







































































































































































































































































































































































































































































































































































PERMEATION MECHANISMS IN BACTERIAL MEMBRANES

By P. MITCHELL AND J. MOYLE
Zoology Department, University of Edinburgh

Received 30th January, 1956

Bacteria possess a plasma-membrane which acts as an osmotic barrier between the
internal medium of the cell and the external medium for many solutes, but establishes
osmotic linkage between the internal and external media for the transport of nutrient and
waste between the cell and its environment. The specificity and kinetics of phosphate
transport in Staph. aureus resembles that of enzyme-linked reactions and the temperature
characteristics suggest a complex movement of components of the plasma-membrane
during the passage of phosphate from one side to the other. The material of the plasma-
membrane is a complex lipo-protein, of which there is sufficient to form about one mono-
layer of lipid and one of protein. The protein component includes the cytochrome system
and a number of enzymes. It is suggested that some of these enzymes may themselves
be the carriers of the substrates which are found to pass through the membrane during
metabolism and in some cases, where exchange diffusion occurs, also during rest.

The plasma-membrane of living organisms performs a dual function : it causes
the separation of the internal medium of the cell from the external medium with
respect to many solutes, but for other solutes (notably the nutrients and end-
products of metabolism) it allows osmotic connection or acts as a specitic osmotic
link between the internal and external media. The two questions which we would
like to answer are (i) what physical and chemical properties of the plasma-membrane
determine its effectiveness as an osmotic barrier, and (ii) what is the molecular
mechanism of osmotic linkage through the membrane?

258 1



2 PERMEATION MECHANISMS 259

1. PLASMA MEMBRANE AS AN OSMOTIC BARRIER

At the end of the last century, the botanist Alfred Fischer ! carried out a care-
fully controlled series of studies on the penetration of salts and polyhydric alcohols
into bacteria. He observed that the protoplasm of many bacteria was caused to
retract from the rigid outer cell-wall by salt and sugar solutions of high osmotic
pressure but not by glycerol, urea or chloral hydrate solutions of the same osmotic
pressure, and obtained some evidence that the protoplasm did not possess
intrinsic rigidity. He therefore suggested that although bacteria are so small—
having a volume of the order of 1u3—the protoplasm is nevertheless covered by a
delicate plasma-membrane which is an effective barrier to the free diffusion of
salt and sugar molecules between the outer medium and the interior of the cell.
Fischer’s view met with considerable opposition 2 because the very nutrients
which, according to his plasmolysis experiments, could not pass through the
plasma-membrane into the cell, were rapidly metabolized under appropriate
conditions. However, evidence in favour of the existence of a plasma-membrane
of low permeability in bacteria gradually accumulated. Some of this evidence has
been reviewed by Knaysi,3 Mitchell,# Weibull 5 and Mitchell and Moyle.6

Six main methods have been employed to measure the passive permeability
of bacterial plasma-membranes:

(i) Microscopic observation of the plasmolysis and rate of deplasmolysis of
individual cells suspended in hypertonic solution.

(ii) Macroscopic measurement, by light scattering, of the dependence of the
shrinkage and swelling of the cells on solute concentration and time.

(iii) Microscopic measurement of the change of volume of individual cells
suspended at different solute concentrations.

(iv) Macroscopic measurement, by light scattering, of the rate of lysis of sus-
pensions of naked bacterial protoplasts in initially isotonic solution.

(v) Measurement of the net rate of efflux of a solute by serial chemical analysis
of the ¢ internal medium ’ obtained by subsequent treatment of the cells
with trichloroacetic acid, organic solvents, detergents or heat.

(vi) Measurement of the net rate of influx of a solute by serial chemical analysis
of the suspension medium and/or “ internal medium ™ in suspensions
adjusted so that the total volumes of water on either side of the plasma-
membrane are approximately equal.

NON-ELECTROLYTES. Methods (i) and (ii) supplemented by method (iii)
have been applied to Bacterium coli (American strain B).7 In suspension media
buffered at neutral pH with 0-02 M (Na,HPO4 + NaH;PO,) at 20° C, the apparent
permeability of the plasma-membrane to the following non-electrolytes is too low
to be measured : sucrose, lactose, p-glucose, D-fructose, D-mannose, D-galactose,
pD-sorbose, D-sorbitol, L-rhamnose, L-arabinose, p-xylose. But for some other
non-electrolytes the approximate times for half equilibration across the membrane
are as follows: erythritol and pentaerythritol 15 min, p-ribose 5 min, glycerol less
than 1 min. The rates of penetration of ribose and the polyhydric alcohols are
not materially affected when carbohydrate metabolism is inhibited by mM mercuric
chloride, mM sodium iodoacetate or mM potassium cyanide. In the presence of
7 mM K+, however, the metabolism of p-glucose, D-galactose, D-mannose or D-
ribose causes a limited rise in the internal osmotic pressure of the cells, which can
be abolished by mM mercuric chloride, mM sodium iodoacetate, mM potassium
cyanide or 10-1 mM sodium dinitrophenate.

Methods (iv), (v) and (vi) have been applied to Staphylococcus aureus (strain
Duncan),8: 9 10 Micrococcus lysodeikticus (NCTC 2665) and Sarcina lutea (1abora-
tory strain),!! and methods (iii) and (vi) to Bacillus megaterium (strain KM).12, 13
In Staph. aureus, M. lysodeikticus, and S. lutea the permeability of the plasma-
membrane in media buffered at neutral pH with 0-02 M(Na;HPO, + NaH;PO4)
at 20° C is very low for sucrose, p-glucose, D-fructose, D-mannose, D-galactose and
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E;?zzousi%brzt?:npgmeatpﬂ1ty of B. megaterium to sucrose is also very low. The
plasma.membranc l?? or the diffusion of some other non-electrolytes across the
s follows - D-sorg‘t lta16)h. aureus, M. {ysodmktus gnd S. ‘lurea are approximately
20 sec. gl : : itol 60 min, L-araplpose 30 min, D-ribose 5 min, erythritol
» glycero 3sec. Urethane equilibrates rapidly across the membrane of
B. megateriuin,
xyl(I>;eW1II)Ie ::t rr:;;ecrln that 1lr1 ail th}? organisms studied, the pentoses, arabinose and
e s ot ore slowly than ribose although the only. dlfference between
sugars is in the conﬁ_guratlon of the OH groups. Also, while ribose penetrates
at about .the same rate in all the organisms studied, glycerol, erythritol, arabinose
and s_orbltol penetrate the plasma-membrane of the cocci more than an order of
magnitude faster than they penetrate the membrane of B. coli, the ratio of the surface
area .to vplum_e of thesq organisms being about the same (ca. 10u~1). A half
equlllbratl.on time of 7 min corresponds to a permeability coefficient of ca. 1 A/sec.

There is no doubt that the hexoses, glucose, mannose and galactose, which can
be metabqhzed by all the organisms studied at a rate of about 1 mole/l. wet cell
volume per hour, nevertheless do not approach osmotic equilibrium across the
plasma-membrane to a significant extent (when present initially in the external
medium qt a concentration between 0-1 and 0-5 M) either in normal cells or in cells
trea}ted w1th the metabolic inhibitors, dinitrophenol, iodoacetate, cyanide or mer-
curic chloride. The passage of the hexoses through the plasma-membrane (either
without chemical change or after chemical transformation on the outer surface
of the plasma-membrane) must therefore be linked in some way to carbohydrate
metabolism and cannot be due to an independent passive permeability of the plasma-
membrane as appears to be the case for D-ribose.

We can suggest two distinct types of mechanism whereby linkage between the
penetration of the hexoses and their metabolism might occur. (a) The membrane
may be impermeable to the hexoses themselves, but permeable to a metabolic
product of the hexoses which is formed on the outer surface of the plasma-membrane.
() The membrane may be permeable to the hexoses through a specific carrier
mechanism of the type studied by Rosenberg and Wilbrandt 14 in the red blood
corpuscle membrane. If the sugar molecules pass through the membrane only as
a specific carrier complex, as the concentration of the sugar on the side of the mem-
brane towards which it is diffusing rises across the dissociation constant of the
carrier complex, the net rate of diffusion drops rapidly and becomes effectively
zero when the carrier is saturated on both sides of the membrane. If thedissociation
constant of the carrier complex were in the region of that often observed for enzyme-
substrate complexes, namely ca. 1074M, the entry of sugar might readily be con-
trolled by its rate of metabolism within the cell. We should, perhaps, point out
that in the permeability experiments described earlier, one measures the osmotic
equilibration of solutes at a concentration of 0-1 to 0-5M across the plasma-
membrane. If specific carrier mechanisms exist for the diffusion of solutes across
the plasma-membrane, we would expect to be able to observe them only when the
concentrations of the solutes used were not much higher than the effective dissocia-
tion constants of the carriers. This poses a difficult practical problem It is,
however, an important step to have become aware of it (see § 2).

FLECTROLYTES. Methods (i), (ii) and (vi) applied to B. coli,7 and methods
(iv), (v) and (vi) applied to Staph. aurcus,% 10 S. lutea and M. lysodeikticus 11 have
shown that in media buffered at neutral pH with 0.02 M(Na;HPO4 - NaH,POy4)
at 20° C, the plasma-membranes of these organisms are practically impermeable
to the following salts: NaCl, KCl, NH4Cl, MgCl,;, KBr, Na acetate (pH 9).
K acetate (pH9), (NaHPO4 + NaH2PO4), (K;HPO4 + KH2PO,), Na,S04,
We have observed that 0-01 M glucose causes a limited rise in the internal osmotic
pressure of cells suspended in saline media containipg 0-007 M K*. When
bacteria have been reported to be permeable to salt solutlons“on the grgpndf that
deplasmolysis occurs in the course of about an hour, the *‘ permeability ” was
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g;'s‘(llligeg::r:g 15 taph. aureus, segregated into morphologically homogeneous fractions

¢ 1al centrifugation, indicated that the plasma-membrane of this organism,
Whl::h readl!y dlsmtegrates into small particles, is a complex lipo-protein containing
41 % by we}ght protein and 22-5 % lipid.}7 Semi-quantitative amino-acid analysis
of the protein component, by paper chromatography, showed the presence of a high
content of thf: nor}-polar amino acids, glycine and alanine, and of the acidic amino
acid, glutamic acid. The lipid component contained 1-85 % P and 1-3 % N—
abc_m'g half the phosphorus content and rather more than half the nitrogen contz:nt of
lecithin. The material of the ‘* small particle fraction " has been found to account
for some }0 to 15 97 of the dry weight of the cells.17. 18 Since the cells are ca.
0-7 1 in diameter and have a ratio of wet to dry weight of ca. 3, it can readily be
calculated that .the material of the * small particle fraction > would form a layer
ca. 5 mp thick if unhydrated. This would correspond to about a monolayer of
lipid and a mon(?layer of protein. Work which is at present in progress has shown
that the composition of morphologically intact protoplast membranes from Staph.
aureus cqrrespond fairly closely to that of the * small particle fraction ”’, and there
can be little doubt that the material described above corresponds to that of the
plasma-membrane of normal intact cells.

2. THE PLASMA-MEMBRANE AS AN OSMOTIC LINK

lt_ has bgen suggested that exchange diffusion might represent the trans-
locatgon reaction of active transport uncomplicated by the activity of the coupled
reactions which normally drive it; and that the study of the characteristics of
exchange-diffusion might shed light upon the mechanism of active transport.19
We would like to add that when the permeability of the membrane to a particular
solute is caused by a specific carrier, although net transport effectively ceases when
the solute concentration is such as to saturate the carrier on both sides of the mem-
brane, exchange diffusion would be expected to continue at its maximum rate,
and to be very strictly coupled. Also, we suggest that if the passage of a solute
through the plasma-membrane is facilitated by the mutual occupation of hydro-
philic groups of a ** carrier * component of the membrane and the solute, the move-
ment of the ** carrier " across the membrane may be as dependent upon the presence
of the specifically carried solute as the movement of the solute is dependent upon
the “carrier”. 1 he study of exchange diffusion reactions may therefore be expected
to play an important part in research on the mechanisms of membrane permeability
and active transport.

TRANSPORT OF PHOSPHATE. Some of the evidence for the participation of an
exchange diffusion-like reaction in the exchange of phosphate across the plasma-
membrane of resting Staph. aureus has already been reviewed.!9 We shall summarize
this evidence 8 20. 21 and discuss it critically in the light of recent observations. 10, 22

(i) The plasma-membrane of resting Staph. aureus is apparently impermeable
to the H,PO, and HPOJ] ions when they aré present in solution as the alkali
salts. This might be due either to impermeability of the membrane to cations
or to impermeability to phosphate ions or both. However, the phosphate ions do
not exchange across the membrane with acetate, arsenite, azide, bicarbonate,
bromide, chloride, chromate, cyanide, fluoride, glutamate, iodide, molybdate,
nitrate, nitrite, oxalate, pyroantimonate, succinate, sulphate, thiocyanate, thio-
sulphate, p-toluenesulphonate, tungstate or versenate : they exchange strictly with
arsenate. The membrane may therefore be impermeable to all the above anions
including phosphate, or be specifically permeable to phosphate and arsenate.alone
and impermeable to the associated cations. While there is a slow permeation of
the membrane by NaCl estimated as chloride and a rapid permeation by NaCNS
estimated as thiocyanate, there is no significant exchange of phosphate for Cl_—
or CNS-. We may therefore ~onsider two possibilities: (a) The membrane 1s
impermeable to H;PO4 and HPOZ but slightly permeable to Cl~ and very
permeable to CNS—. (b) The strong electrolytes NaCl and NaCNS pcrmeate
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unionized and the membrane may be specifically permeable to H,PO, and/or
HPO3™ (but not to the unionized salts), and impermeable to the associated cations,

(n) By labelling the inorganic phosphate of the medium internal or external
to the plasma-membrane of Sraph. aureus with 32P, a mixing of the phosphate
of the media on either side of the membrane is observed. The rate of this mixing
varies with the salinity, the pH and the phosphate concentration of the external
medium and with temperature.

The dependence of the rate of phosphate exchange on pH and external phosphate
concentration indicates that the HyPO, ion and not the HPOjZ ion takes part
in the exchange. The rate of exchange () may be described in terms of the external
H>PO4~ concentration ([H2POy4 1g) by the equation

1/P = 1/Ppax. + K/[H2POZ g Prax.. (1)

in which P, stands for the maximum value of £ and K is the value of [H2PO4 1
at which P = Pma /2. When F is expressed in u mole phosphate/g cell dry weight
min, and [H,PO% s is expressed in mM, K has a value of 0-8 401 mM
between pH 5-5 and 85; and Pna, has a value of ca. 10 pmole/g min at
pH 7 and a positive slope of some 5 umole/g min pH unit.

The hyperbolic form of eqn. (1)—which is formally identical to the enzyme
kinetics equation of Michaelis and Menten 23—shows that a saturation phenomenon
occurs in phosphate exchange and implies that one stage in the movement of phos-
phate through the plasma-membrane involves a specific spatial or bonding relation
between a component of the membrane and the phosphate molecule.

(iii) The rate of phosphate exchange is very sensitive to certain inhibitors,
notably phenyl-Hg* and other compounds which combine with thiols of low re-
activity. The relationship between the degree of inhibition of the exchange
reaction and the concentration of phenyl-Hgt may be represented by

K’ = Mn/(100 — n), )

M being the amount of phenyl-Hg*, n the percentage activity of £ and K’ a
constant. ‘this indicates a reaction of the type M + X = MX, X representing
the sites which when combined with inhibitor (as MX), cause inactivation of a
corresponding number of units controlling phosphate exchange. The number
of these sites can be estimated to correspond to not more than 4-4 u mole phenyl-
Hgt/g cell dry weight.

(iv) From the dependence of P on temperature it can be calculated that the total
heat of activation for the exchange movement of phosphate across the membrane
is 37,400 cal/mole. Using the above estimate of the number of exchange sites,
the absolute value of 2 gave a maximum value for the free energy of activation of
19,700 cal/mole, leaving an entropy:of at least 17,700 cal/mole. The thermo-
dynamic data suggest that the movement of phosphate across the plasma-membrane
is accompanied by a molecular disturbance quite out of proportion to that which
would be expected unless the phosphate moves in relation to some larger molecule
or molecules within the plasma-membrane.2! The resemblance of the data to those
of reversible protein denaturation is perhaps significant.

There can be no doubt that whether the plasma-membrane is permeable to
phosphate ions (H,P0j4 ions) or not, the movement of phosphate groups across
it is dependent upon the existence of a highly specific reaction mechanism. There
are three simple alternatives for this mechanism: (a) The membrane allows a net
transport of H,PO4 through the specific reaction mechanism, and the distribution
of phosphate ions across the membrane is determined by the distribution of cations,
to which the membrane is supposed to be impermeable. The exchange mechanism
may, under these conditions, be identical to that proposed by Ussing for Na*
exchange.!6 (b) The membrane will not allow a net transport of H,POg.
Since there is negligible net movement of phosphate across the membrane even when
the concentration on the outside is as low as 0-08 mM (an order of magnitude less
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tl}an_the apparent dissociation constant K of the carrier implicit in eqn. (1)), the
dl§trlbution of _phosphate ions across the membrane in resting cells must be main-
tained by a strict one-to-one carriage of phosphate inwards and outwards by the
'exchange mpqha_msm. This might be accomplished by the type of carrier considered
by Ussing if it is assumed either that the carrier can move only with a phosphate
passenger or that the carrier is always occupied with a phosphate group and that
this group may excl}ange with phosphate ions in the media on either side of the
memb}'ane. (¢) 1t is possible that no carrier is involved, but that the media on
each S}de of the plasma-membrane are connected by a ‘‘ pore ™ at either end of which
there is an adsorption site accessible to phosphate ions in the medium on that side
only. Or}e of the adsorption sites is assumed to be always occupied by a phosphate
group which is supposed to be able to move from one end of the pore to the other
and to be able to exchange with a phosphate group in the medium at the appropriate
end of the pore, but not to be able to leave the pore unoccupied.

Analysis of the kinetics will not distinguish between the alternative mechanisms
proposed above. The fact that the membrane is only one or two molecules thick
encourages one to consider that the carriage of solutes across it may occur by a
thermal rotation of protein, lipid or other component in a manner similar to that
visualized by Langmuir 24 in surface films and by Lundegardh 25 in plant cell mem-
branes. The formal similarity of the kinetics of the phosphate exchange reaction
to enzyme-linked reactions does not, of course, show that enzymes are involved.
There are, however, other circumstances which suggest that the phosphate exchange
reaction may be coupled to enzyme reactions. When glucose is present there is a
net transport of phosphate inwards through the osmotic barrier. This occurs,
not as a result of an increase in the rate of influx but as a result of a decrease in the
rate of outflux below that of resting cells. [t has therefore been suggested that the
phosphate exchange reaction of resting cells represents the active transport reaction
operating reversibly because it is not being driven by coupling with carbohydrate
metabolism. This concept has been supported by the observation that all the in-
hibitors of phosphate exchange are also inhibitors of active phosphate uptake.
Staph. aureus is not peculiar in possessing the phosphate exchange system, for a
similar system has been demonstrated in B. coll. As might have been anticipated,
exchange diffusion of phosphate does not occur across the plasma-membranes
of the strict aerobes S. lutea and M. lysodeikticus, under semi-anaerobic conditions.

ENZYMES OF THE PLASMA-MEMBRANE. The material of the plasma-membrane
of Staph. aureus, isolated as the * small particle fraction ** described above, contains
more than 90 % of the total activity of an acid phosphatase which acts at the outer
side of the plasma membrane in intact cells. It also contains at least 90 % of
the cytochrome, measured by the total extinction at a wavelength of 425 mu,
and some 90 % of the total succinic dehydrogenase activity, as well as potent lactic
dehydrogenase activity, the latter showing the characteristics of the cytochrome
b-linked enzyme.22 The cytochrome spectrum shows the presence of components
with extinction maxima at 604, 558 and 528 mu. The plasma-membrane of
B. megaterium has also been reported to contain the cytochrome system.26

These studies show that part of the protein of the plasma-membrane of Stqph.
aureus is constituted of enzymes, and we are at present investigating the possible
participation of these enzymes in the reactions causing phosphate exchange and
accumulation across the plasma-membrane. We suggest that the occurrence ‘of
the cytochrome b-linked enzymes in the plasma-merpbrang may be conpected with
the fact that they are the last members of the enzymic chain and deal with the end-
products of metabolism, namely lactic, succinic and formic acids which must be
specifically carried through the plasma-membrane.
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Liberation and Osmotic Properties of the Protoplasts of
Micrococcus lysodeikticus and Sarcina lutea

By P. MITCHELL axp JENNIFER MOYLE
Zoology Department, University of Edinburgh

SUMMARY : Stable protoplasts may be released from Micrococcus lysodeikticus and
Sarcina lutea by digestion of the cell-wall with lysozyme in sucrose or NaCl solutions
having an osmotic pressure of some 25 atmospheres, but not in glycerol solutions of
the same osmotic pressure. The stability of the protoplasts depends not only upon the
depression of the water activity by the solute but upon an osmotic pressure exerted
against the protoplast (plasma-) membrane. The permeability of the protoplast
membrane to a number of solutes resembles that of the osmotic barrier of intact
Staphylococcus aureus.

This paper describes work on the protoplasts of Micrococcus lysodeikticus and
Sarcina lutea which was completed just over a year ago in the Department of
Biochemistry, University of Cambridge. It was undertaken as part of
a research programme designed to investigate the physiological role of the
plasma-membrane in bacteria (Mitchell & Moyle, 19564, b).

Three years ago, Weibull (1953) discovered that spherical bodies, which were
thought to be intact protoplasts, emerged from Bacillus megaterium when the
cell walls were digested by lysozyme in solutions of which the water activity
had been depressed by the addition of polyethylene glycol, sucrose or certain
other solutes. It was not known, however, whether the mechanism of the
stabilizing action of the solutes was by the exertion of an osmotic pressure
across the membrane, thus preventing osmotic explosion of the protoplast, or
whether the solutes prevented the swelling of hydrated constituents of the
protoplasm which would otherwise have ruptured the external membrane. It
was therefore of interest to measure the permeability of isolated protoplasts to
a range of solutes; for it would be expected that if the protoplasts were stabilized
by the external osmotic pressure, only non-penetrating solutes would be
effective as stabilizers, whereas if the mechanism of stabilization were by
dehydration of components of the cytoplasm the effectiveness of a solute
would depend only upon the lowering of the activity of the water. The
lysozyme-sensitive cocci were chosen for study because we wished to obtain
data which might usefully be compared with similar data on the internal osmotic
pressure and permeability of Staphylococcus aureus.

Grula & Hartsell (1954) attempted to prepare protoplasts of Micrococcus
lysodeikticus by the method used for Bacillus megaterium (Weibull, 1953), but
most of the protoplasts swelled and disintegrated as soon as they were released
from the cell-walls. Dr M. R. J. Salton (personal communication) attempted to
obtain protoplasts from M. lysodeikticus in higher sucrose concentrations, but
could ohserve no indication of protoplast formation from the changes in light-
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scattering of the suspensions in sucrose. In view of our observations on
Staphylococcus aureus which implied that the osmotic pressure was between
20 and 25 atmospheres (Mitchell & Moyle, 1956a), it was possible that the
protoplasts of the cocci might require at least M-sucrose or M-saline solutions to
preserve them from osmotic explosion. Moreover, it seemed possible that at
very high sucrose concentrations, the depression of the light scattering which
would result from the elevation of the refractive index of the medium might
be sufficient to make the protoplasts invisible by light scattering unless they
were subsequently transferred to a medium of lower refractive index.

METHODS

Growth and preparation of organisms. Cultures of Micrococcus lysodeikticus
(NCTC 2665) and Sarcina lutea (laboratory strain) were grown aerobically at
25° in a medium containing 3 9, (w/v) tryptic digest of casein, 1 9, glucose and
0-1 9%, Marmite, using the rotated flask technique (Mitchell, 1949). The organisms
were harvested at a concentration equivalent to 1-5-2 mg. dry weight/ml.,
washed twice with distilled water (for M. lysodeikticus) or 0-5 M-NaCl (for
S. lutea) and suspended at a concentration corresponding to c¢. 100 mg. dry
weight/ml. in distilled water (for M. lysodeikticus) or 0-5 M-NaCl (for S. lutea).

Measurement of turbidity. The extinction of 1 cm. depth of suspension
was measured at a wavelength of 700 mg., using the Beckman model DU
spectrophotometer.

Microscopy. The intact organisms and protoplasts were examined with
a Cooke Troughton and Simms binocular phase-contrast microscope in films of
aqueous solution sealed between slide and coverslip with vaseline.

Protoplast release and stability

Method 1. Visibility of protoplasts and intact organisms in NaCl and sucrose
solutions. Samples of organisms were incubated for 2 hr. at 25° at a standard
concentration corresponding to 200 ug. dry wt. organisms/ml., with a range of
concentrations of NaCl or sucrose in 0-04 M-sodium phosphate buffer (pH 6-8),
containing 10 ug. (for Micrococcus lysodeikticus) or 40 ug. (for Sarcina lutea)
crystalline egg-white lysozyme/ml. The turbidities of the suspensions were
then measured and compared with those of controls in which the lysozyme
was omitted.

Method 11. Dependence of protoplast stability on osmotic pressure of release-
medium. Samples of suspensions were incubated as above but at a concentra-
tion corresponding to 10 mg. dry wt. organisms/ml. Samples (0-1 ml.) of the
incubated suspensions were pipetted into 5 ml. samples of M-NaCl containing
0-01 M-sodium phosphate buffer at pH 6-8. After 20 min. at 20°, the turbidities
of the suspensions were measured. Controls were done omitting lysozyme only.

Method II1. Dependence of protoplast stability on osmotic pressure of NaCl
solutions to which protoplasts are transferred after release in NaCl or sucrose.
The protoplasts were released by incubating the organisms with lysozyme at
25° for 2 hr. at a concentration corresponding to 10 mg. dry wt. organisms/ml.
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in 1-2 M-sucrose or 2 M-NaCl containing phosphate buffer as in (I). Samples
(0-1 ml.) of the protoplast suspension were pipetted into 5 ml. samples of NaCl
ranging from 0 to 2 M, containing 0-01 M-sodium phosphate buffer at pH 6-8.
After 20 min. the turbidities of the suspensions were measured. Controls were
done omitting lysozyme only.

Method 1IV. Dependence of protoplast stability on osmotic pressure of sucrose,
NaCl or glycerol solutions to which protoplasts are transferred after release in 1-2
M-sucrose. The protoplasts were released in 1-2 M-sucrose as in method III. The
incubated suspension was mixed with 5 vol. 1-2 M-NaCl (to decrease the specific
gravity) and centrifuged at 20°; and the protoplasts were redispersed in
1-2 M-NaCl to give a suspension density corresponding to 100 mg. original
dry wt. organisms/ml. Samples (0-5 ml.) of the protoplast suspension were
pipetted into 4-5 ml. samples of NaCl, sucrose or glycerol arranged to give
final concentrations ranging from 0 to 2 M in 0-01 M-sodium phosphate buffer
at pH 6-8. After 30 min. incubation at 25°, samples (0-1 ml.) of the protoplast
suspensions in the NaCl, sucrose and glycerol solutions were pipetted into
5 ml. samples of 1-2 M-NaCl containing 0-01 M-sodium phosphate buffer at
pH 6-8, and after a further 20 min. the turbidities were measured.

Method V. Determination of protoplast permeability. The protoplasts were
released in sucrose as in method ITI. The incubated suspension was mixed with
5vol.1-2M-NaCl and centrifuged at 20°; and the protoplasts were redispersed in
1-2 m-NaCl to give a suspension density corresponding to 10 mg. original dry
weight organisms/ml. Samples (0-1 ml.) of the protoplast suspension were
pipetted into 1-5 molal solutions (in 0-01 M-sodium phosphate buffer at pH 6-8)
of the solutes to which the permeability was to be measured. The rate of lysis
of the protoplasts, measured by the change of light scattering, was taken as an
approximate index of the rate of permeation of the solute.

RESULTS
¢ Protoplast’ release

The effect of lysozyme treatment (Method I) on the turbidity of suspensions
of Micrococcus lysodeikticus in concentrations of sucrose from 0-1 to 1-0 M is
shown in Fig. 1. At the low sucrose concentrations the lysozyme-treated
suspensions scattered very little light, but, although the amount of light
scattered was still small, at concentrations of sucrose between 0-5 and 1-0 M
they scattered between 10 and 20 o as much light as the corresponding
untreated suspensions. This suggests that protoplasts were being liberated and
were stable in sucrose concentrations approaching 1, but that their light
scattering (like that of the intact organisms) was depressed by the high
refractive index of the sucrose solutions. The lysozyme treatment was there-
fore done in NaCl solutions (method I) with the results shown in Fig. 2. At
concentrations of NaCl above 0-5 M the lysozyme-treated organisms scattered
between 50 and 60 % as much light as the untreated organ'isms, but below
0-5 v-NaCl the light scattered by the lysozyme-treajced organisms fell towards
some 5 9, of that scattered by the untreated organisms. Similar results were
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similar results were obtained with Sarcina lutea. It is evident that to stabilize
50 % of the light-scattering units of the lysozyme-treated suspension requires
the _presence of 0-83 M-NaCl or 0-53 M-sucrose. From the vapour-pressure
equilibrium data of Robinson & Sinclair (1984), it is found that 0-53 M-sucrose
corresponds to 0-84 M-NaCl in water activity (or osmotic pressure for a mem-
brane impermeable to sucrose and NaCl). Thus, the stabilization of the lyso-
zyme-treated suspensions is practically the same whether the water activity is
depressed (or osmotic pressure raised) by NaCl or by sucrose.

The stabilization of the lysozyme-treated organisms in the higher NaCl and
sucrose concentrations might have been due either to stabilization of proto-
plasts which had been completely released from the cell walls, or to an inhibi-
tory effect of the sucrose and NaCl on the lysozyme reaction. The latter
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Fig. 8. The dependence of the extinction of suspensions of Micrococcus lysodetkticus in
M-NaCl on the concentration of NaCl or sucrose in which the cells were previously
incubated with lysozyme (NaCl, O; sucrose, @) and without lysozyme (mean for
NaCl and sucrose + ) (see method II).

Fig. 4. The dependence of the extinction of suspensions of Sarcina lutea on the concentration
of NaCl to which the cells are transferred after incubation in 2m-glycerol, 1-2 M-sucrose,
or M or 2M-NaCl solutions with lysozyme (2m-glycerol, w ; 1-2M-sucrose, @; M-NaCl, x ;
2m-NaCl, +) and without lysozyme (mean for NaCl, sucrose and glycerol, O) (see
method III).

possibility was eliminated by showing that the organisms in the suspensions
treated with lysozyme at high sucrose or NaCl concentrations lysed when
transferred to solutions of lower concentration. The organisms were treated
with lysozyme in 1-2 M-sucrose, or M or 2 M-Na(l solutions and subsequently
transferred to a range of NaCl concentrations (method III). Fig. 4 shows
such an experiment with Sarcina lutea. The turbidity of the suspensions
that were treated with lysozyme in M or 2M-NaCl was slightly higher than
those treated with lysozyme in 1-2 M-sucrose over the whole range of NaC(l
concentrations to which they were transferred. However, the dependence of
the stability of the light-scattering elements upon the NaCl concentration to
which the suspensions were transferred was practically the same whether
lysozyme treatment was done in 1-2 M-sucrose, M OF 2 m-NaCl. It followed
that the action of the high concentrations of sucrose or NaCl was not due to an
inhibition of the lysozyme reaction, but could be attributed to stabilization of
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‘ protoplasts’ which had been completely released from the normal mechanical
protection of the cell wall.

In order to determine whether the ‘protoplasts’ were stabilized by an
osmotic pressure acting across a semi-permeable membrane, or whether the
stabilization was due to dehydration of protoplasmic constituents which
would otherwise swell and cause the  protoplasts’ to disintegrate, the lysozyme
treatment was carried out in 2 M-glycerol in place of sucrose (method III);
for it was shown by Fischer (1908) that many bacteria are permeable to glycerol.
The results (Fig. 4), showed that the ‘protoplasts’ were not stabilized when
released in 2 M-glycerol. The stabilization cannot therefore be due to lowering
of the water activity alone: it must be caused by the substitution of an osmotic
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Fig. 5. The dependence of the extinction of suspensions of ‘protoplasts’ of Micrococcus
lysodeikticus in 1-2M-NaCl on the concentration of glycerol (v ), sucrose (@) or NaCl (O)
to which they are intermediately transferred after release by lysozyme:in 1-2M-sucrose
(see method IV).

Fig. 6. The dependence of the extinction of ‘protoplasts’ of Micrococcus lysodetkticus
suspended in 1-5 molal p-ribose on time at 20° (see method V).

pressure at the outer surface of the ‘protoplast’ membrane for the hydrostatic
pressure exerted by the cell-wall of the intact organism. The molarity of NaCl
at which half the ‘protoplasts’ of Sarcina lutea are stabilized is ¢. 0-7 M in the
experiment of Fig. 4: it corresponds to an osmotic pressure of between 25 and
80 atmospheres. This probably represents about the mean osmotic pressure of
the cells.

An alternative and perhaps preferable method of examining the dependence
of the stability of the ‘ protoplasts’ on the osmotic pressure and composition of
the suspension mediumis torelease a large batch of ‘ protoplasts’in 1-2 M-sucrose,
to transfer samples of these ‘protoplasts’ to ranges of concentration of NaCl,
sucrose and glycerol, and then after a fixed time interval to determine the
proportion of surviving ‘protoplasts’ by measuring their light-scattering
when transferred to 1-2 M-NaCl (method IV). The results of such an experiment
with Micrococcus lysodeikticus are plotted in Fig. 5. The scale of concentration
has been converted to molality of sucrose and equivalent osmolality of NaCl by



P. Mitchell and J. Moyle 518

means of the vapour pressure equilibrium data of Robinson & Sinclair (1934)
and specific gravity tables. As with Sarcina lutea, sucrose and NaCl are about
equally effective in stabilizing the ‘protoplasts’ from M. lysodeikticus while
glycerol is not effective. The osmolality required to stabilize half the ‘proto-
plasts’is ¢. 0-9, corresponding to an osmotic pressure of c. 20 atmospheres. The
osmolality of sucrose or NaCl solutions required to stabilize half the ‘proto-
plasts’ of M. lysodeikticus and S. lutea varied from one culture to another
about a mean of 1-0 osmolal, when harvested at a dry weight of 2:0 mg./ml.

‘ Protoplast’ permeability

The rate of lysis of the ‘ protoplasts’ of Micrococcus lysodeikticus and Sarcina
lutea was less than 10 9,/hr. at 20° in 1-5 molal solutions of the following
solutes in 0:01 M-sodium phosphate buffer at pH 6-8 (except where other-
wise stated): NaCl, KCl, NH,Cl, MgCl,, NaBr, KBr, Na-acetate (pH 9),
K-acetate (pH9), K,SO,, (KH,PO,+K,HPO,), Na-glutamate, lysine-HCI,
p-glucose, D-fructose, D-mannose, D-galactose, D-sorbose and sucrose
(method V). Since it was possible that metabolism of the carbohydrates
might affect the stability of the ‘protoplasts’, the effect of the presence of
10—2 M-KCN, 10-2 Mm-sodium iodoacetate, 10~ M-sodium dinitrophenate or
10-5 M-HgCl, on the rate of lysis of the ‘protoplasts’ was determined. The rate
of lysis was, as in the case of the untreated suspensions, less than 10 %/hr. The
‘protoplast’ membrane is therefore only slightly permeable to the above
solutes under the conditions of these experiments. However, under the same
conditions as above, the ‘ protoplasts’ were c. 70 %, lysed in 3 sec. in glycerol,
20 sec. in erythritol, 5 min. in p-ribose, 30 min. in L-arabinose and 1 hr. in
p-sorbitol. The progress of lysis of ‘protoplasts’ of Micrococcus lysodeikticus
in p-ribose is shown in Fig. 6.

It is not possible to estimate accurately the rate of equilibration of the
solutes across the ‘protoplast’ membrane from measurements such as those of
Fig. 6 without much additional information. However, an approximate
estimate of the permeability of the membrane can be obtained since we know

from the data of Figs. 4 and 5 that 70 %, lysis of the ‘protoplasts’ corresponds
to about an osmotic pressure difference of 0-75 osmolar across the ‘ protoplast’
membrane, or to half equilibration of the 1-5 molal non-electrolyte solutions
used in these experiments. Thus, we may say that the 70 9, lysis times given
above correspond approximately to the times for half equilibration of the
solutes across the ‘protoplast’ membrane.

DISCUSSION

There is no doubt that the ‘protoplasts’ liberated from Micrococcus lysodeik-
ticus and Sarcina lutea by lysozyme possess the properties that would be
expected of the protoplasm of the cell covered by a plasma membrane. It is,
however, important to emphasize that we do not yet know whethe'r the
composition of the membrane of the ‘ protoplasts’ liberated by lysozyme 1s the
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same as that of the plasma-membrane of the intact organism. Even so, we
suggest that the removal of the inverted commas from the word protoplast
when used to describe the bodies which are liberated from M. lysodetkticus and
S. lutea by lysozyme in media of high osmotic pressure is justified on the
following grounds: (i) Lysozyme is known to dissolve the cell wall of these
organisms (Salton, 1954). (ii) The bodies are approximately the same size as
the intact organisms, and of only slightly lower contrast in phase-contrast
microscopy, when suspended in media in which the degree of lysis is small.
(iii) The bodies scatter about two-thirds as much light as the intact organisms.
(iv) The bodies are covered by a semipermeable membrane which retains the
small molecular weight internal solutes of which the total osmotic pressure is
some 20 atmospheres, and the bodies are osmotically exploded in media of low
osmotic pressure. (v) After lysis in media of low osmotic pressure the empty
membranes are visible by phase-contrast microscopy. (vi) In media containing
a high concentration of solutes known to be unable to penetrate the plasma
membrane of Staphylococcus aureus and Escherichia coli (Mitchell & Moyle,
1956 a), the membrane of the bodies is subject to an external osmotic pressure
which substitutes for the hydrostatic pressure normally exerted by the cell
wall and prevents explosion of the bodies. (vii) When the osmotic pressure of
the external medium is raised by glycerol or other solutes which are known to
penetrate the plasma membrane of intact bacteria, the passage of the solute
through the ‘protoplast’ membrane results in osmotic explosion.

Since this work was completed, Weibull (1955) has described experiments on
the osmotic properties of the protoplasts of Bacillus megaterium with which
our observations are essentially in agreement. He observed, however, that the
total volume of the protoplasts of B. megaterium was independent of the
osmotic pressure of the sucrose solution in which they were released, over
a range from 0-125 to 0-4 M. In the work described here, there was no indica-
tion that the protoplasts of the cocci distinguished between the osmotic
pressure of the medium in which they were released and that to which they
were subsequently transferred. It may, perhaps, be relevant that whereas the
protoplasts of B. megateriwm must change shape from cylinders to spheres,
there is little or no change of shape of the protoplasts of the cocei during
release by lysozyme.

The aim of the work described in the present paper was to obtain a general
view of the effectiveness of the membrane of Micrococcus lysodeikticus and
Sarcina lutea as a barrier to the free diffusion of solutes between the cell
interior and the environment. It is, perhaps, relevant to point out that the
membrane does not act only as an osmotic barrier. Its most specific function
is to link the internal and external media, allowing entry of specific metabolites
and exit of end-products of metabolism. The rate of lysis of the protoplasts in
1-5 molal glucose and in the other hexose solutions shows that these sugars
enter both the normal (semi-anaerobic) and the inhibitor-treated protoplasts
at a rate of less than 0-1 mole/l. protoplast volume/hr. On the other hand, we
have recently found that under aerobic conditions the intact cocci or the
protoplasts oxidize glucose at a rate corresponding to 1-0 mole or more/l.
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protoplast volume/hr. It follows that the movement of glucose through the
plasma membrane is closely linked to its oxidation. The implication of this
coupling has been discussed briefly elsewhere (Mitchell & Moyle, 1956b), and
we have suggested that glucose is carried through the membrane on an enzyme
or on a protein carrier of equivalent specificity and affinity. Further work on

this problem, which is now in progress, will be described shortly in another
paper.

We are indebted to the Scottish Hospital Endowments Research Trust for the
receipt of personal grants and to the Rockefeller Foundation for a grant for apparatus.

REFERENCES

F1scHER, A. (1903). Vorlesungen iiber Bakterien, 2nd ed. Jena: Fischer.

GruLA, E. A. & HARTSELL, S. E. (1954). Lysozyme and morphological alterations
induced in Micrococcus lysodeikticus. J. Bact. 68, 171.

MitcHELL, P. (1949). A new technique for stirred aerated culture. Nature, Lond.
164, 846.

MitcHELL, P. & MOYLE, J. (1956 a). Osmotic function and structure in bacteria. In
Bacterial Anatomy. Symp. Soc. gen. Microbiol. 6, 150.
MiTCHELL, P. & MoOYLE, J. (1956b). Permeation mechanism in bacterial membranes.
In Membrane Phenomena. Faraday Soc. General Discussion (in the Press).
RoBINSON, R. A. & SiNcLAIR, D. A. (1934). The activity coefficients of the alkali
chlorides and of lithium iodide in aqueous solution from vapour pressure
measurements. J. Amer. chem. Soc. 56, 1830.

SaLTON, M. R. J. (1954). The action of lysozyme on the cell walls of certain bacteria.
J. gen. Microbiol. 11, ix.

WeiBuLL, C. (1953). The isolation of protoplasts from Bacillus megaterium by
controlled treatment with lysozyme. J. Bact. 66, 688.

WEeIBULL, C. (1955). Osmotic properties of protoplasts of Bacillus megaterium. Exp.
Cell Res. 9, 294.

(Recetved 11 May 1956)





