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ABSTRACT

TaBor, Ceria W. (National Institute of
Arthritis and Metabolic Diseases, Bethesda,
Md.). Stabilization of protoplasts and sphero-
plasts by spermine and other polyamines. J. Bac-
teriol. 83:1101-1111. 1962.—Spermine (10~% M)
or spermidine prevents lysis of lysozyme-pro-
duced protoplasts of Escherichia coli W, E. coli
B, and Micrococcus lysodeikticus in hypotonic
media. Spheroplasts prepared by the action of
penicillin are also stabilized by these concen-
trations of spermine and spermidine, but the
protection is not as complete. Streptomyecin,
polylysine, and Ca*t are also effective or
partially effective stabilizers, but 1,4-diamino-
butane, 1,5-diaminopentane, ornithine, Mg+,
and monovalent cations have no protective
action at 107 M concentration, and only a slight
effect at higher concentrations. The osmotic
stability conferred on protoplasts by spermine is
irreversible. However, the protective effect of
polyamines against lysis is not accompanied by
restoration of viability to lysozyme protoplasts.
There is a marked reduction in the loss of ultra-
violet-absorbing material from the protoplasts to
the medium when 1073 M spermine is present.

——————

The naturally occurring polyamine, spermine,
has been found to protect certain microorganisms
from death due to exposure to hypotonic media.
Mager (1955, 1959a) demonstrated that, when
Netsseria perflava or Pasteurella tularensts is
washed with water or when Achromobacter
fischert is suspended in dilute sodium chloride,
the organisms lose their viability. However, very
low concentrations of spermine added to the
suspending medium completely protected these
organisms. These findings suggested that sper-
mine might serve as a stabilizing factor in other
osmotically unstable systems such as the proto-
plasts and spheroplasts of Escherichia cols.

Studies previously reported, both by Mager
(1959b) and in a preliminary communication
from our laboratory (Tabor, C. W., 1960a),
have indeed demonstrated that low concentra-
tions (10~° M) of spermine added to water can
stabilize these structures which would otherwise
lyse in solutions of comparable tonicity.

In this paper, I shall present more detailed
data on these experiments, using both proto-
plasts prepared by the lysozyme-ethylenedia-
minetetraacetate (EDTA) technique and sphero-
plasts prepared by the penicillin technique. I am
also reporting studies on some of the char-
acteristics of the stabilized protoplasts, particu-
larly studies on their viability. In this paper, for
convenience, the term ‘“spheroplast’” has been
used to refer to the osmotically fragile forms
produced by the action of penicillin on bacteria,
and the term “protoplast” for the osmotically-
fragile forms produced by lysozyme, even though
there is still insufficient evidence for E. coli that
the lysozyme-treated bacteria completely con-
form to the definition of protoplasts published
by Brenner et al. (1958).

MATERIALS AND METHODS

CH.gpermine tetrahydrochloride was prepared
by E. L. Jackson and S. M. Rosenthal (1960).
1,4-Diaminobutane dihydrochloride, 1,5-diami-
nopentane dihydrochloride, spermidine phos-
phate, and spermine tetrahydrochloride were
commercial preparations. Spermidine trihydro-
chloride was prepared from the commercial
spermidine phosphate. Spermidine phosphate
(2 g) was passed through a Dowex 1 (OH")
column (1.3 by 20 cm). The effluent was evap-
orated to dryness after acidification with excess
hydrochloric acid, and the residual spermidine
hydrochloride was recrystallized from ethanol-
water.

Sucrose (1 liter, 1 M) was passed through a
Dowex (50 (H*) column (2.5 by 20 cm) to obtain
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metal-free sucrose for use in the preparation of
protoplasts.

All other chemicals were commercial prepara-
tions.

Micrococcus lysoderkticus (ATCC 4698) and
E. coli B were obtained from the American Type
Culture Collection. E. coli W was obtained from
B. Davis.

Preparation of protoplasts by lysozyme. Proto-
plasts of E. coli were prepared by the technique
described by Repaske (1958). E. coli was grown
overnight in horse infusion broth at 37 C with
shaking unless otherwise specified. Portions (8
ml) were harvested by centrifugation at room
temperature; the cells were suspended in distilled
water, and then recentrifuged. The pellet was
then suspended in 4 ml of cold 0.5 M sucrose-0.03
M tris(hydroxymethyl)aminomethane (tris) chlo-
ride buffer (pH 8.0). All subsequent operations
were carried out at 0 C. To this cell suspension,
4 umoles of sodium EDTA (pH 8.0) and 15 to 25
ug of crystalline egg white lysozyme were added.
To follow the action of the lysozyme, a sample of
the suspension was centrifuged and the pellet
was suspended in water. If protoplast formation
was complete, the pellet was converted to a sticky
viscid white material which was solubilized on
stirring. If the pellet was suspended in 0.5 M
sucrose, however, lysis did not occur.

All experiments were performed as soon as
protoplast formation was complete (10 to 30 min
after addition of lysozyme), since, on more pro-
longed exposure to lysozyme, even at zero
degrees, the protoplasts underwent further
changes; they appeared larger when examined by
phase microscopy after several hours, and lost
ultraviolet-absorbing material to the medium.
It is important to note, as demonstrated by
Repaske (1958), that the EDTA must be added
at the same time as the lysozyme, that excess
lysozyme or divalent ions can inhibit lysis, and
that the cells must be freshly harvested after
good aeration. Dowex 50-treated sucrose was
used in the medium during the preparation of
protoplasts.

To prepare protoplasts of M. lysodeikticus,
cells were grown in Beers’ (1955) liquid medium
at 37 C with good aeration; 32 ml of culture
were centrifuged. The cells were resuspended in
32 ml of water and collected again. The pellet
was resuspended in 16 ml of 0.5 M sucrose-0.03
M tris Cl (pH 8), and 150 ug of lysozyme were
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added. The suspension was incubated at 25 C
for 10 min.

Preparation of spheroplasts with penicillin.
Spheroplasts of E. coli W were prepared accord-
ing to a modification of Lederberg’s (1956)
method. Horse infusion broth cultures were
grown overnight with shaking at 37 C. Then, 4
ml of the fully-grown culture were added to
12 ml of synthetic medium (Vogel and Bonner,
1956) containing 0.5 M sucrose, 0.29, glucose,
and 18 mg of penicillin; the cells were then
incubated without shaking at 37 C for 165 min.
The formation of spheroplasts could be demon-
strated by lysis of the cells on suspension in
water, as well as by their appearance in the
phase microscope. If the spheroplasts were
allowed to incubate longer, gradual lysis occurred
even in sucrose; therefore, all studies were per-
formed 165 to 180 min after the exposure to
penicillin. Samples (1 ml) of the spheroplast
suspension were centrifuged, and the pellets were
suspended in 1 ml of the solutions to be tested.
Optical densities were read at 650 mu in a model
DU Beckman spectrophotometer.

Determination of viabtlity. The viability of the
protoplasts, i.e., the number undergoing con-
version to cells upon plating, was determined by
dilution with horse infusion medium containing
0.5 M sucrose, and plating samples of a suitable
dilution on horse infusion agar plates. Colonies
were counted at 24 hr. The best yield of viable
protoplasts was observed when the sucrose in
the diluting medium came from lots containing
low concentrations of metal. The horse infusion-
sucrose medium used for dilution gave a signifi-
cantly better yield of viable protoplasts than 0.5
M sucrose alone, or the inorganic salts medium
(Vogel and Bonner, 1956); no improvement in
viability was observed when 0.01 M MgCl,-0.5 M
sucrose or when 0.001 M spermine-0.5 M sucrose
was used. The final plate contained horse infusion
agar without added sucrose, since the addition of
sucrose at this stage markedly slowed the growth
rate and did not increase the yield of colonies.

Assay conditions. All protoplast or spheroplast
suspensions were maintained at 0 C, except
during centrifugations. Cells were subjected to
the same procedures as protoplasts or sphero-
plasts when comparable data were obtained with
cells.
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RESULTS

Effect of adding polyamines to the suspending
medium. The first studies were concerned with
the protection of protoplasts against lysis in
hypotonic media conferred by the addition of
polyamines to the suspending medium. Proto-
plasts were prepared by treating E. colz or M. lyso-
deskticus with lysozyme as described.

When E. coli cells were suspended in water,
the optical density observed at 650 mu was the
same as the optical density observed when cells
were suspended in sucrose (Table 1). When
protoplasts of E. coli prepared by the lysozyme
procedure were collected and resuspended in 0.5
M sucrose, the optical density was the same as
when an equal number of whole cells was sus-
pended in sucrose. However, when these proto-
plasts were suspended in water at the same con-
centration, rapid and complete lysis occurred.
Observation with the phase microscope showed
only transparent material, presumably due to
cell membranes or walls. This lysis was asso-
ciated with a marked fall in the optical density
at 650 mu (Table 1). If lysozyme protoplasts were
suspended in a 107 M solution of spermine
hydrochloride instead of water, there was essen-
tially no change in the microscopic appearance,
and little change in the optical density at 650
mu. Spermine (10~ M) gave only slight protec-
tion, while lower concentrations were ineffective;
high spermine concentrations (1072 M) produced
aggregation of the protoplasts. Spermidine
trihydrochloride (103 M) and 10~ m CaCl, were
also effective stabilizers. 1,4-Diaminobutane
hydrochloride, 1,5-diaminopentane hydrochlo-
ride, and MgCl, (10~ M) all showed only a slight
effect. In this experiment, streptomycin sulfate
(1072 M) and quinacrine hydrochloride (10~ M),
and in other experiments triethylenetetramine
hydrochloride (102 M), arcaine (1072 M), poly-L-
lysine (182 ug/ml), and protamine sulfate (200
ug/ml) were also effective stabilizers. However,
these also produced aggregation of the proto-
plasts; dispersion was incomplete, thus rendering
the optical density measurement relatively
inaccurate. Thus, the polyamines, the divalent
cation Ca't™, and several strongly basic com-
pounds were effective in preventing lysis.
Diamines and Mgtt were slightly effective.
Monovalent cations and basic amino acids, how-
ever (Kt, Nat, NH,*, lysine, and ornithine),
were essentially without any stabilizing effect at
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TABLE 1. Protoplast stability in various solutions*

Optical density
X . (650 mu)
Suspending medium

E. coli W deikticus

Cells
0.5 M Sucrose 0.92
Water 0.89 0.34
Protoplasts

0.5 M Sucrose 0.97 0.06

Water 0.12 0.02

0.001 M Spermine HCl 0.63 0.26

0.001 M Spermidine HCI 0.45 0.04

0.001 M 1,4-Diaminobutane 0.19 0.03
HCI

0.001 M 1,5-Diaminopentane 0.14 0.02
HCI

0.001 M Triethylenetetramine  0.20
HCl1

0.001 M Agmatine SO, 0.18

0.001 m MgCl, 0.26

0.001 M CaCl,t 0.59  0.03

0.01 m KC1 0.16

0.01 M NaCl 0.16

0.01 m NH,CI 0.17

0.01 M L-Ornithine HCI 0.19

0.01 M L-Lysine HC1 0.19 0.03

0.001 M Quinacrine HC1 0.51

0.001 M Streptomycin SO, 0.62 0.11

0.001 M Polylysine HCI 0.35

* E. coli cells grown overnight in horse infusion
broth at 37 C were converted to protoplasts by the
lysozyme-EDTA procedure. Samples (1 ml) of the
cells or of the protoplasts were centrifuged, and
the pellets were resuspended in 2 m] of the medium
indicated. A fall in optical density at 650 mpu indi-
cates lysis. M. lysodetkticus cells were grown over-
night in Beers’ (1955) medium at 37 C with shak-
ing. Protoplasts were prepared as described in the
text; 1-ml samples were centrifuged, and the pel-
lets were resuspended in 2 ml of spermine or other
suspending medium. Polylysine was 10~ M with
respect to the lysine moiety.

t An effect of Ca** on protoplast stability was
demonstrated by Repaske (1958). He showed that
Dowex 50-treated E. coli cells could be converted
by lysozyme to protoplasts without the EDTA
which is needed with untreated cells. Under these
circumstances the formation of protoplasts was
inhibited by the addition of Ca** or other divalent
ions.

1072 M or even at 10™! M concentrations; higher
concentrations were not tested.

The stabilization of M. lysodetkticus proto-
plasts by polyamines and other bases was also
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studied. Samples (1 ml) of a M. lysodeikticus
protoplast suspension were centrifuged, and the
pellets were suspended in 2 ml of the solutions
indicated in Table 1. Protoplasts of M.
lysodetkticus were protected most completely by
polylysine; however, agglutination occurred at
this concentration. Spermine also gave good
protection against lysis, but spermidine, 1,4-
diaminobutane, 1,5-diaminopentane, and cal-
cium were without any observable effect (Table
1).

The effect of low concentrations of the poly-
amines and other bases on the osmotic fragility
of spheroplasts produced by the penicillin proce-
dure was investigated. Optical densities at 650
my are given in Table 2. These spheroplasts
lysed if suspended in water, as indicated by the
marked fall in optical density at 650 mu. If they
were resuspended in 0.5 M sucrose, however,
essentially no fall in optical density occurred.
Spermine hydrochloride and streptomyecin sulfate
gave the greatest protection, but streptomycin
also resulted in clumping. Even though a marked
fall in optical density occurred with spermidine
or calcium ions, indicating that the protection
was much less than that due to spermine, never-
theless a minor degree of protection was con-
sistently found in a number of experiments.

TABLE 2. Spheroplast stability in various solutions*

Optical density

Suspending medium (650 myu)

E. coli B
Water 0.07
Spermine HCI 0.21
Spermidine HCl 0.12
1,4-Diaminobutane HCl 0.09
1,5-Diaminopentane HCl 0.08
Streptomycin SO, 0.19
CaClz 012

* Spheroplasts were prepared by adding 4 ml of
an overnight horse infusion broth culture of E.
coli B to 12 ml of synthetic medium (Vogel and
Bonner, 1956), containing 0.5 M sucrose. To this,
0.16 ml of 0.1 M glucose and 18 mg of penicillin
were added, and the cultures were incubated at
37 C for 165 min. In the experiment listed, 1-ml
samples were centrifuged immediately and the
pellets were resuspended without delay in 1 ml of
1073 M solutions of spermine or other bases to be
tested. The optical densities of the suspensions at
650 mu were read promptly. The optical density of
the original spheroplast suspension was 0.21.
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In summary, I have shown that, in general,
the most effective protection against lysis of
protoplasts or spheroplasts in hypotonic medium
is obtained with the basic compounds, spermine,
spermidine, poly-L-lysine, quinacrine, and
streptomycin, and by the divalent cation Cat+.
Diamines, Mg'+, monovalent cations, and
dibasic amino acids had little or no protective
effect.

Effect of preliminary exposure to low concen-
trations of polyamines on subsequent lysis in water.
The above experiments demonstrated that
protoplasts and spheroplasts of E. coli do not
lyse in suspending media containing low con-
centrations of polyamines. Once the proto-
plasts have been exposed to these low concen-
trations of polyamines, they do not lyse even if
subsequently suspended in water (Table 3).
The protective effects of preliminary exposure
to these compounds against subsequent lysis in
water were in general similar to the results
obtained in Table 1. When a sample of the same
protoplast preparation was suspended in water
without previous exposure to spermine, the
optical density at 650 mu fell to 0.01.

In a comparable experiment with E. colt B,
the effects of the polyamines were similar to
those observed with E. coli W (Table 3).

Similar but less complete protection was found
when penicillin spheroplasts of E. coli W had
been exposed to low concentrations of spermine
before exposure to water. Optical densities at
650 mu are given in Table 4. The highest optical
density was observed with polylysine hydro-
chloride, but this was complicated by gross
clumping of the spheroplasts which could not be
dispersed. Spermine tetrahydrochloride was a
moderately effective stabilizer; spermidine
trihydrochloride and streptomycin sulfate were
somewhat less effective. 1,4-Diaminobutane
dihydrochloride, 1,5-diaminopentane dihydro-
chloride, calcium chloride, magnesium chloride,
ammonium chloride, sodium chloride, and -
lysine hydrochloride were without significant
effect at the concentrations tested.

In other experiments, I found that once the
protoplasts had been exposed to spermine, even
repeated centrifugation and resuspension in water
resulted in no change in the corrected optical
density at 650 mu (Table 5).

Effect of preliminary exposure of bacteria to
polyamines before the addition of lysozyme or
penicillin. In the above series of experiments,
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TABLE 3. Stability of protoplasts in water after
preliminary exposure to spermine and other bases*

Optical density in water
Comgounds tested for (650 mgu)
stabilizing activity

E. coli W E. coli B
Cells 0.20 0.25
Protoplasts
None 0.01 0.04
Spermine HCI 0.13 0.14
Spermidine HCl 0.11 0.14
1,4-Diaminobutane 0.07 0.10
HCI
1,5-Diaminopentane 0.04 0.06
HCl
CaCl; 0.12 0.11
MgClz 0.00
NH,CI 0.01
NaCl 0.00
Lysine HC1 0.02
Streptomycin SO,f 0.12
Poly-vL-lysine HC1t} 0.21

* Protoplasts of E. coli W or E. coli B were pre-
pared in sucrose-tris buffer with lysozyme and
EDTA; 10 min after the addition of lysozyme,
1-ml samples were made 1073 M with respect to
spermine or other base by addition of 0.01 ml of a
10! M solution. The samples were then centri-
fuged, and the pellets were resuspended in 2 ml of
water. Optical densities were read at 650 mu im-
mediately after the suspensions were prepared.
The cultures used for these experiments were
grown in the synthetic medium (Vogel and Bonner,
1956).

t Clumping of the particles was grossly visible.
These were broken up as well as possible by
vigorous shaking before reading.

t In other experiments, the addition of 0.01 ml
of either protamine sulfate (20 mg/ml) or tri-
ethylenetetramine hydrochloride (107! M) to 1-ml
samples of E. coli W protoplasts also protected the
protoplasts against subsequent lysis in water.
Clumping of the protoplasts occurred with these
substances. Poly-L-lysine solutions were 1072 M
with respect to the lysine moiety.

polyamines were added only after the lysozyme
or penicillin had acted on the cells. Results now
to be described suggest that prior treatment of
cells with polyamines prevents the formation of
osmotically-fragile protoplasts by added lysozyme
(Table 6). The prior treatment of cells with
spermine or spermidine prevented the develop-
ment of the osmotic fragility observed in the
preceding experiments. With preliminary expo-
sure of the cells to 1,4-diaminobutane, however,
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there was only a partial protection. When
examined with the phase microscope, -cells
treated first with spermine and then with lyso-
zyme-EDTA retained their normal shape, size,
and motility. However, viability studies (see
below) indicated that there had been some
alteration in these cells.

In a comparable group of experiments, in which
spermine was added to E. coli before the forma-
tion of penicillin spheroplasts, spermine had
only a moderately protective effect against
osmotic lysis (Table 7).

It is of interest that Brown (1960) found that
spermine inhibits the lysis of cell walls isolated
from a halophilic bacterium by an autolytic
enzyme present in the walls.

Effect of spermine on the loss of ultraviolet-
absorbing material to the medium from lysozyme
protoplasts. A loss of ultraviolet-absorbing ma-
terials to the medium occurred over an 18-hr
period at 2 C, even when the protoplasts were
collected by centrifugation and suspended in 0.5
M sucrose (Table 8). The loss of ultraviolet-
absorbing material was not accompanied by
comparable lysis of the cells; i.e., the suspension
remained opaque, and in the phase microscope

TABLE 4. Stability of spheroplasts in water after
preliminary exposure to spermine and other bases*

Optical

Compounds tested for stabilizing activity geef‘a‘gr
(650 mp)
None 0.05
Spermine HCl 0.12
Spermidine HCI 0.07
1,4-Diaminobutane HCI 0.03
1,5-Diaminopentane HC1 0.04
Streptomycin SO4 0.07
CaClz 0.04
MgCl. 0.02
Poly-L-lysine HCI 0.28
Lysine HCI 0.04
NH,CI 0.04
NaCl 0.04

* Samples (1 ml) of penicillin spheroplasts in
sucrose were adjusted to 1073 M concentration of
the substances to be tested. The spheroplasts were
then collected by centrifugation, and were resus-
pended in 1 ml of water. Optical densities were
read at 650 mu immediately after the suspensions
were prepared. The optical density of the sphero-
plast suspension at the end of the incubation with
penicillin was 0.26.
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TABLE 5. Effect of repeated suspensions in waler on
the optical density (OD) of spermine-treated
protoplasts*
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TABLE 7. Effect of prior treatment with spermine on
the formation of osmotically-fragile spheroplasts
from Escherichia coli W by penicillin*

OD of OD of

o . . suspension
Suspending medium Vol su(séggn;l‘c‘);l . ((‘ ﬁ oéﬁ?ttiz?] :
ml
A Sucrose-tris 4 sper- 2 1.10 1.10
mine (1072 M)
First H-O suspension 4 0.54 1.08
Second H.0 sus- 4 0.54 1.08
pension
Third H;O suspen- 4 0.49 0.98
sion
B Sucrose-tris 2 1.10 1.10
First H,O suspension 4 0.01 0.02

* Protoplasts of E. coli W were prepared in
sucrose-tris. In group A, a sample was made 1072 M
in spermine, and then resuspended in water three
times. In group B, a sample of the protoplast sus-
pension was centrifuged without exposure to
spermine, and taken up in water.

TABLE 6. Effect of prior treatment with polyamines
on the production by lysozyme of osmotic
fragility of Escherichia coli W*

Polyamine present during OD (650 mu) OD (650 mg)

lysozyme treatment in sucrose in water
None 1.02 0.11
Spermine hydrochloride — 0.82
Spermidine hydrochloride — 0.78
1,4-Diaminobutane hydro- — 0.43

chloride

* E. coli W cell suspensions in sucrose-tris were
made 103 M in spermine, spermidine, or 1,4-di-
aminobutane. Then lysozyme and EDTA were
added; 30 min after the lysozyme addition, a 1-ml
sample was centrifuged, and the pellet was re-
suspended in 2 ml of water. The optical density
was read at 650 mu.

the protoplasts appeared unchanged except for
an increase in the degree of swelling. If the
protoplasts were stored for 18 hr at 2 C in 103* m
spermine, with or without 0.5 M sucrose, much
less ultraviolet-absorbing material appeared in
the medium.

Binding of polyamines by cells and protoplasts.
Experiments were performed with C'-spermine
and C¥-1,4-diaminobutane to compare the
uptake of polyamines by E. coli W cells and

OD (650 mu) 165 min after penicillin

Polyamine present during

penicillin treatment Spheroplasts

Spheroplast centrifuged and

Suspension  ycpended in water
None 0.19 0.08
Spermine HC1 0.28 0.14

* Cells were diluted with fresh medium as de-
scribed under Methods. To one tube, penicillin
alone was added. A second tube was made
2 X 107% M in spermine just before the penicillin
was added. A control culture without penicillin
was run simultaneously. These were allowed to
incubate for 165 min at 37 C. At this time the
optical density (650 mu) of the control culture in
the absence of penicillin was 0.26.

TABLE 8. Loss of ultraviolet-absorbing material from
protoplasts during storage at 2 C for 18 hr*

Absorption of

Suspending medium S“Slﬁ::?;ﬁnt Visible lysis
(260 mu)
Cells
0.5 M Sucrose-0.03 M tris 0.33 None
(pH 8)
Protoplasts
Watert 1.50 Complete
Water-0.001 M spermine} 0.13 None
0.5 M Sucrose-0.03 M tris 1.68 - None
(pH 8)
0.5 M Sucrose-0.03 M tris 0.46 None

(pH 8)-0.001 M sper-
mine

* Cells or protoplasts of E. coli W were stored
in the suspending medium at 2 C for 18 hr. The
suspension was centrifuged at 0 C and the 260-mgu
absorption of the supernatant fluid was deter-
mined. For this experiment, the cells were grown
in a synthetic medium plus glucose (Vogel and
Bonner, 1956). In other experiments, the addition
of 1073 M spermine to cells suspended in sucrose
did not diminish the amount of 260-mu material
lost from cells to the suspending medium.

t This represents the amount of 260-mu ab-
sorbing material released on complete lysis of ap-
proximately 1 mg of protoplasts.

 Similar results were obtained if 5 X 10™ M
spermine or 103 M spermidine was present instead
of 1073 M spermine.
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TABLE 9. Binding of CY-spermine and CY-1,4-di-
aminobutane by Escherichia colt cells
and protoplasts*

Total C1¢
E. coli Suspending medium ngaaleg" T;taijno;“ ir‘; :;:3&"
. solution
count/min|count/min/count/min
Cells 0.001 M C4-sper- | 2,600 | 1,600 | 1,000
mine HCIlf
H,0O wash 1,560 40
H,0 wash 1,560 0
Proto- | 0.001 m Ct4-sper-| 2,600 | 1,300 | 1,300
plasts| mine HCIf
H.0 wash 1,280 20
H,0 wash 1,270 30
Cells 0.001 M C4-1,4- 680 280 400
diaminobu-
tane HCI**
Sucrose washi 40
Sucrose wash 40
Proto- | 0.001 m C'4-1,4- 680 280 400
plasts| diaminobu-
tane HCI1**
Sucrose washi 30
Sucrose wash 0

* Samples (0.5 ml) of cells or protoplasts in
0.5 M sucrose-0.03 M tris (pH 8) were centrifuged,
and the pellets were resuspended in 1 ml of 0.001 m
spermine hydrochloride containing 2,600 counts
per min per ml of C!4-spermine hydrochloride, or in
1 ml of 0.001 M 1,4-diaminobutane hydrochloride
containing 680 counts per min per ml of C14-1,4-
diaminobutane hydrochloride. After centrifuga-
tion, the supernatant solution was separated from
the pellet and a sample was plated, dried, and
counted. The count/min in the pellet were calcu-
lated by difference. The spermine-treated pellet
was suspended in 1 ml of water and recentrifuged;
the pellet was again suspended iv fresh water, and
recentrifuged. Samples of each supernatant so-
lution were plated, dried, and counted. No gross
evidence of lysis occurred during this experiment.
The 1,4-diaminobutane-treated pellet was re-
suspended twice in 0.5 M sucrose-0.03 M tris HCI
buffer (pH 8.0), centrifuged, and the count/min of
each supernatant solution were determined.

t No sucrose was present.

1 Sucrose (0.5 M) was used in this experiment,
since in other experiments we have observed a
lower optical density when protoplasts pretreated
with 1,4-diaminobutane were suspended in water
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protoplasts. When cells were suspended in 0.001
M Cl-spermine, the uptake equaled approxi-
mately 50 umoles per g, wet wt (Table 9). This
was not due to exchange, since by methods
previously described (Tabor, Rosenthal, and
Tabor, 1958) I found that the spermine con-
centration of E. colt cells which had been grown
in horse infusion broth was less than 0.4 umole
per g (wet wt).

When protoplasts which had been prepared
with lysozyme from the same cells were sus-
pended in 0.001 M C'-spermine, a comparable
amount of spermine was taken up by the proto-
plasts. This spermine was tightly bound to both
the protoplasts and cells, since on repeated
suspension in water, only a small percentage of
the counts appeared in the water. However, the
bound spermine in the protoplasts could exchange
with spermine in the medium; when protoplasts
were suspended in 0.1 M spermine, the counts
appeared in the medium.

When cells were suspended in 0.001 M C™-1,4-
diaminobutane in 0.5 M sucrose, a smaller per-
centage of the C*-1,4-diaminobutane was taken
up from the medium. On repeated suspension in
0.5 M sucrose, most of the C* was retained by
the cells (Table 9). This represents about 25
umoles per g (wet wt). A comparable culture of
E. colt W grown in horse infusion broth contained
less than 10 pumoles of 1,4-diaminobutane per g
(wet wt); therefore, exchange could not account
for all of the uptake of counts. Similar results
were obtained when lysozyme protoplasts were
suspended in C*-1,4-diaminobutane. The uptake
of spermine by whole cells has been described for
Staphylococcus aureus (Razin and Rozansky,
1959; Rosenthal and Dubin, 1960) and for E.
colt (Dubin and Rosenthal, 1960). The uptake of
spermidine has been described for protoplasts of
Bactllus subtiles (Bachrach and Cohen, 1961).
My results are in agreement with the reported
observations.

From these results, it is apparent that amines
are taken up and bound tightly by some part of
the E. coli not destroyed by lysozyme; the bound
spermine is in an exchangeable form.

than when the same protoplasts were suspended in
sucrose.

** The C-1,4-diamobutane hydrochloride was
dissolved in 0.5 M sucrose-0.03 M tris chloride
(pH 8).



1108

TABLE 10. Effect of spermine on the viability of
Escherichia coli W protoplasts*

Viable count/ml at hours after lysozyme

Addition
0 ‘ 0.5 ‘ 45 ' 24.0
No addition |[2X10°|2X 107 |1 X 107 | 2 X 10¢
Spermine 2 X 10711 2 X 107 | 1 X 107
added}
(53X 1074M)

* Protoplasts were prepared in 0.5 M sucrose—
0.03 M tris HCI by the routine lysozyme procedure.
A sample of the suspension was made 5 X 107 m
in spermine 0.5 hr after the lysozyme addition.
Viable cell counts were made by dilution of sam-
ples at 0 C in horse infusion broth—0.5 M sucrose,
and plating a sample on horse infusion agar plates.
Assays were made before the addition of lysozyme
(zero time) and at various times after the addition
of lysozyme. Colonies were counted after 24 hr
incubation of the plates at 25 C.

1 Essentially the same results were obtained in
other experiments with 10~ M spermine.

1 Added 0.5 hr after addition of lysozyme.

If spheroplasts suspended in sucrose are treated
with C'-spermine, about half of the C“ is ab-
sorbed by the spheroplasts; if they are then
resuspended in sucrose, the C!"-spermine is
gradually lost to the medium. Although this
could mean that the binding is less firm than
with protoplasts, it seems more likely that the
loss is due to the gradual lysis of the spheroplasts
referred to above.

Effect of spermine on the viability of protoplasts
and spheroplasts. Previous workers have shown
that when bacteria are converted to protoplasts,
the cells lose their viability, i.e., their ability
to reproduce (Weibull, 1958). I have found a 95
to 999, loss of viability 30 min after the cells
were treated with lysozyme. In the experiment
reported in Table 10, for example, the recovery
of viable cells-from E. coli protoplasts was 19,
after 30 min of incubation with lysozyme. Con-
centrations of polyamines which protected
lysozyme protoplasts of E. coli against osmotic
lysis did not restore viability of the protoplasts.
Efforts to increase the yield of viable cells by
allowing protoplasts to incubate at 0 C or at
37 C in horse infusion broth-0.5 M sucrose were
not successful; the addition of 10~ M spermine
or 102 M spermidine to the diluting medium did
not increase the yield of viable cells.
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Although the survival at 0.5 hr may be due
to cells unaffected by lysozyme, the following
data suggest that it is due to viable protoplasts.
In a comparable experiment, a sample of a
protoplast suspension was centrifuged, taken
up in twice the volume of water, and then diluted
in horse infusion-sucrose medium for plating;
the viable count was less than 10* per ml. One
sample was diluted directly in horse infusion-
sucrose medium; the viable count was 1 X 107
per ml. The poor recovery of viable cells from
protoplasts even under conditions where there
was no lysis may be explained by leakage of
essential materials from the protoplasts to the
surrounding medium, by a further action of
lysozyme on protoplasts, or by failure of the
protoplasts to synthesize certain critical com-
pounds. Attempts to restore viability by cor-
recting possible metabolic deficiencies in the
protoplasts, i.e., by addition of a,e-diaminopi-
melic acid, N-acetylglucosamine, or adenosine
triphosphate to the diluting medium (in 5 X
1072 M to 5 X 10 M concentration), did not
improve the yield of viable protoplasts.

If protoplasts were allowed to stand at 0 C
in the lysozyme-EDTA medium, a continued
fall in viability occurred (Table 10). When,
however, spermine was added to a sample of
protoplasts in the lysozyme-EDTA medium
(final spermine concentration, 5 X 10~ M),
this fall was inhibited. Thus, after 24 hr at 0 C
the viable cell count of the untreated protoplast
suspension fell to 1{,000 the count observed at
30 min after lysozyme, while that of the spermine-
treated suspension fell only to 14 of the 30-min
count. Spermidine (1073 M) was also effective in
preventing the progressive fall in viability with
time.

By the addition of polyamines to a cell suspen-
sion just before the addition of lysozyme, the
fall in viability which occurred after lysozyme
treatment in the absence of spermine was
markedly decreased. These experiments were car-
ried out in 0.03 M tris HCI buffer (pH 8) without
sucrose, to intensify lysis of unstable forms.
With 10™® M spermine, spermidine, or 1,4-
diaminobutane in the medium during lysozyme
action, 16 to 269, of the initial viability
was observed at 30 min after exposure to lyso-
zyme (Table 11). These are to be compared with
the 59 of the initial viability obtained with
protoplasts formed in the absence of any of the
amines in this experiment. The fall in optical
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TABLE 11. Optical density and viability of
Escherichia coli cells after the simultaneous
addition of spermine and lysozyme*

Per cent . Per cent

Amine added | 6S0omp) oricnal countyiml of oriel-

at 0.5hr™ 5y at 0.5 hr count
None 0.11 | 11 | 1.7X 108 5
Spermine 0.82 | 82 6 X 108 17
Spermidine 0.78 | 78 9 X 108 26
1,4-Diamino- 0.43 | 43 | 5.5 X 108 16

butane
Original culture 1.01 3.5 X 10°

* Cell suspensions in 0.03 M tris HCI buffer
(pH 8.0), without sucrose, were made 1073 M in
spermine, spermidine, or 1,4-diaminobutane. A
control tube containing the cell suspension with-
out added amine was also prepared. All the tubes
were then treated immediately with EDTA and
lysozyme at 0 C for 30 min. Samples of the incuba-
tion mixture were diluted and plated 30 min after
the addition of lysozyme, as in Table 10. Colonies
were counted after 24 hr of growth at room tem-
perature. Cell count of the starting culture used
was 3.5 X 10° cells/ml. Optical densities of the
protoplast suspensions at 650 mu were observed
at 0.5 hr after the lysozyme addition.

density after lysozyme treatment of cells pre-
treated with spermidine or spermine was slight,
indicating that lysis did not account for the loss
of viability just described. Examination of these
cells by phase microscopy showed that they
resembled cells in shape, size, and motility. Thus,
prior treatment of cells with polyamines prevents
the development of osmotic fragility, and par-
tially prevents the loss of viability observed after
lysozyme treatment.

The experiments presented here do not demon-
strate the specific changes that take place in the
cells exposed simultaneously to spermine and
lysozyme. By appearance and osmotic fragility
they are indistinguishable from untreated cells;
however, approximately 809, have been rendered
nonviable. These results can be explained by
partial inhibition of lysozyme action by spermine,
or by complete stabilization of the cell shape in
the presence of spermine, even if the lysozyme
were not inhibited. My experiments do not
distinguish between these two possibilities.
Other criteria for protoplast formation that have
been used with other organisms, e.g., the ap-
pearance of reducing sugar and of free N-acetyl-
glucosamine after lysozyme treatment, were not
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satisfactory in these studies. E. coli W incubated
for 24 hr without lysozyme gave a positive reduc-
ing sugar test by the Park and Johnson (1949)
procedure, while even 24 hr incubation with
lysozyme liberated no free N-acetylglucosamine,
i.e., less than 10 ug/ml by the Reissig, Strominger,
and Leloir (1955) method. The appearance of
free reducing groups when intact E. coli were
incubated at 37 C in the presence of tris buffer
(pH 8) could reflect leaking. Under these condi-
tions, I also observed that there was a loss of 260
mu-absorbing material from these cells, which
equaled half the amount lost if a comparable
suspension of cells underwent complete lysis.

The viability of E. colt spheroplasts depended
on the medium in which the cells were converted
to spheroplasts. Under my standard conditions,
without added magnesium, I observed 109,
viability at 150 min after the addition of peni-
cillin. When the medium contained 102 m MgCl,
(as described by Lederberg, 1956), I found, in
agreement with Lederberg’s results, a marked
increase in viability (over 509%). In both cases,
little or no effect was observed upon the addition
of 2 X 10~* M spermine during the preparation of
the spheroplasts or 1073 M spermine at 150 min.

DISCUSSION

Primosigh et al. (1961) have shown that the
wall of E. colt consists of three layers, an outer
lipoprotein layer, a middle lipopolysaccharide
layer, and an inner mucopeptide layer. They
consider that the rigidity of the cell wall can be
attributed to the innermost layer, the outer two
layers being flexible. When the inner rigid layer
is not present or functioning, osmotic changes can
give rise to swelling and ultimately to rupture of
the cell.

Protoplasts are cells which have a defective
rigid wall because of the enzymatic action of
lysozyme on the mucopeptide layer (Primosigh
et al., 1961). Spheroplasts are thought to have
defective rigid layers because of penicillin inhibi-
tion of synthesis of the mucopeptide layer (Park
and Strominger, 1957). The stabilization of
protoplasts and spheroplasts by spermine may
be due to a functional correction of these de-
fects, or to an effect or spermine on the outer
layers. Primosigh et al. (1961) point out that
there is on the mucopeptide an extra carboxyl
group due to diaminopimelic acid. It is possible
that this might bind the polyamines tightly, and
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thus prevent the loss of rigidity. On the other
hand, a strong affinity of spermine for phospho-
lipid has been described (Razin and Rozansky,
1959). The binding of spermine to these outer lay-
ers might overcome the repulsive forces of sulfate
or phosphate groups which are situated in close
proximity to each other. In this connection, the
binding of spermine by the protoplast is tight;
C"-gpermine studies have demonstrated that re-
peated suspension of these protoplasts in water
fails to wash out significant amounts of the labeled
spermine. The effect of polyamines on the cell
wall offers one possible explanation of the ability
of polyamines to inhibit leakage of ultraviolet-
absorbing materials from protoplasts. Alterna-
tively, the stabilizing effect of polyamines on
nucleic acids (see below) or the inhibition of
nucleases, described by Keister (1958) and by
Herbst and Doctor (1959), may be responsible
for this inhibitory effect on leakage. Although
many other basic compounds can also stabilize
protoplasts and spheroplasts, it is of interest that
the polyamines occur naturally in high concen-
tration in many bacteria.

The stabilization of mitochondria (Tabor, C.
W., 1960a,b, Herbst and Witherspoon, 1960), of
E. coli ribosomes (Cohen and Lichtenstein,
1960; Zillig, Krone, and Albers, 1959; Hershko,
Amoz and Mager, 1961; Colbourn, Wither-
spoon, and Herbst, 1961), of bacteriophage Ts
(Tabor, H., 1960), of = obtained from bacterio-
phage T, (Fraser and Mahler, 1958), of calf
thymus deoxyribonucleic acid (DNA) (Mabhler,
Mehrotra, and Sharp, 1961; Tabor, H., Biochem-
istry, in press), of B. subtilis transforming DNA
(Tabor, H., 1961), and of T, DNA (Mahler
et al., 1961) by polyamines has recently been
reported from several laboratories. In some of
these instances, it seems most likely that the
strong affinity of nucleic acids for polyamines
(Razin and Rozansky, 1959; Keister, 1958) may
be the important factor in the mechanism of
stabilization in these systems. An antioxidant
effect of the polyamines has also been observed
for unsaturated fatty acids (Tabor, C. W., 1960c),
which might be important in some of these
systems. Although the present studies have not
resulted in any single unifying theory of action
of polyamines, it is possible that the polyamines
serve as physiological stabilizers within the cell.
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