8. The samples were centrifuged a third time.

9. The protoplasts in the three tubes (1 control and 2 infected

samples} were then resuspended in about 7 ml. "nutrient
broth" per tube.

10. A sample of the infected protoplasts was incubated to deter-
mine the recovery from the centrifugation. The three sam-
ples were frozen individually in a dey ice-acetone mixture
and stored in the freezer (-40° C).

Table 4. An outline of the procedure used for centrifuging, wash-
ing, and recovering infected protoplast samples.

% Samples were centrifuged as outlined in fig. & using the "large

sample’ method. The refrigerator of the Modsal L centrifuge
was regulating at 2.5%° C during the entire experiment; however,
the rotor was at voomn temperature. All other operations except
adsorption were performed at room temperature {about 259 Cj,

*% 0,5% B3SA contains sufficient sodium azide to inhibit the metaboli sm of
the protoplasts. 1t should benoted thatfor the production of mature
viruses by protoplastsitis necessary to dilute the adsorption mixiure
fivefold thus reducing the concentration of sodiumaside toa value
which is not inhibitory.



DNA is radioactive label, nothing is known about its biological
condition. The two values, 6.3 x i@g and 1 % %@@ DNA wole-
cules set the upper and lower limits for the added infectious
QX -DHNA per gradient tube. Because the infection and washing
was done in the presence of 0.0047% sodium azide (from the
D8A) and, for all but one centrifugation, in the presence of
chloramphenicol, very little multiplication of ¢X-DNA in in-
fected protoplasts would be expected.

The density gradient banding experiment consisted of
three samples: For nwunber one, 3 ml of the eontrol, uninfected
protoplasts, was dialyzed against saturated borate in the cold
to remove the sucrose. The sample w@@ then brought to a
density of 4.637 gfcm3 with CsCl. To the final volume of
4.9 ml. waé added a total of 107 PXDNA molecules.  For
number two, 3 ml. of the infected sample was dialyzed against
saturated borate in the cold and brought to a density of 4.652 g /cm3
with CsCl giving a final volume of 4.9 ml. For number three,

3 ml. of the infected sample was extracted at room temperature
with phenol three times. The phenol was re-extracted serizlly
with about 4 ml. borate. The re-extraction borate was added
to the sample and the mixture dialyzed against saturated borate
in the cold., Sample three was then brought to a density of 4.65
g Jeri with CsCl in a final volume of 4.9 ml. During the
dialysis procedure, each sample received three changes of ap-

proximately 30 volumes of saturated borate.
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The samples were centrifuged at 2. 5° C in the SW 39 rotor=--
Model L centrifuge for 48 hours at 37,000 rpm. The rotor was
brought to rest without braking. Each tube was fractionated drop-
wise from a small hole made in the tube bottom with the drops
individually collected in 4 ml. of borate collection ‘%:mff@x’g.

For the biological assay, 0.04 ml. of each 4 ml. fraction
was diluted into 0.4 ml. eg 0.05M tris pH 8.4. To this was added
0.4 ml. of protoplast stock, and after 40 minutes 2.2 ml. of
"nutrient broth". All the {ractions from one gradient tube and
a standard dilution series of X -DNA were assayed with the same
stock of protoplasts. The final titers were then converted to in-
fective particles g@ez? original drop.

The patterns of infective particle distribution for the three
tubes are shown in figs. 13, 14, and 45. Since the values are
corrected to infective particles per drop, the number of particles
in the original gradient tube is just the sum of the values shown
in these patterns. The control tube (fig. 13), according to
the bio-assay of the individual fractions, contains a total of
1.7 x 107 $X-DNA particles. Only 4 x 107 DNA molecules had
been added to this uninfected control. The ¢X-DNA standard
curves for these assays apparently were indicating 70% more DNA
than was actually present,

Figure 14, showing the distribution for the infected sample,

% borate collsction ‘émffﬁsf ig U. U5H sodium tetra borate containing
0.5 pg veast RNA/ml., 5 pg BSA/ml., and 0.04% disodium
- versonate,
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Figure 13, Infectivity pattern from a density gradient fractionation

of 107 single stranded 9X -DNA molecules added to a lysate of unin-
fected protoplasts. Total number of drops collected was 139, Optical
density indicates the location of the E. coli DNA,
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indicates a total of 6.9 x 10° $X-DNA particles in drops 59 through
74. Figure 15, giving the data for the infected protoplast treated
with phenol, indicates 6.7 & 108 PX-DNA particles in drops 54
through 64. If the correction ié made for the difference between

the known $X-DNA added to the control tube and the amount shown
8

i

by assay, the untreated, infected sample contains (6.9/4.7) x 10

it

4.05 x 40° $X-DNA and the phenol treated sample (6. 7/1.7) x 10°
3.95 % 10° ¢X-DNA.

The gradient tubes were titered before centrifugation and
contained no whole virus. It is known (31) that in whole cells the
rate of multiplication of phage nucleic acid {(as RF) is retarded in
the presence of chloramphenicaol. However, the centrifugation
of the infected protoplasts prior to {reezing required more than
one hour. The infectivity pattern of the non-phenol treated sample
{fig. 14} shows a higher infectivity in tubes immediately above
{less dense} the E. coli band compared to those immediately below
than does the control. In addition there appears to be a "shoulder?
to the infectivity band on the dense side which is not @ﬁ-’@a@ﬁt in
the control. These data suggest that at least limited synthesis
of infectious particles may have taken place. The nature of the
infectious particles in these bands is not known nor is their pres-
ence seen in the phenol treated sample,

The major peaks of the two samples coincide with the single
strand ¢X-DNA peak of the control sample. The amount of infec-

tivity located in these peaks indicates that the original $X-DNA
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added to the protoplasts and subsequently carried along with the
protoplast fraction Qwﬂx&g centrifugation is infectious even though
it did not form infective centers initially. The close agreement
between the actual amount of this single stranded material found
and the amownt postulated is considered fortuitous since the 32P
label experiment f@@m which the predictions were made was &7

separate experiment.

Investigations on the Initial Interaction of ¢X-DNA and

Protoplasts: Another series of experiments can be cited which
dfers support to the results of the direct examination of infected
protoplasts and the adsorption tube supernatant. These experi-
ments concern the ''reinfection'’ of the adsorption mixture with
new protoplasts or new $X-DNA.,

Earlier émr@gﬁga‘ﬁi&zm (unpublished) had shown that ¢X-DNA
could infect protoplasts from about 40 minutes before to 40 min-
utes after the protoplasts had been diluted 4:4 with 0. 05M tris
buffer. Therefore, if new PX-DNA is added to the adsorption
mixture prior to 40 minutes after the initial infection, this DNA
should be able to infect protoplasts which are capable of being
infected, but which were not infected by the initial ¢X-DNA present
at time zeroc. Conversely, the addition of new protoplasts should
reflect the presence of the infectious PX-DNA s‘&iﬁ @r@s@ﬂ% in the
adsozption mixturse.

The experiment is outlined in Table 5.
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TUBE Content of adsorption Addition st t =7  Final titer in
tube at t = 0. Con-  minutes. Con-  phage/ml. of
centration in parti- centration in par- adsorption mix-
cles/ml. of adsorp- ticles/ml of ad-  ture x 40°°,

tion mixture, gsorption mizture.
i 2.5 x ﬁ@f DNA none 4.5
2.5 x 407 Protoplasts
2 2.5 x 10° DNA .
2.5 % 407 Protoplasts 5 x 40' DNA iz
2
3 2.5 % 40, DNA 7
2.5 x 40" Protoplasts 5x 40" Proto- i2
plasts
4  2.5x40' Protoplasts 5 x 40’ DNA 3.4
5  2.5x40' DNA 53 10 Proto- 6.6

plasts

Table 5. OCutline of a "reinfection' experiment. The adsorption
tube consists of 1 volume of "nutrient broth" containing
0.5% BSA and 1 volume of 0.05M tris pH 8.4. All
samples were diluted five fold for incubation at 44 min-
utes. Dilutions were made with nutrient broth contain-
ing magnesium sulfate. The experiment was periormed
at 35° C,

The increase in infection from the addition of new DNA or
protoplasts is not as great as would be expected if the infection
were siraply additive. However, the results do demonstrate that
in the original mixture there is present both infectious DNA and
pf@%@pﬁ%sm capable of being infected even after the initial infection
has been established.

The results of these experiments @@gg@m that other fac-

tors may be limiting the level of infection in the adsorption mixture.
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For this reason more detailed investigations on the initial inter-
action of ¢X-DNA and protoplasts have been initiated. These
investigations have been concerned Wiﬂi the manner in which the
final level of infection is influenced by the concentrations of the
interacting particles (i.e. ¢X-DNA and protoplasts) as well as
the temperature during adsorption.

The results of a dilution array experiment are shown in
fige. 46 and 17. For this experiment a series of three fold di-
lutions of ¢pX-DNA was made through a total of tén tubes. The
highest cémﬁmraﬁ:é@n of the DNA stocks was 1.4 = mm pazti=
cles/ml. In a similazr manner serial dilutions of protoplasts ware
made in nutrient broth containing 0.5% BSA through five samples.
The highest protoplast stock was at a concentration of ?.Sf} proto-
plaste/ml. A 5 x 10 ini@cti@n array was thus obtained after
mixing all combinations of DMNA and protoplasts 4:4.

To present the results in graphical form, the titer {infective
centers in fig. 46 and final phage yield in fig. 417} was plotted
against the multiplicity (i.e. DNA molecules/protoplast). Data
plotted in this manner illustrate divectly the effects of diluting
the DNA while keeping the protoplasts constant, diluting the proto-
plasts while keeping the DNA constaat, and keeping the product
[ DNA] = {gsmi:@gamgﬂ constant. These three families of curves
are indicated on the two graphs.

It is of particular interest to note that for multiplicities of
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10° 10 10
[onA] / [PROTOPLASTS]

Figure 16. Results of a dilution array. The figure presents initial
infective center assay, as infected protoplasts/ml. in the adsorption
tube. The families of curves represent data for: dilution of DNA ,
[protoplasts] = constant (A curves); dilution of protoplasts, [DNA] =
constant (B curves); varying the multiplicity, [DNA] X { protoplasts] =
constant (C curves).
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FINAL TITER
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o
I

[onA] / [PROTOPLASTS]

Figure 17, Results of a dilution array. The figure presents data from
the experiment of Fig. 16 as mature phage/ml. in the adsorption tube
(final titer) after 120 min, incubation. A, B, and C indicate the

same families of curves as in Fig, 16,
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3.7 or E@&és the relationship: | DNA] = [ protoplast | €€ | infective
centers | holds remarkably well with the difference in infected
protoplasts and final titer indicating an average burst size of about
200 phage/infected protoplast. |

Kinetic Studies of Infection: The results of previcus exper-

iments which have been described have shown that the level of
infection is determined by the concentrations of DNA and proto-
plasts in the adsorption mixture (fig. 46) and by the tempsrature
at which adsorption takes place {table 2). In order to investigate
these effects in greater detail, the kinetics of adsorption at var-
ious DNA concentrations and several temperatures were studied.
Figurs 18 presents the results of a study of the rate of in-
fection of protoplasts with DNA at three difﬁ@x*ézﬁ concentrations.
The final infection level is proportional to the DNA concentration
which agrees with the results of the dilution &mé@r experiment.
After approximately 5 minutes, the rate of infection is linear
and, within the limite of the accuracy of the data, is directly pro-

portional to the DNA concentration. The actual values are;

ﬁi’ﬁé DNA/ml. enasenen 4.8 x ﬁﬁ‘aﬁ infections/ 40 minutes
ﬁ@? DNA/ml,  eesecee= 6.4 x 407 infections/ 10 minutes
i@g DNA/ml, esvescwe 4,85 % m% infections/ 40 minutes

The evidence from these results suggests that the rate of
infection is dependent on the concentration of DNA present, and

that the dependency of the level of infection on DNA concentration
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Figure 18. Assay of infected protoplasts/ml. versus time

for three concentrations of DNA. Curve A resulted from

108 DNA particles/ml.; Curve B from 107 DNA particles/ml.; and
Curve C from 10° particles/ml. The protoplast concentration
was 5 X 107 /ml in each case.



is due to the cessation of infection at 20 minutes.

Simmilar @xyemmfgm@ were done {0 investigate the infsction
of protoplasts by X DNA as a function of time at different tem-
peratures, Figures 19, 20, 21, and 22 glve the resulis of these

experiments at 0°, 10°, 20°, and 30° €. Hach set of data is

plotted on semi-logarithmic and linear coordinates.

P
ke
=

g

The results demonstrate that the rate of infect 8 gone
stant at a1l four temperatures during most of the adsorption

neried. Again, 29 shown in the stadies on infection kinetics at
kN

different DNA concentrations, the infection process ceases at
about P;@ minutes except for the 20° sample. For an unknown

reason the infection at 20°C reached a higher value than was

zpacted.

[x%

" The data shown in figures 19, 20, 21, and 22, and other

data (cf. Table 2, "Infective Center Titers'') demonstrate a greater
termperature dependency for infection than would be expected for

a simple diffusion mechanism of infection. The results of the
dilution array experiment and these kinetics of infection studies

would seem to suggest the following mathematical relationship

" R S AT
Hnfective Centere iz K e
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where the constant K includes both the concentration of the DNA
and the concentration of protoplasts and possibly other parame-
ters. At present the nature of the parameters involved in A is
not known but could conceivably involve the actual mechanism of
uptake for infection. However, further understanding of these

two classes of parameters must await new investigations.

SUMMARY AND DISCUSSION

The general thesis adopted for Part Il was "that the proto-
plast system, itself, can be used to study the replication of
virus" . However, the general goal of the investigations cone-
tained in Part II was more modest. The purpose of these initial
experiments was {(a) to investigate the fate of the ¢X-DNA added
to the system and in the process of this investigation (b) to de-
velop technigues which would be of general value in using proto-
plasts as a system for studying replication in subsequent investi-
gations. In the céurse of these investigations certain suggestions
have arisen csé@ammg the initial interaction of PX-DNA and
protoplasts.

Early results showed that under certain conditions extremely
efficient infection zfeémlﬁ:ing in a net synthesis of DNA in the final
yvield of virus could occcur. This phenomenon seemed to occur
for very low concentrations of infecting DNA and only certain
samples of "protoplast stock'. Even such intermittent results
suggested that a significant fraction of the total PpX-DNA could be

infectious. Under routine conditions, however, only a much



-6l
émaﬂer fraction of the DNA caused an infécﬁi@zl.
With imaprovement in the method of forming protoplasts,
this routine efficiency of infsction increased from the former
3% 4072 infections,/ DMNA/ml. to 5 x 10°% or 1 x 40”7 infec-
tions/DNA/ml. for protoplast stocks at w%/’mi. * An increase
of more than 40 times in infection resulting only from a change in
the method of forming protoplasts suggested that factors other than
the amount of infections DNA ;@éegem were limiting infection.
The distribution of radiocactivity after infection with 3213
labeled X -DNA suggested that non-infecting DNA was divided
between the protoplast fraction and the supernatant fraction.
Investigation of both of these fractions has shown that infectious
$X-DNA, other than that causing infective centers in the origi-
nal mixture, is present. The amount of this remaining infec-
tious material agrees well with the radicactivity data. However,
it should be noted that occasionally no infectious DNA remaining
in the supernatant is detectable. This is probably a matter of
technique since the frequency of such failures has decreased
a8 the techniques of cenﬁ:riﬁuga@i@n and recovery of the fractions

have improved.

* The results presented in fig. 7 indicate 1.5 x 40-% infections/
DNA/ml. However, the protoplast system is still evolving and
efficiencies have increased since the data of fig. 7 to give the
values mentioned in the text. Such discrepancies are also evi-
dent between other data. One such example is with figs. 5 and
6. From fig. 6 treatment with DNAase reduces the titer of DNA
molecules to &% 407~ the control concentration; yet according
to the dilution curve in fig. 5 such a loss of titer is not possible.
The ambiguity arises from the fact that the DNAase inactivation
studies and the concentration effect studies were performed at
different times on the protoplast developmental scale,
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The ﬁaﬁ& from the dilution array experiments have shown
that the level of infection is determined by the product of the
concentrations of both the DNA and protoplasts. In this respect
infection appears to be analogous to a chemical reaction wherein
the reacting substances are in high excess due to an equilibrium
which is very unfavorable for the formation of the product. How-
ever, such an interpretation appears over siraplified in the pres-
ence of data on infection kinetics.

These kinetic data illustrate the g:érim&ry limitation to
infection. In every case, within the limits of the experimental
conditions, infection stops 20 minutes after the mixing of DNA
and protoplasts. The velocity of infection during most of this
20 minutes is a@mgmzﬁﬁ; and this velocity is influenced by parame-
ters such as concentrations of DNA and protoplasts and temper-
ature.

These conclusions suggest several approaches to the probe-
lerm of improving infection. All parameters, such as the concen-
tration of sucrose, magnesium sulfate, and bovine serum albumin
should be investigated for their effects on the kinetics of infection.
While either %ﬁi‘ increase of infection velocity or an extension of
the twenty minute "cut off" time would produce the same increase
in infection, an increase in velocity is of greater value for prac-
tical reasons.

The Ycut off' reaction after twenty minutes is of interest.

It should be noted that the reinfection experiment (table 3) was
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executed by reinfecting the adsorption mixtures at seven min-
utes, while twos-thirds of the adsorption time still remained.
Further investigations are also necessary to determine the effect
on the infectivity of diluting the adsorption mixture for further
incubations. Certain data suggest that this dilution does not
influence the adsorption kinetics after the first 40 minutes of the
20 minute infection period. Such exyeﬂm@mw are examples of
the type which may yield further information about the mechanism

of infection of protoplasts by ¢X-DNA.
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