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Fluorescence polarization studies on Escherichia coli membrane stability
and its relation to the resistance of the cell to freeze-thawing.
IL. Stabilization of the membranes by polyamines
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The effects of polyamines, spermine, spermidine and putrescine on the stabilization of the membrane
organization of Escherichia coli cells were studied using measurements of fluorescence polarization change
of extrinsic fluorescence probes in membrane specimens as a function of temperature. The effects of the
polyamines on the restoration of the cell viability after freeze-thawing were also investigated. In
logarithmic-phase membrane specimens, polyamines depressed the polarization ratio increase below the
transition temperatures in a dose-dependent manner. The physiologically relevant concentration of poly-
amines repressed the ratios to the same levels as are obtained with the stationary-phase specimens. In the
stationary-phase specimens, no effect of polyamines on repression of the polarization increase was observed.
A preliminary exposure of logarithmic-phase cells to polyamines protected the cells from the reduction of
viability in freeze-thawing. However, a considerably high concentration and a certain length of preincubation
time were required in order to an effect to be exerted. These results indicate that the intracellular
polyamines could stabilize the membrane organization of logarithmic-phase cells to the same extent as in the
stationary-phase cell membranes. It is conjectured that the membrane stability which is mediated by the
polyamines results in cellular resistance to freeze-thawing, as it is attained by increasing the growth phase of
the cells.

Introduction

The aliphatic polyamines are contained in vari-
ous amounts in many bacteria and eukaryotic cells
[1-6], and are known, due to their cationic char-
acter at physiological pH, to bind with nucleic
acids and the other negatively charged macro-
molecules in the cells [1-3,7,8]. While the roles of
polyamines in vivo are still uncertain, numerous in
vitro stabilization effects on various cellular com-
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ponents have been reported [1-3,9,10]. For exam-
ple, spermine or related amines protect the osmot-
ically fragile Escherichia coli spheroplasts [11-13]
and isolated mitochondria [14] from lysis, indicat-
ing a direct stabilizing effect on the cell wall or
cell membrane.

In the preceding paper [15], it was demon-
strated that E. coli B logarithmic-phase cells have
a higher participation of membrane phospholipids
in the phase transition and lower resistance to
freeze-thawing, while the stationary-phase celis
have a lower participation in lipid phase transition
and higher resistance to the freezing injury. The
results suggest that membrane stability plays ex-
tremely important role in the cells in contributing
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to the resistance to freezing.

Recently it was reported that polyamines pref-
erentially bind to ribosomal particles or mem-
brane fractions of E. coli cells [16] or modify the
properties of renal brush border membrane vesicles
[17]. Although many basic compounds can be
considered to stabilize membrane structure, it is of
interest that E. coli cells naturally contain a high
concentration of polyamines, putrescine and
spermidine [3]. In the present work, the stabilizing
effects of exogenous polyamines on E. coli mem-
branes were investigated by the measurement of
fluorescence polarization using extrinsic fluores-
cence probes. The relationship between membrane
stability and the restoration of cell viability after
freeze-thawing was also studied.

Materials and Methods

Materials. cis- and trans-Parinaric acids were
purchased from Molecular Probes, Inc. (Junction
City, OR or Plano, TX, respectively). 1,6-Di-
phenyl-1,3,5-hexatriene and polyamines (putres-
cine, spermidine and spermine) were obtained from
Sigma Chemical Co. (St. Louis, MO).

Cultivation of bacteria. In most cases E. coli B
cells were grown to the logarithmic and stationary
phases with the same procedures described in the
preceding paper [15]. For the cultivation of cells in
the presence of polyvalent cations, a 15 h culture
of E. coli B cells in normal culture medium was
transferred into a 10-fold volume of the same
medium containing 0.5 mg/ml of polyamines or
MgCl,. The presence of this concentration of
cations did not give any effect on the growth rate
of the cells. The logarithmic-phase cells were
harvested approx. 2 h after transfer into new
medium at an absorbance of 0.6 at 600 nm.

Fluorescence measurement. For the measure-
ment of fluorescence polarization, the membrane
samples or lipid dispersions were prepared from
the cells cultivated without an addition of poly-
amines or MgCl,. The membrane samples or the
lipid dispersions were added with the concentrated
solutions of polyamines or MgCl, to final con-
centrations of 0-250 pM, in a volume of 0.9 ml
The samples were mixed with 0.5 ml of medium
consisting of mannitol, sucrose and Hepes buffer
and then with 1.5 ml of ethylene glycol. The

samples were flushed with N, and incubated at
37°C for 30 min. Parinaric acids and hexatriene
probes were added to the sample just before the
fluorescence measurement. The lipid / probe molar
ratios were 100: 1 and 1000 : 1 with parinaric acids
and diphenylhexatriene, respectively, in all sam-
ples. After an equilibration of probes with sample
mixture, the fluorescence versus temperature was
measured with the method of Waring et al. [18] as
slightly modified as described in the preceding
paper [15].

Freeze-thawing and a viable count of the cells.
The cells harvested from the normal culture
medium were washed twice with 10 mM Tris-HCI
buffer (pH 7.5) and then were suspended in 10 ml
of the same buffer containing 0-1 mg,/ml of poly-
amines or MgCl,, at a concentration of 0.05 mg
wet cells per ml. The suspensions were incubated
at 37°C for 0-30 min with vigorous shaking to
prevent precipitation. The cells were collected,
washed once with 10 mM Tris-HCl buffer and
resuspended in the same buffer to the concentra-
tion of approx. 0.5 g wet cells per ml. The cells
harvested from polyamine-containing culture
medium were washed once with 10 mM Tris-HCl
buffer and resuspended in the same buffer in a
similar manner to that described above. The same
freeze-thawing and viable counting procedures de-
scribed in the preceding paper were employed
with both specimens.

Results

Effect of polyamines on fluorescence change in the
membranes or in the aqueous dispersions of phos-
pholipids

Membranes from logarithmic-phase cells

The membranes of E. coli B logarithmic-phase
cells showed a higher polarization ratio at low
temperatures compared to that in the membranes
of stationary-phase cells, indicating the higher
participation of the membrane lipids in phase
transition [15].

With an incubation of cytoplasmic membrane
of logarithmic-phase cells with spermine, the in-
crease in polarization with cis- and trans-parinaric
acids was considerably repressed in the region
below the transition temperatures compared to the



values obtained with the membrane samples
without spermine treatment. The repression of the
polarization increase with cis-parinaric acid was
considerably greater than that observed with the
trans isomer (data is not shown). As it was dem-
onstrated in the preceding paper [15], repression
of the polarization change in the membrane sam-
ple indicates the reduction of lipid portions which
are thermally immobilized below the transition
temperatures, although the polarization ratio above
the transition is not likely to be affected.

The effects of spermine on lipid immobilization
were dose-dependent (Fig. 1). The membrane frac-
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Fig. 1. Effect of spermine concentration on fluorescence polari-
zation change in cytoplasmic membrane of logarithmic-phase
cells. Membrane samples were added with various concentra-
tions of spermine and were kept at 37°C for 30 min. Samples
were then warmed to 45°C and fluorescence polarization was
determined at descending temperature at the rate of 0.5 Cdeg/
min. O, control (no spermine); @, 10; &, 20; ©, 40; @, 50;
and @, 100 pM spermine, with trans-parinaric acid. Insert:
similar experiments which were carried out with the use of
1,6-diphenyl-1,3,5-hexatriene. O, control (no spermine); 4, 30;
and O, 40 pM spermine. The polarization ratio has been scaled
between 0 (above the transition temperature) and 1 (below the
transition temperature).
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tion in the presence of as little as 10 uM spermine
resulted in a consistently detectable polarization
change repression. The extent of the repression
increased at higher spermine concentration up to
50 M. In this concentration, the increase of the
polarization ratio was repressed to approx. 1.80,
namely the value comparable to that shown in the
stationary-phase cell membranes without poly-
amine. No additional increase of repression was
observed above this concentration of spermine,
except for an addition of very high concentration
(over 150 pM) which caused aggregation of mem-
brane particles during the preincubation. In order
to discriminate the possible artificial interactions
of positively charged polyamine with negatively
charged fatty acid probes, the experiments were
reproduced using 1,6-diphenyl-1,3,5-hexatriene. A
similar dose-dependent polarization repression was
observed upon using this non-charged probe (in-
set in Fig. 1). Two other physiologically important
polyamines, spermidine and putrescine, also re-
pressed the polarization ratio increase below the
transition temperature region in a dose-dependent
fashion but were found to be less potent than
spermine. For instance, incubation of the mem-
brane with 100 pM spermidine caused the repres-
sion of the polarization increase to 1.80, while
over 150 uM putrescine repressed the increase to
1.82 (Fig. 2). No further effects of these poly-
amines above these concentrations were observed.

The outer membrane of logarithmic-phase cells
was also affected with spermine in a similar
manner to the cytoplasmic membrane, as it was
demonstrated by using parinaric acid and hexa-
triene probes (Fig. 3, with inset). MgCl, at con-
centrations as high as 125 pM did not affect the
polarization change in either the cytoplasmic or
outer membrane specimens.

Membranes from the stationary-phase cells

Polyamines were found to have a less potent
effect on the fluorescence polarization change in
the stationary-phase cell membranes. For instance,
incubation of the cytoplasmic membrane with 60
M spermine resulted in a slight repression of the
polarization ratio increase below the transition
temperatures. No change of the polarization ratio
above the transition temperature was observed.
The presence of 50 pM spermidine or 150 uM
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Fig. 2. Effect of spermidine and putrescine concentration on
fluorescence polarization change in cytoplasmic membrane of
logarithmic-phase cells. Membrane samples were added with
spermidine or putrescine of various concentrations. The proce-
dures of sample incubation and fluorescence polarization mea-
surement were similar to those described in Fig. 1. O, control
(no polyamine); ©, 20; @, 50; and ®, 100 pM spermidine; O,
50; and @, 150 uM putrescine. trans-Parinaric acid was used
as a probe.

putrescine did not have any effect on changing the
polarization ratios over the entire temperature
range measured (Fig. 4). No effect of 50 uM
spermine on the polarization change in the outer
membrane was observed (Fig. 3). The addition of
more than 150 pM spermine also resulted in ag-
gregation of the membrane particles both in cyto-
plasmic and outer membrane samples.

From the results, it was conjectured that in the
logarithmic-phase cell membranes, the fraction of
lipid resistant to ordering at low temperature was
augmented by the presence of polyamines. How-
ever, in the membranes of the stationary-phase
cells, the lipid state change was not considered
likely to be affected with polyamines.
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Fig. 3. Effect of spermine on fluorescence polarization change
in the outer membrane of two different growth-phase cells.
Membrane samples were added with spermine and were kept
at 37°C for 30 min. Samples were then warmed to 50°C and
fluorescence polarization was determined at descending tem-
perature at the rate of 0.5 Cdeg/min. O, outer membrane of
logarithmic-phase cells with no spermine; ®, with 50 uM
spermine; ©, outer membrane of the stationary-phase cells
with no spermine; ®, with 50 uM spermine, measured with
the use of trans-parinaric acid. Insert: similar experiments
which were carried out with the use of 1.6-diphenyl-1.3.5-
hexatriene. O, outer membrane of logarithmic-phase cells with
no spermine; a. with 30 uM; O, with 50 pM spermine. The
polarization ratio has been scaled between O (above the transi-
tion temperature) and 1 (below the transition temperature).

Agqueous dispersions of membrane phospholipids

Unlike the results obtained with the membrane
samples, the fluorescence polarization of parinaric
acid in aqueous dispersions of cytoplasmic and
outer membrane phospholipids derived from the
logarithmic-phase cells did not show any change
upon incubation with up to 50 uM spermine or
125 uM MgCl, (Fig. 5). The results suggested that
an increased disordering of lipids in the mem-
branes of logarithmic-phase cells in the presence
of polyamines was not due to the lipid state
change but resulted from the change of lipid-pro-
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Fig. 4. Effect of various polyamines on fluorescence polariza-
tion change in cytoplasmic membrane of stationary-phase cells.
Membrane samples were added with various polyamines at
various concentrations. The procedures of sample incubation
and fluorescence polarization measurement were similar to
those described in Fig. 1. @, cytoplasmic membrane of sta-
tionary-phase cells (control, no polyamine); ®, 60 pM sper-
mine; @, 50 puM spermidine; @, and 150 uM putrescine.
trans-Parinaric acid was used as a probe.

tein or protein-protein interactions mediated by
the action of polyamines.

Effect of polyamines on cell viability in freeze-thaw-
ing

In contrast to the potent effect on the polariza-
tion change in membrane preparations, poly-
amines improved the recovery of the cells very
slightly in freeze-thawing of intact normally
cultivated cells in their solutions in concentrations
which gave the membrane sufficient stability.

When the cells which were exposed to poly-
amines were freeze-thawed in polyamine-free
buffer solution, their protective effects varied de-
pending on whether the treatment of preliminary
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Fig. 5. Effect of spermine and MgCl, on fluorescence polariza-
tion change in aqueous dispersions of phospholipids extracted
from the cytoplasmic and outer membranes of logarithmic-
phase cells. Lipid dispersions which were added with spermine
or MgCl, were incubated at 37°C for 30 min. Fluorescence
polarization was determined in a similar procedure as de-
scribed in Fig. 1. O O, phospholipid extracted from
cytoplasmic membrane (control); @, with 50 uM spermine; @,
with 125 pM MgCl,; ® — — —®, phospholipid extracted
from the outer membrane (control); ®, with 50 uM spermine;
@, with 125 uM MgCl,. rrans-Parinaric acid was used as a
probe.

exposure of the cells to these compounds, namely
cultivation of the cells in 0.5 mg per ml spermine,
spermidine or putrescine, was effective. When the
cells grown in normal culture medium were in-
cubated in the same concentration of polyamines
at 37°C for 15 min, no effect was seen, while the
cells which were incubated for 30 min showed
high viability. A similar incubation of the cells in
higher polyamine concentration (1 mg,/ml) showed
a remarkably high viability after 15 min incuba-
tion. MgCl, did not show any effect on the viabil-
ity recovery in a comparable experiment (Table I).

These results suggested that polyamines gave
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TABLE 1

EFFECT OF POLYAMINE OR MgCl, ON VIABILITY OF E. COL! CELL IN FREEZE-THAWING

Cell viability after freeze-thawing (%)

control MgCl, putrescine spermidine spermine
(no additive)
Freezing of the cell in
the presence of polyamine
(0.05 mg,/ml) 7.0 - 7.3 11.0 10.9
Cultivation of the cell in
the presence of polyamine
or MgCl, (0.5 mg/ml) 7.2 10.0 9.0 7.0 9.2
Pre-incubation of the cell in 0 11.0 - 14.4 154 11.6
the presence of polyamine or 15 7.1 - 10.7 16.2 19.3
MgCl, (0.5 mg/ml) at 37°C for (min) 30 7.3 10.6 29.6 327 332
Pre-incubation of the cell in 0 7.1 - 11.5 10.3 14.6
the presence of polyamine or 15 7.5 - 28.8 344 354
MgCl, (1.0 mg/ml) at 37°C for (min): 30 7.2 10.5 36.5 39.7 38.6

rise to the stability of membrane organization and
the cell resistance to freezing. The requirement of
a high concentration or prolonged incubation for
exerting the effect of cellular resistance might be a
result of the low permeability of cytoplasmic
membrane to these polyamines. Taken together,
these findings indicate that it is the intracellular
polyamines that exert their effect on membrane
stability and the resistance of the cells to freeze-
thawing.

Discussion

The present study indicated that polyamines
reduced thermal immobility of lipids in the mem-
branes, probably by altering the protein-protein or
protein-lipid interactions in lipid bilayer mem-
branes. Such interaction between membrane con-
stituents may result in the stabilization of mem-
brane organization and hence raising of freezing
resistance of E. coli cells.

The membrane-stabilizing effect of polyamines
can be explained by considering them as polyva-
lent cations. Polyamines may exert a direct effect
in bridging protein and lipid carboxyl groups pre-
sent in the lipid bilayer of the membranes. The
effect on protein-protein or protein-lipid interac-
tions may have a strong influence on the mem-
brane stabilization, because the change of proper-

ties of the lipid-lipid interaction was not clearly
detected in the present study. A similar conclusion
was reached in a study with erythrocytes, in which
polyamines were shown to inhibit the lateral mo-
bility of erythrocyte membrane proteins [19]. The
effect was not due to changes in the membrane
lipid state but was attributed to the restriction of
the lateral mobility of membrane protein as a
result of the interaction of polyamines with the
cytoskeletal proteins [20]). Due to its four posi-
tively charged moieties at physiological pH,
spermine will have an appreciable chance for
bridging negatively charged groups most effec-
tively [21,22]. Spermidine and putrescine may have
a less potent efficiency with their lesser cationic
sites, as seen in the present experiment.

In contrast to the polarization change in loga-
rithmic-phase cell membranes, the change in the
stationary-phase cell membranes was not affected
by polyamines. The difference in lipid nature in
different growth-phase cell membranes might re-
sult from the different protein-to-lipid ratios in
these two growth-phase specimens [15,23]. A pos-
sibility that membrane turbidity changes which
were caused by the presence of polyamines could
cause light-scatter-induced polarization changes
can be excluded, because the polarization change
in the stationary-phase membrane samples was
not affected by the addition of polyamines; re-



gardless, turbidity changes comparable to those in
logarithmic-phase specimens occurred in the sam-
ples.

For the viability restoration of freeze-thawed
cells, a high concentration of polyamine was re-
quired, in contrast to a very low concentration for
stabilizing the membrane organization. This would
be attributed to low permeability of the cyto-
plasmic membrane to polyamines. Ballas et al. {24]
demonstrated that the polyamines entrapped in
resealed ghosts of human erythrocytes exert a
membrane-stabilizing effect at concentrations that
are relevant to the erythrocytes (10-15 pM). In
contrast, when intact washed erythrocytes were
incubated with 5 mM polyamines at 37°C for up
to 5 h, there was no change in erythrocyte mem-
brane stability. They explained the result that it is
the intracellular polyamines that exert the effect
on membrane stabilization.

The requirement of a high concentration of
spermine in the protection of osmotic lysis of E.
coli protoplasts has been observed previously [12].
When the protoplasts were suspended in a 1 mM
solution of spermine instead of water, the proto-
plasts were completely protected from lysis, while
lower concentrations were ineffective. The con-
centrations of spermine or spermidine which pro-
tects the osmotic lysis of protoplasts were com-
parable to the concentrations required to prevent
the freezing injury of the cells in the present
experiment. It may be considered that part of the
added polyamine may penetrate the membrane to
exert its effect on membrane stabilization. Thus,
the effect appeared in a time- and dose-dependent
manner.

Although the present studies were carried out
with externally added polyamines, it seems likely
that the stabilizing of the membrane organization
may be an important aspect of resistance of the
cells to freeze-thawing, and these stabilizing ef-
fects might in part be the physiological functions
of polyamines. Within this concept, it is very
important that the membrane-stabilizing effect of
polyamines appeared with concentrations com-
parable to the physiological levels of normally
growing cells [25]. Thus, it is conceivable that the
polyamines serve as modulators of membrane
physical properties in other types of cells.

367

Acknowledgements

We would like to thank Mrs. M. Sato for
helpful technical assistance, Mr. M. Asada for his
contribution to preparation of the manuscripts,
and the members of this Institute for interesting
discussions.

References

1 Cohen, S.S. (1971) Introduction to the Polyamines, Prentice
Hall, Englewood Cliffs, NJ
2 Bachrach, U. (1973) Function of Naturally Occurring Poly-
amines, Academic Press, New York
3 Tabor, C.W. and Tabor, H. (1976) Annu. Rev. Biochem.
45, 285-306

4 Cohen, S.S. and Lichtenstein, J. (1960) J. Biol. Chem. 235,

2112-2116

Quiglei, G.J., Teeter, M.M. and Rich, A. (1978) Proc. Natl.

Acad. Sci. USA 75, 64-68

Janne, J., P6s5, H. and Raina, A. (1978) Biochim. Biophys.

Acta 473, 241-293

Algranati, L.D. and Goldemberg, S.H. (1977) Trends Bio-

chem. Sci. 2, 272-274

Williams-Ashman, H.G.and Canellakis, Z.N. (1979) Biol.

Med. 22, 421-453

9 Tabor, H. and Tabor, C.W. (1964) Pharmacol. Rev. 16,

245-300

10 Scraba, D.G., Bradley, R.D., Leynitz-Willis, M.B. and War-
ren, R.ALJ. (1983) Virology 124, 152-160

11 Mager, J. (1959) Biochim. Biophys. Acta 36, 529-531

12 Tabor, C.W. (1962) J. Bacteriol. 83, 1101-1111

13 Grossowicz, N. and Ariel, M. (1963) J. Bacteriol. 85,
293-300

14 Tabor, C.W. (1960) Biochem. Biophys. Res. Commun. 2,
117-120

15 Souzu, H. (1986) Biochim. Biophys. Acta 861, 353-360

16 Frydman, B., Frydman, R.B., De Los Santos, C., Garrido,
D.A., Goldemberg, S.H. and Algranati, 1.D. (1984) Bio-
chim. Biophys. Acta 805, 337-344

17 Elgavish, A., Wallace, R.W., Pillion, D.J. and Meezan, E.
(1984) Biochim. Biophys. Acta 777, 1-8

18 Waring, A.J., Glatz, P. and Vanderkooi, J.M. (1979) Bio-
chim. Biophys. Acta 557, 391-398

19 Schindler, M., Koppel, D.E. and Sheetz, M.P. (1980) Proc.
Natl. Acad. Sci. USA 77, 1457-1461

20 Ambron, R.T. and Kremzner, L.T. (1982) Proc. Natl. Acad.
Sci. USA 79, 3442-3446

21 Buckley, J.T. and Hawthorn, J.N. (1972) J. Biol. Chem.
247, 7218-7223

22 Schact, J. (1978) J. Lipid Res. 19, 1063-1067

23 Souzu, H. (1982) Biochim. Biophys. Acta 691, 161-170

24 Ballas, S.K., Mohandas, N., Marton, L.J. and Shohet, S.B.
(1983) Proc. Natl. Acad. Sci. USA 80, 1942-1946

25 Tabor, H., Tabor, C.W. and Irreverre, F. (1973) Anal.
Biochem. 55, 457-467

w

=,

~

o0



