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,, , First, the concentration effect of chelating
agents on CAS was investigated. When preincu-
bated in the various concentrations of chelating

l agents at room temperature, T5st was stable.
1 T5St, 370C However, when preincubated in 0.075 and 0.1______________._ M EDTA solutions, T5st+ was inactivated to aO I T5 ST, 21°C - survival of 10-2 in 1 hr, though it was stable in

-J 0.3 M EDTA solution. Therefore, the effect of the
EDTA concentration on the sensitivity of T5st+

-J 2
0 to CAS could not be tested.

> 15 S+, 21°C As shown in Fig. 2, the sensitivity of phage T5
> to CAS increased as the concentration of chelat-

I ing agent increased. Furthermore, high inactiva-
C 3 . tion efficiencies were observed with relatively low

concentrations of chelating agent (e.g., 0.15 M
citrate on T5st+ and 0.075 M EDTA on T5st) at

,T5St+, 3_7°C 37 C. These results suggested that CAS results
..~~; ; from (i) removal of cations from phage rather

40 10 20 30 40 So 6'o than from an osmotic effect, or (ii) distortion of
the coat structure by the chelating agents due to

T I M E (min) their polyanionic character.
FIG. 1. Kinetics of the inactivation of T5st+ and Effect oftemperature on CAS. Tubes of "shock-

TSst phages by incubation after CAS. The inicubation ing water" were placed in an ice bath at 2 C and
temperature was the same as the temperature of the in water baths at various temperatures above 10
shocking water. The chelatinig agent used was 2 M C. After equilibration at these temperatures, CAS
citrate. was carried out. The results are shown in Fig. 3.
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FIG. 2. Effect ofthe conicenltration ofchelatinig agent Temperature (°C
on CAS. The temperature listed for each symbol is the FIG. 3. Effect oftemperature oii CAS. Thle chelating
temperature of the shocking water. Symbols: A, TSst agent used and its concentration are listed for each
with citrate at 15 C; 0, T5st with citrate at 37 C; A, symbol. Symbols: 0, TSst+ with 2.0 M citrate; A,
TSst+ with citrate at 15 C; V, T5st+ with citrate at T5st+ with 1.0 M citrate; A, T5st+ with 0.5 M citrate;
21 C; 0, TSst+ with citrate at 37 C; O, T5st with 0, TSst with 2.0 Am citrate; V, TSst with 1.0M citrate;
EDTA at 37 C. *, TSst+ with 0.3 M EDTA.
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Under the appropriate conditions, both forms o
of phage T5 (T5st+ and T5st) were susceptible to
CAS, even at 2 C. In general, however, both forms
were much more susceptible at high temperatures
than at low temperatures. The increase in sensitiv-
ity of phage T5 to CAS with increasing tempera- -1
ture is the reverse of the temperature effect of
osmotic shock of T-even phages (4), indicating
that osmotic effect is not involved.

Protection against CAS by ionic solution. An °
experiment was designed to determine whether --2
the nature of the shocking medium, i.e., distilled .
water, ionic solution, or nonionic solution, had ;
any effect on the inactivation efficiency of phage
T5 by CAS.

Various ionic and nonionic solutions (NaCl, 3
MgCl,, glucose, and lactose) were used as a sub-
stitute for distilled water in CAS treatment.
Figures 4 and 5 show that the inactivation of
phage T5 by CAS was reduced by ionic solutions.
On the other hand, there was no protection by o 0.1 0.2 0.3 0.4 0.5M
nonionic solutions; tests with lactose or glucose Salt concentration
solutions (ranging from 0.15 to 1.5 M) showed

FIG. 5. Protectiont againist CAS by various contcen-
trations of ionic solutes in the shocking medium. The

*H~chelating agent was citrate (2 M). The salt used and the
temperature of the shocking medium are indicated for
each symbol. Symbols: 0, T5st+ by NaCI at 37 C;
0, TSst+ by NaCI at 15 C; @, T5st by NaCl at 37 C;

-1 \ _ \ N \ \A, T5st+ by MgCl2 at 15 C.

the same survival after CAS as with water. Thus,
the possibility that the inactivation of phage T5
by CAS is due to an osmotic effect ofthe chelating

m -2 agent on phage T5 was excluded. It seemed ap-
o -2 \ parent that inactivation of phage T5 by CAS is

the result of removal of cations.
o When monovalent or divalent cations were

added to the inactivated T5 phage after CAS
treatment, no increase in phage titer was observed.

Morphological changes in phage T5 with CAS.
For morphological study, phage T5st+ (5 X 1010
particles per ml) was inactivated by CAS at 37 or
24 C (to a survival of about 5 X 10-4) and was

-4 - voconcentrated by centrifugation at 70,000 X g for
1 hr. Electron micrographs of this material

a A
showed that most of the observable particles

0.5 1.0 1.5 2.0 M consisted of empty head membranes (Fig. 6).
When CAS was performed at 37 C, about 40%

C h e 0 t fl 9g 9g en t of these particles lost their tails. However, the
FIG. 4. Protection against CAS by 0.85% NaCI in majority of particles retained their tails with

shocking medium. The relationship betweeni the con- similar treatment at 24 C. At concentrations
stant concentration of NaCI and the concentrationi of above 10"1 particles per ml, phage T5 shows a
chelating agent is shown,. The conditions for CAS are s
indicated for each symbol; the temperature listed is the strongbblu e Tyndall effect. Ti ws
temperature ofthe shocking water. Symbols: T , protec- accompanied by loss ofat e Tyndall effect. These
tion by addition of NaCl (0.85%c) to shocking water; findings demonstrated that the CAS inactivation
0 and-, T5st+ with citrate at 37 C; A and A, TSst+ of phage T5st+ results in production of phage
with citrate at 15 C; C and U, TSst with EDTA at "ghosts" similar to those obtained by heat treat-
37 C. ment (6).
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FIG. 6. Electron2 micrographs of TS phage. For CAS treatment, 1.5 m sodium citrate was used. (a) Untreated
control of T5st+. (b) T5st+ ghost after CAS treatmentt at 37 C. (c) T5st+ ghost after CAS treatment at 24 C.
X 67,000.

Conmparison ofproperties of T5st+ and T5st. As
shown in Fig. 1, 2, and 3, phage T5st+ was much
more sensitive to CAS than was T5st. The differ-
ence in sensitivity increased with temperature
and with the concentration of chelating agent.

With 1 M citrate and shocking water at 37 C, the
heat-resistant T5st was resistant to CAS, whereas
the heat-susceptible T5st+ was inactivated to a
survival of about 10-3 (see Fig. 2). The survival
ratio is of the same order of magnitude as that
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found by Adams and Lark (3) for heat inactiva-
tion of T5st+ and T5st. When the CAS treatment
was repeated on the primary shocked T5st+
suspension, the titer of surviving particles did not
decrease further; these CAS-resistant survivors
also survived heat treatment in 0.4 M NaCl at
50 C for 2 hr. Thus, the T5st+ particles which
survived CAS treatment were resistant to both
CAS and heat. A stock of phage T5st+ was inac-
tivated to a survival of about 10-3 by heat; the
survivors were likewise resistant to CAS and to
heat.

Plaques picked from heat-resistant stocks either
before or after CAS treatment have invariably
been typical of the CAS-resistant variant. With
the heat-susceptible clones, the proportion of
CAS-resistant particles was about 10-3, a value
similar to the proportion of heat-resistant phage
particles in heat-susceptible plaque clones (3).
The CAS-resistant fraction survived for at least
4 hr in 0.4 M NaCl at 50 C and was also resistant
to CAS. However, when this fraction was plated
and the plaques were picked and analyzed, the
results were typical of the CAS- and heat-suscep-
tible form (Table 2). Hence, the CAS-resistant
phage particles present in single plaque clones of
the heat-susceptible form are phenotypically
resistant but genotypically susceptible to CAS and

TABLE 2. Properties ofsinigle plaque clonies isolated
from survivors after CAS treatment of
heat-susceptible sinigle plaque clones

Survivors Survivors of heat
Clonal stock of CAS treatm

(Me)a 10 min 20 min

Clone
1 0.03 1.29 0.22
2 0.11 0.52
3 0.11 0.45 0.25
4 0.08 3.04
5 0.03 1.57 0.30
6 0.11 2.92 0.64
7 0.04 0.94
8 0.26 0.99 0.40
9 0.21 0.61
10 1.43 0.14
1 1 0.04 2.77 0.32

Stockc
Laboratory stock of 0.19 1.72 0.82
T5

T5st+ stock 0.10 1.16 0.43
T5st stock 82.1 75.1 61.0

a Treated with 1 M citrate and shocking water
at 37 C.

b Incubated in 0.4 M NaCl at 50 C.
c To compare with single clones.

heat. We have no explanation for the nonheredi-
tary CAS and heat resistance of this small pro-
portion of virus particles in the CAS- and heat-
susceptible clones.
The laboratory phage stock of T5 was inac-

tivated to a survival of about 10-3 by CAS. From
a plate of survivors, 20 plaques were picked at
random and were tested by CAS and heating; 8
were typical of the resistant mutant and 12 were
typical of the susceptible form.
The foregoing experiments indicated that CAS

resistance is always accompanied by heat resist-
ance.

DISCUSSION

One interesting aspect of CAS is that T5 ghosts
are formed by CAS treatment. Lark and Adams
(6) suggested that the effect of chelating agents on
the heat stability of phage T5 may be explained
by assuming that some metal cation is firmly
bound to the heat labile site, contributing to the
structural stability of the site. There are two
known cases of firmly bound metal cations in
animal viruses, iron in mouse encephalomyelitis
virus (7) and copper in vaccinia virus (5).
Although no metal ion has been identified in

the phage protein, the chelating agent may react
with a metal cation which is a structural compo-
nent of the phage particle, thus breaking the
bonds that hold parts of the phage particle in the
rigid "native" structure. In the course of rapid
dilution, the chelating agent may remove the cat-
ions from the phage particle. It seems reasonable
to assume that temperature influences the effect
of the removal of cations. Alternatively, since
the chelating agents used are polyanions, they
may bind relatively tightly to the protein subunits
in the phage head, thereby distorting the struc-
ture. Rapid dilution of these distorted particles
could lead to the loss of phage DNA. Such a
distortion could also make the particles more
sensitive to heat. Both of these possibilities are
supported by our findings that the heat-sensitive
strain of T5 (T5st+) is more sensitive to CAS and
that an increase in the temperature of the shock-
ing water increases the efficiency of CAS.
The shocking media containing ionic solutes

prevented CAS of phage T5, but the nonionic
solutes did not. This indicates that the removal of
cations from phage T5 and the distortion of phage
structure can be prevented by the presence of
cations in the shocking medium, because of the
association of the added cations and the chelating
agent.
The heat-susceptible form of phage T5, T5st+, is

very sensitive to CAS, whereas the heat-resistant
form, T5st, is resistant. Thus, heat-resistant
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mutants can be selected from laboratory stocks by
CAS.

These findings suggest that the element of phage
T5 which is sensitive to CAS may be similar or
identical to the element which is sensitive to heat
inactivation.
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Early Step in Sendai Virus-mediated Rescue of Rous
Sarcoma Virus from Virogenic Mammalian Cells
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Certain lines of Rous sarcoma virus (RSV)-
transformed mammalian cells give rise to detect-
able virus production only if they are associated
with chicken cells. The effect of "cell association"
can be significantly increased by treating the mix-
ture of both types of cells with Sendai virus (4-6).

In the following experiments, conditions under
which Sendai virus enables RSV rescue were
studied. For these experiments, the line of viro-
genic Chinese hamster cells transformed by SR-
RSV (1) and chicken fibroblasts from primary
cultures were used.
The method of treatment of cell mixtures with

ultraviolet-inactivated Sendai virus, as well as the
method for measuring RSV rescue, was described
elsewhere (3, 4).

In the first experiments, a mixed suspension of
virogenic hamster cells and chicken cells was first
incubated with 100 units of purified neur-
aminidase and later treated with Sendai virus,
washed twice, and seeded. Parallel cultures were
treated with Sendai virus only. Pretreatment with
neuraminidase prevented virus rescue (Table 1).
According to Kohn (2), destruction of cell recep-
tors with neuraminidase prevents cell fusion by
Newcastle disease virus.
When different doses of Sendai virus were

added and their virus-rescue effect was measured,
it was found (Fig. 1) that 10 hemagglutinating
units resulted in a very small increase of focus
production. With the increased dose of Sendai
virus, increased RSV rescue was observed. Doses
higher than 5,000 hemagglutinating units pro-
duced a toxic effect on cell suspensions, which was
visible after plating. To demonstrate that
agglutination of the cell mixture produced by
nonspecific treatment does not have an effect simi-
lar to the agglutination produced by Sendai virus,
additional control experiments were set up in
which cell mixtures were agglutinated with 0.06
ml of phytohemagglutinin P (Difco) diluted 1:10
with phosphate-buffered saline. This dose of
phytohemagglutinin produced rapid agglutination
but did not impair the growth of the cells.

TABLE 1. Importantce of agglutintationt with Senzdai
viruts of the mixtutre of virogenzic Chiniese
hamster cells anid chickeni fibroblast

cells for obtaininlg RSV rescue

No. of foci
Aggltinaing gent Incubation after addition after seed-Agglutinating agent of agglutinating ing (2 X

106 cells)a

Sendai virus
(1,000 HAU)b

Sendai virus
(1,000 HAU)

Sendai virus
(1,000 HAU)

Phytohemagglu-
tinin P

20 min at 4 C
45 min at 37 C

20 min at 4 C
45 min at 37 C
Neuraminidase

20 min at 4 C
45 min at 37 C

Preincubation 20
min

at 4 C and 45 min
at 37 C with
neuraminidase

20 min at 4 C
45 min at 37 C

Preincubation 20
min

at 4 C and 45 min
at 37 C with
neuraminidase

20 min at 4 C
45 min at 37 C

Preincubation 20
min

at 4 C and 45 min
at 37 C

20 min at 4 C
45 min at 37 C

20 min at 4 C
45 min at 37 C

56, 61

50, 53

0, 1

1, 1

0, 1

0, 2

a The ratio of virogenic Chinese hamster to
chicken fibroblast cells was 1: 3; 2 X 107 cells were
used in each experimental group. Virogenic Chinese
hamster cells were irradiated with 7,000 r.

b Hemagglutinating units.
951
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NOTES

In several experiments, one of which is shown
in Table 1, no virus rescue under the influence of
phytohemagglutinin was observed.
From these experiments it may be concluded

104J _

02

11

100 200
No. of Foci

FIG. 1. Effect of different doses of ultraviolet-
inactivated Senidai virus oni RSV rescue from mixed
cultures (1:4) of virogenic Chinese hamster cells
and chicket fibroblast cells.

that the first critical step for obtaining RSV rescue
in mixtures of virogenic hamster cells and chicken
cells is the agglutination of both types of cells by
Sendai virus. This step is followed by the forma-
tion of cytoplasmic bridges and cell fusion. The
significance of these morphological changes for
virus rescue will be reported in detail elsewhere.
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Experimental Biology and Virology of the Imperial
Cancer Research Fund, Mill Hill, London.
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