
ATTACHMENT OF ENTEROVIRUSES TO HELA CELLS

RESULTS
Effect of anticellular serum on the attachment of

enteroviruses to HeLa cells. Preliminary experi-
ments were performed to determine the ability of
ACS to inhibit the attachment of coxsackievirus
type B3 and poliovirus type 1 to HeLa cells.
HeLa cells at a final concentration of 5 X 106
per ml were suspended and treated for 1 hr at
37 C with a 1: 30 dilution of ACS. Cells that were
treated with either preimmunization serum di-
luted 1:10 or with BSS served as controls. After
incubation, the ability of treated and control cells
to attach poliovirus type 1 and coxsackievirus type
B3 was determined. The results of twelve separate
experiments showed consistently that the 1:30
dilution of ACS inhibited the attachment of both
enteroviruses tested by greater than 95%, whereas
cells treated with preimmunization serum or BSS
attached virus normally.
A 1: 30 dilution ofACS was not cytotoxic in the

absence of added complement. As a point of
reference of the potency of the ACS prepared in
the present study, the cytotoxic titer was deter-
mined by the method of Hirata (14). Assays in
which 2 x 106 cells per ml were treated with in-
creasing dilutions of ACS in the presence of
guinea pig complement for 1 hr at 37 C showed
repeatedly that a 1: 800 dilution of ACS reduced
the number of HeLa cells by 50%.
To determine the optimal conditions for assay

of the inhibitory activity of ACS for viral recep-
tors of HeLa cells, each of the experimental con-
ditions, cell concentration and time and tempera-
ture of incubation, was examined. Before this
could be done, however, it was first necessary to
establish the value of selecting a 50% end point
for assaying the inhibitory activity of ACS. Di-
minishing concentrations of ACS in BSS were
used to treat HeLa cells at a final concentration of
5 X 106 cells per ml for 1 hr at 37 C. The cells
were washed free from unreacted serum compo-
nents by centrifugation in BSS and were tested for
the amount of coxsackievirus type B3 with which
they could bind in 1 hr at 37 C, when used at a
final concentration of 5 X 106 cells per ml. The
results of three separate experiments, which are
averaged and presented in Fig. 1, show that the
amount of inhibition of virus attachment was
dependent upon the amount of ACS used to treat
the cells, and that a 50% inhibition of receptor
activity would provide a sensitive and reproduc-
ible point for titration ofACS activity. The results
of a representative experiment showing the in-
fluence of cell concentration on the titer of ACS
are presented in Fig. 2. It can be seen that, over
the range of cell concentrations used, a twofold

Reciprocal of Anticellular Serum Dilution

FIG. 1. Relationship between the concentration of
anticellular serum and the amount of inhibition of
attachment ofcoxsackievirus type B3 to HeLa cells.

increase in cells resulted in a proportionate de-
crease in ACS titer. Similar results were obtained
on three separate occasions. Although the use of
106 cells per ml resulted in the highest titer of
ACS, a concentration of 2 X 106 cells per ml was
employed in further experiments in order to con-
serve the amount of ACS used and to obtain a
more efficient recovery of cells after treatment.
Experiments designed to determine the effect of
different incubation times, from 5 to 120 min, on
the extent of interaction between ACS and cells
revealed that the titer of ACS was maximal after
an incubation period of 30 min, and that pro-
longed incubation resulted in no additional in-
crease. To ensure a maximal effect of ACS and to
obtain uniformity of experimental conditions, an
incubation period of 1 hr was selected as stand-
ard. An incubation temperature of 37 C for 1 hr
was found to result in a twofold higher titer than
that obtained for a comparable period at 4 C.
Therefore, 37 C was used as the standard incuba-
tion temperature.
To determine the capacity of ACS to inhibit

attachment of additional enteroviruses (cox-
sackievirus types Bi, B3, A13; poliovirus types 1,
2; echovirus type 6) to HeLa cells, experiments
were performed under the conditions found to be
optimal for inhibition of coxsackievirus B3. The
data presented in Table 1 show that ACS effec-
tively inhibited the attachment of all of the entero-
viruses tested to HeLa cells.

Effect of anticellular serum on production of
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FIG. 2. Effect of cell concentration on the titer of
anticellular serum for inhibitinig attachment of cox-

sackievirus type B3 to HeLa cells in suspension.

plaques by enteroviruses. Next, it became impor-
tant to resolve the apparent discrepancy between
the above findings, which showed ACS capable of
inhibiting virus attachment to cells, and those of
Timbury (26), who showed ACS to have no effect
or only a minimal effect on plaque production by
the three types of polioviruses and the coxsackie-
viruses of group B. Experiments were performed
to test the ability ofACS to inhibit plaque produc-
tion by coxsackievirus type B3 and poliovirus type
1. The procedure of Timbury (26) was followed
closely, with the exception that HeLa cell mono-
layers and homotypic ACS were used in place of
the human amnion cell system.

Dilutions of ACS were prepared in BSS, and
0.3-ml amounts were added to each of a series of
freshly washed monolayers containing 8 x 106
HeLa cells growing in 2-oz bottles. Growth
medium, instead of ACS, was used as the control.
After exposure to ACS for 1 hr at 37 C, the excess
fluid was removed, and 0.1 ml of virus containing
approximately 100 PFU was added to each bottle.
For virus attachment, a period of 1 hr at room

temperature was used; then the monolayers were

covered with 5 ml of agar-containing medium and
were incubated at 37 C for development of
plaques. The results given in Table 2 show that
the degree of inhibition of plaque production ob-
tained by pretreatment of HeLa cell monolayers
with ACS was minimal, but comparable to that
reported by Timbury (26). An additional experi-
ment was performed to test the possibility that
cells in monolayer were influenced by ACS in a

manner different from cells in suspension.

TABLE 1. Inhibition of attachment of assorted
enteroviruses to HeLa cells by anticellular

serum

Virus Titer of ACSa

Coxsackievirus
BI.1,200
B3.1,600
A13.400

Poliovirus
Ti.200
T2.400

Echovirus
T6.3,200
a The reciprocal of the dilution of anticellular

serum that inhibited the attachment of virus by
50%0 under standard conditions.

HeLa cells grown in monolayers in 2-oz
bottles were treated with dilutions of ACS as
before, except that volumes of ACS ranging from
0.3 ml to 4.0 ml were used to achieve different cell
concentrations relative to the fluid volume, and
the monolayers were tested for the capacity to
attach coxsackievirus type B3, as described in
Materials and Methods. The results of this experi-
ment (Table 3) show that the titer of ACS for
inhibiting virus attachment to cells in monolayers
was influenced by cell numbers as before, with the
ACS titer being approximately fourfold lower
than when tested on cells in suspension. A further
comparison of the relationship between the capac-
ity of ACS to inhibit attachment of virus and to
inhibit plaque formation is presented in the Dis-
cussion.

Persistence of viral-attachment inhibition pro-
duced by ACS. It has been demonstrated that cells
treated with ACS lose their sensitization to lysis
unless complement is introduced into the system
within 1 hr of addition of the antiserum (19).
Experiments were performed to determine the
length of time during which ACS would suppress
attachment of coxsackievirus type B3 to HeLa
cells in suspension.
HeLa cells were suspended in a 1:800 dilution

of ACS to give a final concentration of 2 X 106
cells per ml and were incubated at 37 C for 1 hr.
The cells were washed by centrifugation in BSS
and were tested for the ability to attach coxsackie-
virus type B3 at 37 C over a 4-hr period. Cells
treated either with preimmunization serum or
with growth medium containing 3% calf serum,
instead of ACS, served as controls. Results similar
to those presented in Fig. 3 were obtained on two
separate occasions. The inhibition of virus attach-
ment produced by ACS persisted for the entire
4-hr period. An additional experiment of similar
design revealed that cells treated with ACS re-
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TABLE 2. Effect of aniticellular serum on plaque production by poliovirus type I and
coxsackievirus type B3

Virus A ffpaquReciprocalof No. of plaques Avgno.ionaACS diluion formed of plaques

Poliovirus Ti 30 51, 65, 51 56 27
60 89, 77, 75 80 0
120 78, 86, 73 79 0
GMb 66, 89, 73 76 0

Coxsackievirus B3 30 75, 69, 76 73 27
60 96, 93, 82 90 10
120 110, 105, 98 104 0
GMb 116, 95, 90 100 0

a The per cent reduction by ACS in the number of plaques formed was calculated by the expression:
100 - (avg no. of plaques by ACS-treated cells/avg no. of plaques by GM-treated cells X 100).
bGrowth medium.

mained refractory to virus attachment after incu-
bation for 24 hr at 4 C.

Reversal by acid pH of virus-attachment inhibi-
tion produced by ACS. Since enterovirus receptors
have been shown to be limited to the surface of
HeLa cells (31), it was considered likely that anti-
bodies in the ACS used in the present studies
combined with viral receptors of cells to cause the
observed inhibition of virus attachment. Experi-
ments were done in order to determine whether
the inhibition of receptor activity by ACS could be
reversed by use of a low pH environment, since
it has been shown that antigen-antibody com-

plexes can be dissociated under these conditions
(13, 18), and that the HeLa cell receptors for
coxsackievirus type B3 are stable at pH levels as
low as pH 1 (Zajac and Crowell, Bacteriol. Proc.,
p. 133, 1966).
HeLa cells were suspended in 2.0 ml of ACS

diluted 1:200 in BSS at a final concentration of
5 x 101 cells per ml, and were incubated for 1 hr
at 37 C. The ACS-treated cells were washed twice
with BSS, collected by centrifugation, resus-

pended in a 10-ml volume of 0.05 M glycine buffer
(pH 2.0), and immediately sedimented again by
centrifugation. Finally, the cells were resuspended
at a concentration of 5 X 106 cells per ml in BSS,
containing sufficient sodium hydroxide to adjust
the final pH to 7.4, and were tested for the ability
to attach coxsackievirus type B3. Additional
samples of cells, which were tested in parallel and
treated separately with ACS, glycine buffer, or

BSS, served as controls. The amounts of virus
which attached to the respective cell samples in 1
hr at 37 C are given in Table 4. Similar results
were obtained on two separate occasions. The
data revealed that a brief exposure of ACS-
treated cells to pH 2.0 completely reversed the
inhibition of virus receptor activity.

TABLE 3. Effect of cell concentrationi on the titer of
anticellular serum for inhibiting attachment
of coxsackievirus type B3 to HeLa cells

in monolayer cultures

No. of cells per ml of ACS Titer of ACS'

1.2 X 106 960
2.5 X 106 480
5.0 X 106 240

17.0 X 106 120

a The reciprocal of the dilution of anticellular
serum that inhibited the attachment of virus by
50% under the experimental conditions.

Immunological and serological activity of cell
antigen preparations. The finding that the proteo-
lytic enzymes trypsin and chymotrypsin could
differentially inactivate the receptors on live HeLa
cells for poliovirus type 1 and coxsackievirus type
B3, respectively (30), made possible an attempt to
prepare anticellular serum with the corresponding
receptor specificity. Large numbers of HeLa cells
were treated with trypsin or chymotrypsin, as
described previously, and were used separately as
antigen to immunize rabbits. The resulting prep-
arations of anticellular serum were tested for the
ability to inhibit the attachment to HeLa cells of
poliovirus type 1, coxsackievirus type B3, and
echovirus type 6. The results of these experiments
(Table 5) revealed that antiserum derived from
rabbits immunized with chymotrypsin-treated
cells contained only a very low antibody content
directed toward the coxsackievirus type B3 and
echovirus type 6 receptors, while possessing a re-
duced, though significant, reactivity for polio-
virus receptors. These results were anticipated,
since chymotrypsin totally inactivates the B3
receptors, while causing some cross-inactivation
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FiG. 3. Persistence of anticellular serum at the cell
surface, as evidenced by inhibition of attachment of
coxsackievirus B3. Cells were suspended in anticellular
serum (0), preimmunization serum (0), or growth
medium containing 3%,o calfserum (A).

TABLE 4. Acid reversal of the inhibition of
coxsackievirus B3 attachment by

anticellular serum

Treatment of cell sample Amt of virus attached

ACS <5

ACS pH2a ......... 78
pH 2 78

BSS........ 92

a Cells treated with ACS, followed by exposure
to glycine buffer, pH 2.

of poliovirus receptors (30). Also, it was not sur-

prising that the antigenicity of the echovirus type
6 receptor was destroyed by chymotrypsin, since
echovirus receptors of HeLa cell debris have been
found to be inactivated by chymotrypsin (20).
The low titer of the ACS prepared to chymotryp-
sin-treated cells did not result from an inability of
the rabbit to make antibody, since the same ani-
mal, after two booster immunizations with normal
HeLa cells, gave an ACS titer of 400 against both
coxsackievirus type B3 and echovirus type 6. On
the other hand, the ACS produced in response to
immunization with trypsin-treated cells gave very
unexpected results. This antiserum was not only
able to inhibit attachment of coxsackievirus type
B3, but it also inhibited attachment of poliovirus
type 1 to a titer equivalent to that obtained for
ACS prepared against normal HeLa cells.

In addition to using the enzyme-treated cells as

immunizing antigens, we also tested them for the
ability to absorb specific antibodies from ACS

TABLE 5. Production of antibodies to enterovirus
receptors by use of enzyme-treated HeLa

cells as antigen

Titer of ACS found to inhibit
attachment ofa

Treatment of cells
for immunization

Poliovirus Coxsackie- Echovirus
Ti virus B3 T6

Chymotrypsin.. 50 10 <lOb
Trypsin ......... 200 400 NDc
Untreated....... 200 1,600 3,200

a The reciprocal of the dilution of ACS that
inhibited the attachment of virus by 50% under
standard conditions.

The lowest serum dilution tested.
Not done.

prepared against normal HeLa cells. The results
of these experiments (Table 6) are consistent with
the findings of the preceding experiments;
chymotrypsin-treated cells did not absorb anti-
body directed to the coxsackievirus type B3 recep-
tors, but reduced by greater than twofold the
antibody level to the poliovirus receptors.
Trypsin-treated cells reduced the antibody levels
to both Tl and B3 receptors. It is apparent that
the differential use of enzyme inactivation to pre-
pare cellular antigens and their corresponding
antisera, with given receptor specificity, was only
partially successful.

Previous findings from our laboratory (7, 8),
however, provided an additional approach where-
by an antiserum with specificity toward the group
B coxsackievirus receptors of HeLa cells could be
obtained. These findings showed that HeLa cells
whose receptors were blocked by saturating levels
of one member of coxsackievirus group B were
unable to attach other members within the same
virus group, whereas viruses of heterologous
groups attached normally. Similar results were
also obtained for the polioviruses. Thus, we
reasoned that, to obtain an ACS with reactivity
highly specific for the receptors which had been
blocked by cell-bound virus, virus-saturated cells
could be used as a cell antigen preparation for
absorbing ACS prepared against normal cells.
Two batches of HeLa cells were treated separately
with chymotrypsin and saturating levels of cox-
sackievirus type B3 and then were used succes-
sively, as antigen, to absorb ACS prepared against
normal HeLa cells. Conversely, HeLa cells which
were saturated with poliovirus type 2 were used as
an absorbent to obtain antiserum with specificity
toward the poliovirus receptors. From the results
presented in Table 6, it can be seen that the cells
treated successively with chymotrypsin and cox-
sackievirus type B3 effectively reduced the anti-
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TABLE 6. Absorption from anticellular serum of antibody to receptors for assorted enteroviruses by
HeLa cell-antigen preparations

Titer of ACS found to inhibit attachment of
Treatment of cells for ACS absorption

Poliovirus Ti Coxsackievirus Bi Coxsackievirus B3 Echovirus T6

Chymotrypsin ....................... <lOOa NDb 1,200 ND
Trypsin ......................... <100 ND 400 ND
Poliovirus T2........................ <50 300 ND 400
Untreated (absorbed once) ........... <1<00 ND 200 ND
Chymotrypsin and coxsackievirus

B3C............................ <50 1,200 1,l00 150
Untreated (absorbed twice) .......... <50 <50 <50 <50

ACS (unabsorbed) ................... 200 1,200 1,600 3,200

All numbers preceded by < refer to the results found for the lowest serum dilution tested.
b ND, Not done.
c ACS absorbed first with chymotrypsin-treated cells, followed by a second absorption with cox-

sackievirus B3-saturated cells.

body levels in the ACS to the poliovirus type 1 and
echovirus type 6 receptors, while leaving behind
the antibodies with reactivity for receptors for
coxsackievirus type Bi and B3. On the other hand,
it was surprising that the cells saturated with
poliovirus type 2 maintained not only the capacity
to absorb from ACS those antibodies directed to
the receptors for viruses of heterologous groups,
but also those antibodies reactive with the polio-
virus type 1 receptors. This latter finding, which
remains to be explained, is consistent, however,
with those obtained when trypsin-treated cells
were used as antigen either to absorb ACS or to
immunize rabbits.

DISCUSSION
Anticellular serum has been shown to be effec-

tive in inhibiting attachment to the receptors of
live HeLa cells of all of the enteroviruses tested,
including members of coxsackievirus group B,
which prior to this time had been considered re-
fractory to inhibition by ACS. The ability ofACS
to inhibit attachment of virus to cell receptors was
found to be independent of complement activity.
The cytotoxic titer of ACS, which had been ab-
sorbed successively with chymotrypsin-treated
cells and by cells saturated with coxsackievirus
type B3, was reduced from 1:800 to 1:50 when
tested in the presence of complement, without a
corresponding reduction in its inhibitory activity
toward coxsackievirus type Bi receptors. Al-
though this observation suggests that the coxsac-
kievirus group B receptors are not the antigens
involved in the cytotoxic reaction, additional
studies are needed to evaluate this issue and to
explore the relationship of viral receptors to
other cellular antigens (6, 29).

A method has been described for the prepara-
tion of an ACS with a high degree of specificity for
the group B coxsackievirus receptors of HeLa
cells. Our inability to prepare an antiserum with
specific reactivity for poliovirus receptors of HeLa
cells, however, was unexpected. We consider it
unlikely that the rapid rate of regeneration of
poliovirus receptors after trypsin-treatment of
HeLa cells (16) could account for the observed
antigenicity of these inactivated receptors, since
precautions were taken to avoid receptor re-
generation by keeping the cells at 4 C in BSS.
Further studies are necessary to determine the
relationship between the virus binding site and
that part of the cell surface which directs the for-
mation of antibodies inhibitory to poliovirus re-
ceptors.
The studies reported in this paper have shown

ACS to be capable of inhibiting attachment of
enteroviruses to susceptible cells, without causing
a corresponding inhibition of plaque formation by
the same viruses. On the surface, these findings
appeared to be incongruous. However, these
results were shown to be reconcilable when the
methodology inherent in the two forms of assay
was evaluated. For inhibition of virus attachment,
the titer of ACS was found to depend primarily
upon the number of cells being treated, whether
the cells were tested in suspension or in mono-
layers. The same relationship should also hold for
inhibition of plaque formation by ACS. Thus,
to obtain a degree of receptor blockade by ACS
sufficient to be reflected in a reduction in plaque
formation, a relatively high concentration of ACS
is required. It should be emphasized that the
standard assay used to titrate the activity of ACS
for inhibiting virus attachment employed 2 X 106
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cells per ml of serum, whereas in titrations of ac-
tivity of ACS for inhibiting plaque production,
2 X 107 cells per ml of serum were employed.
When the 10-fold difference in cell concentration
used in the two systems of assay is considered,
together with the knowledge that almost total
blockade of receptors would be required to inhibit
plaque formation, a plausible explanation can be
provided for the difference found between the
respective titers of ACS for inhibiting virus at-
tachment and plaque production. These data
demonstrate that, under the standard conditions
of assay of ACS activity, inhibition of virus at-
tachment is a more sensitive measure of ACS
interaction with cells than is inhibition of plaque
formation.
We anticipate that the results of these studies

will provide a basis for the antigenic analysis of
viral receptors of host cells. In addition, the
availability of receptor-specific antiserum should
aid in the identification of receptors, or of their
subunits, after they are chemically extracted from
cell membranes (17, 21).
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A group of temperature-sensitive mutants of OX174 has been isolated which can go

through a single, normal one-step growth cycle at 40 C but fail to form plaques at
this temperature. Such mutants fail to initiate a second cycle at 40 C; however they
can gain the capacity to infect at 40 C, upon incubation for 10 min in broth at 30 C.
In regaining the ability to infect, the phage appear to undergo a temperature-depend-
ent conformational alteration. The inverse process, a reversible loss of ability to in-
fect at 40 C, is observed when such phage produced at 30 C are incubated for 2 hr at
40 C. The defect in initiation of a second cycle of infection appears to be in the in-
jection of viral deoxyribonucleic acid. A two-step complementation test has been
used to identify the cistron coding for the affected function. Such mutants are also
unusually sensitive to an irreversible thermal inactivation when incubated at 40 C.

The characteristic phenotypic expression of
temperature-sensitive mutations in genes con-
trolling the structure of a bacteriophage is the
absence of infective progeny virus in cultures at
the restrictive temperature (2). We have isolated
a group of temperature-sensitive mutants of
OX174 (6) which, in a one-step growth experi-
ment under the restrictive conditions (40 C),
produce a normal burst of viable progeny phage
but do not form plaques at 40 C. The properties
of a representative of this class of mutants are
described and the affected function is partially
characterized.

MATERIALS AND METHODS

Media. KC broth, bottom agar, and top agar have
been described (4).

Escherichia coli strains. C is the usual host of ckX
used in this laboratory. C600.5 is a X-sensitive strain
of E. coli to which 4X does not attach. X is a sup-
pressor-containing strain (Su+) of E. coli.
0X174 strains. Wt is the -X wild-type (6). Amber

(am) mutants ofOX were obtained from C. Hutchison;
the designation ofam mutants to particular cistrons is
from Sinsheimer et al. (7).

Temperature-sensitive (ts) mutants of 4X were
selected by the following procedure. Wt OX was
treated with nitrous acid (pH 4) for sufficient time to
decrease the titer 103-fold. The mutagenized stock was
used to infect E. coli at 30 C in KC broth; after 10
min at 30 C, the growing stock was transferred to 40 C.
After lysis, phage were plated out at 30 C and shifted

to 40 C when plaques appeared. Small, sharp-edged
plaques were selected and spot-tested for temperature
sensitivity. Mutants selected for further investigation
formed plaques at 30 C but not at 40 C.

Biological assays. Synchronization of OX infection
with cyanide was as described previously (1), except
that 0.005 M cyanide (final concentration) was used.

Phage attachment was measured by diluting samples
103-fold in broth at timed intervals after addition of E.
coli C; the diluted suspension was cooled to 0 to 4 C,
and E. coli C600.5 (to which OX does not attach) was
added. The suspension was centrifuged at 10,000 rev/
min (8,000 X g) for 10 min, and the supernatant fluid
was assayed for unattached phage.

Phage eclipse was assayed by diluting infected com-
plexes 10-fold into chloroform-saturated broth at 0
C, before dilution for phage assay. This step inacti-
vates OX-infected cells and releases adsorbed but un-
eclipsed phage. The extent of eclipse was calculated
by comparison with a control in which phage were
treated identically except that cells were absent.

Wt OX and tss6 produced at 30 and 40 C were
assayed by plating on E. coli C at 30 C. If the plating
efficiency of tss6 on E. coli C at 30 C is taken as 100lOO,
the efficiencies at 37 and 25 C were 65 and 94%,
respectively. Phage tss6 plated on E. coli X at 30 and 25
C with relative efficiencies of 85 and 82%, respectively.
In mixed infections such as tss6 X am9 or tss6 X
am33, tss6 progeny were assayed on C at 30 C and
amber progeny on X at 40 C.

Growth of aml6 and amlO is temperature-sensitive
in the permissive host. Therefore, progeny of mixed
infections with tss6 were assayed at 30 C on double-
layer plates; approximately equal amounts of E. coli
C in the lower layer and E. coli X in the upper layer
were used. Plaques of tss6 were large and clear; amn
plaques were turbid and smaller.
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Preparation of 32P-labeled phage. E. coli C was
grown in TPG medium (8) to which was added 2.8
g of special L-amino acid mixture per liter (Nutritional
Biochemicals Corp., Cleveland, Ohio). A culture (20
ml, 2 X 108 cells/ml) was infected with tss6 at 30 C
[multiplicity of infection (MOI), approximately 3],
and 4.5 mc of carrier-free 2P-phosphate was added.
The resultant lysate was centrifuged, and the debris
(with which 90% of the phage was associated) was
resuspended in 0.05 M sodium borate (pH 8.1); the
suspension was dialyzed overnight and centrifuged at
10,000 X g for 10 min. The supernatant fluid, contain-
ing free phage, was centrifuged in a 5 to 20% sucrose
gradient containing 0.05 M sodium borate for 3.5 hr
at 24,000 rev/min in an SW25 rotor. The most radio-
active fractions in the region of free phage were pooled
and dialyzed against borate. CsCl was added to the
solution (0.625 g/g of solution; Harshaw Chemical
Co., Cleveland, Ohio), which was then centrifuged at
4 C for 24 hr at 37,000 rev/min in an SW39 rotor. The
most radioactive fractions were again dialyzed against
borate, and the centrifugation in CsCl was repeated.
A typical 32P-labeled phage preparation contained 4
X 10-6 counts per min per plaque-forming unit (PFU).

Preparation ofphage stocks. Genetically pure phage
stocks were prepared as described (4); these were used
in most growth experiments. For heat-inactivation
experiments, phage stocks purified as described above
for 32P-phage were used.

Preparation of E. coli cell walls. Cell walls were
prepared according to the method of Wylie and John-
son (9). An assay of colony formers in the preparation
showed 3 X 104 viable cells per 108 cell equivalents of
cell wall preparation.

Formation of spheroplasts and membrane isolation.
Approximately 1.5 X 108 E. coli C cells were washed
three times by centrifugation in sodium borate (0.05
M, pH 8.1) and then resuspended in a solution of 30%
sucrose, 0.15 M NaCI, 0.05 M tris(hydroxymethyl)-
aminomethane (Tris)-chloride (pH 7.4), and 0.005 M

ethylenediaminetetraacetate (EDTA); 0.2 ml of a
solution of lysozyme (2 mg/ml) in 0.01 M EDTA was
added, and the preparation was incubated at 37 C for
30 min. Spheroplast formation was followed in a
phase-contrast microscope. The preparation was
dialyzed for 12 hr at 4 C against a solution of 0.15 M
NaCl, 0.075 M Na2HPO4, and 0.005 M EDTA (pH 7.4);
the membrane fraction was isolated by filtration on
membranes (Millipore Corp., Bedford, Mass.) by
means of a procedure recently developed in this lab-
oratory by W. Salivar.

Distribution of total counts in cellular fractions after
productive and abortive eclipse of 32P-labeled tss6.
32P-labeled tss6 (3.6 X 109 PFU/ml) was incubated in
broth at 30 and 40 C for 2 hr (postincubation titers,
3.3 X 109 and 2.8 X 109 PFU/ml, respectively).
Samples (0.4 ml) were added to 5.0 ml of E. coli C
(5 X 107 cells/ml, MOI - 7) preincubated for 5 min
at 40 C with 0.005 M cyanide. Eclipse was measured
after 10 min (99%G), a sample was diluted at 40 C to
assay phage growth, and the remainder was cooled
and centrifuged to separate cells from the supernatant
fraction. The pellet was washed three times with 1.5
ml of sodium borate to remove divalent cations and

attached phage (washes 1, 2, and 3, Table 2), resus-
pended as described in Materials and Methods, and
converted to spheroplasts with Iysozyme-EDTA. The
spheroplast preparation was dialyzed, and the mem-
brane fraction was isolated by filtration on membranes
(see above). The washings from this filtration are
represented as wash 4 (Table 2). Total counts per
minute were as follows: tss6 (30 -+ 30), 11,135 (90%
recovery); tss6 (30 -- 40), 11,588 (93% recovery).
Infective centers present 5 and 40 min after dilution at
40 C were: tss6 (30 -- 30), 6 X 107 and 9.5 X 109
PFU/ml, respectively; tss6 (30 -- 40), 7 X 106 and
9 X 108 PFU/ml, respectively.

Two-step complementation test. Cultures of E. coli C
in KC broth at 30 C (4.5 X 107/ml) were infected with
tss6 (MOI - 12), with tss6 and am9 (MOI - 6 + 6),
with tss6 and am33 (MOI - 6 + 6), with tss6 and
amlO (MOI 6 + 6), with tss6 and aml6 (MOI
6 + 6), and with wt (MOI - 12). The infections were
synchronized with cyanide (1). After 10 min, anti-
4X serum was added (K - 2 min-l, final titer) and
incubation was continued for 6 min. The infected
cultures were then diluted at 30 C in broth to 10-,
10-5, 10-6, and 10-7; infective centers were plated
directly from the appropriate dilutions at various times
to assay phage growth. After lysis, cyanide (0.0075
M, final concentration) was added to each 103-fold
dilution to prevent growth of resistant bacteria. These
lysates were transferred to 40 C and incubated for 16
hr. [This procedure prevents successful initiation of a
second-cycle of infection by phage of tss6 phenotype
(see Results).]

Residual phage was then assayed, and the possibility
of a second cycle of infection was tested by addition
of 0.1 volume of E. coli X (grown to - 108 cells/ml
at 40 C; MOI of 0.01 to 0.001). After 7 min at 40 C,
the infected complexes (synchronized by the presence
of the cyanide previously added for the 16-hr incuba-
tion period) were diluted to 10-s, 10-4, and 10-5 into
broth at 30 C, and phage development was assayed by
plating directly at the appropriate temperature. Phage
growth in the second cycle was initiated at 40 C but
was continued by dilution into broth at 30 C because
of the temperature sensitivity of aml6 and amlO
growth in E. coli X.

RESULTS

Fifteen ts mutants of OX were isolated by the
selection procedure described. All formed plaques
on E. coli at 30 C but not at 40 C. Reversion
frequencies were of the order of 5 x 10-6 to
1 X 10-5. Approximately two-thirds of the ts
mutants were of the conventional type; i.e.,
no infective progeny were formed in a one-step
growth experiment in broth at 40 C. However,
several (tss6, tss9, tssl2, tssl 3) carried out
an apparently normal one-step infection at 40 C
(progeny were assayed on E. coli at 30 C) but
initiated a second cycle with very low efficiency.
One representative of this type of mutant (tss6)
has been studied in detail.

Two-step growth experiment at 40 C. Figure 1
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