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Hybridization of Membranes by Sonic Irradiation”

Norihiro Tsukagoshi and C. Fred Foxt

ABSTRACT: Mixtures of membranes labeled with a density-
labeled fatty acid and unlabeled membranes can be resolved
by equilibrium centrifugation in sucrose density gradients.
Subjecting the density-labeled and unlabeled membranes
individually to sonic irradiation does not interfere with subse-
quent resolution by density gradient centrifugation. When a
mixture of density-labeled and unlabeled membranes is treated
by sonic irradiation, however, a new membrane species of

Recently, Morrison and Morowitz (1970) have published
radioautographic evidence which suggests that lipids are in-
corporated into the membrane of Bacillus megaterium KM at
one or a few foci. Donachie and Begg (1970) have shown that
Escherichia coli grow by an apparent extension from one pole
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intermediate density is formed. If a mixture of density-labeled
and unlabeled membranes is sonicated in the presence of
sucrose, only partial hybrid formation is observed, and the
hybridized species is the lowest in particle weight of the mem-
branes in the population. Controlled sonic treatment in the
presence of sucrose allows a significant fragmentation of mem-
branes with only limited hybrid formation.

of the organism and have extrapolated from their data to
claim that the membrane of E. coli grows from some fixed
focus with accompanying conservation of old and newly
synthesized membrane during cellular growth and division.
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FIGURE 1: Banding of light and density-labeled membranes in a
linear sucrose density gradient. The details of membrane purifica-
tion and equilibrium density gradient centrifugation in a 60-35%
linear sucrose gradient are given in Methods. Fractions were col-
lected from the bottom of the centrifuge tubes with fraction 1 being
that with the highest density. (A) Intact [*H]isoleucine-labeled
bromostearate membranes, 45 ug of membrane protein. (B) Intact
[*Hlisoleucine-labeled bromostearate membranes, 60 ug of mem-
brane protein, and intact {**Clisoleucine-labeled oleate membranes,
115 upg of membrane protein, were mixed together and centri-
fuged to equilibrium in the same density gradient. (C) Intact [1¢C]-
isoleucine-labeled oleate membranes, 58 ug of membrane protein.

The chromosomes of E. coli and B. subtilis are apparently
attached to membrane at both the replicating point and at the
origin (terminus) of replication (Fielding and Fox, 1970;
Ganesan and Lederberg, 1967; Smith and Hanawalt, 1967;
Snyder and Young 1969; Suecka and Quinn, 1968), and
the possible relationship between DNA-membrane attach-
ment and membrane assembly at a fixed focus has been the
subject of an attractive hypothesis to explain chromosome
segregation in prokaryotes (Jacob er a/., 1963).

A report from this laboratory describes the incorporation of
a density-labeled fatty acid into the membrane lipids of an
unsaturated fatty acid auxotroph of E. coli (Fox et al., 1970).
If mixtures of density-labeled and unlabeled (light) membranes
can be fragmented without the introduction of artifact, the use
of the lipid density label in a density shift experiment allows a
direct test of the extent to which membranes may grow at
discrete foci with concomitant conservation of old and newly
synthesized membrane. This report describes a procedure
which permits the fragmentation of membrane mixtures with-
out the artifact of membrane hybridization which accompanies
uncontrolled membrane fragmentation.

Methods

Growth of Bacteria. Strain 30E (Fox et al., 1970; Wilson and
Fox, 1971), an unsaturated fatty acid auxotroph of E. coli,
was grown in medium A (Davis and Mingioli, 1950) supple-
mented with 1% Difco Casamino Acids, 5 pg/ml of thiamine-
HCl, 0.25% of the nonionic detergent Triton X-100 (Rohm
and Haas), and 0.02 7 of either oleic or bromostearic acids.
Oleic acid (99%,+ purity) was purchased from the Hormel
Institute, Austin, Minn., and bromostearic acid, a mixture of
9-bromo- and 10-bromostearic acids, was that synthesized
previously (Fox er al., 1970). For amino acid labeling of cells,
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FIGURE 2: The effect of magnesium ion on the banding profile of
light and density-labeled membranes. The experimental conditions
are those described for Figure 1 except that the membrane suspen-
sions applied to the sucrose density gradients contained 5 mm mag-
nesium chloride. (A) Intact [*HJisoleucine-labeled bromostearate
membranes, 85 ug of protein. (B) Intact [*HJisoleucine-labeled
bromostearate membranes, 85 ug of protein, and intact [**Cliso-
leucine-labeled oleate membranes, 147 ug of protein, were mixed
together and centrifuged to equilibrium in the same density gradi-
ent. (C) Intact [1*Clisoleucine-labeled oleate membranes, 147 ug of
protein.

[*“Clisoleucine (247 mCi/mmole) or [*Hlisoleucine (2.85 Ci/
mmole) was included in the growth medium at 0.2 and 0.4
u#Ci per ml, respectively. For lipid labeling, [**Cllinoleic acid
(56 mCi/mmole) or [9,10-*H]oleic acid (2.29 Ci/mmole) was
included in the growth medium at 0.4 and 1.0 uCi per ml,
respectively. All isotopes were purchased from New England
Nuclear.

Cultures of 500 ml were grown with rotary shaking at 37°
in 2-1. flasks. At a density of 10° cells/ml, the cells were col-
lected by centrifugation and washed once by suspension in
200 ml of 0.01 M Tris- HCI buffer (pH 7.6) followed by centrif-
ugation.

Preparation of Membranes. The procedure for preparation of
the “inner” or “cytoplasmic” membrane fraction from sphero-
plasts of E. coli is essentially that described previously (Fox
et al., 1970) with one minor modification. Prior to the step
where washed membranes were applied to discontinuous
gradients containing 35 and 65 % sucrose, the membranes had
been centrifuged, and the pellet was suspended in a solution
of Tris- HCI and 2-mercaptoethanol. This centrifugation step
has been eliminated, and the dialyzed membranes from the
previous step are applied directly to the discontinuous gradi-
ent containing 35 and 65 77 sucrose.

The membrane fraction designated band I in the previous
report is that used exclusively in the work described here. This
membrane fraction was suspended in 0.01 M Tris- HCI buffer
of pH 7.6 containing 0.01 M 2-mercaptoethano! and stored
refrigerated at 4°.

Fragmentation of Membranes. For fragmentation by sonica-
tion, the membrane samples were suspended in 3 ml of 0.01 M
Tris- HCl buffer of pH 7.6 containing 0.01 M 2-mercapto-
ethanol in a glass 10-ml beaker. Temperature throughout
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FIGURE 3: The effect of sonic treatment of light and density-labeled
membrane fractions fragmented singly or together where both mem-
brane fractions are protein labeled. (A) Mixture of intact [*H]Jiso-
leucine-labeled bromostearate membranes, 60 ug of protein, and
intact [1Clisoleucine-labeled oleate membranes, 115 ug of protein.
(B) Bromostearate and oleate membranes were sonicated indi-
vidually for 2 min at protein concentrations of 500 and 1020 ug per
ml, respectively, and 0.1 ml of each sonicate was applied to the same
gradient. (C) Bromostearate and oleate membranes were mixed at
protein concentrations of 400 and 1280 ug per ml, respectively,
before the 2-min sonication, and 0.15 ml of the sonicated mixture
was applied to the gradient.

sonication was maintained below 10°. Sonication was per-
formed using the lowest power setting of the Model W140
Sonifier cell disruptor, Branson Instruments, Inc., employing
a “‘step horn.”

Sucrose Density Gradient Centrifugation. Linear 60-35%
sucrose density gradients of 5 ml containing 0.01 M Tris- HCI
of pH 7.6 and 0.01 M 2-mercaptoethanol were generated with
a Beckman density gradient former. Samples of 0.1-0.2 ml
were layered on top of the gradients, and the tubes were
centrifuged for 20 hr at 45,000 rpm in the Spinco SW 50.1
rotor. The contents of the tubes were fractionated by punc-
turing the tubes on the bottom and collecting drops.

Assay of Protein and Radioactivity. Protein was determined
as described by Lowry ez al. (1951). Radioactivity was meas-
ured by combining the sample and water in a total volume of
0.75 ml and by mixing this with 10 ml of the solution described
by Patterson and Greene (1965) containing toluene-Triton
X-100(3:1, v/v) for liquid scintillation counting.

Results

Separation of Density-Labeled and Unlabeled Membranes by
Equilibrium Density Gradient Centrifugation. When a mixture
of density-labeled and light membranes is centrifuged to equi-
librium in a sucrose density gradient the two membrane species
band at positions identical with those of the same species
banded singly (Figure 1). If the two fractions are first mixed
with MgCl, at 5 mM final concentration before the centrifuga-
tion, two pronounced changes from the banding patterns of
Figure 1 are observed (Figure 2). First, the banding profile
is much sharper, and second, the light and density-labeled
membranes have aggregated and band at a density intermedi-
ate between the densities of the light and density-labeled mem-
branes centrifuged individually. Though the reason for this
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FIGURE 4: The effect of sonic treatment of light and density-labeled
membranes fragmented singly or together where one membrane
fraction is amino acid labeled and the other, lipid labeled. (a, left)
Lipid-labeled, density-labeled membranes and amino acid labeled,
light membranes. (A) Mixture of intact [*H]fatty acid labeled bro-
mostearate membranes, 0.4 ug of protein, and intact [*Clisoleucine-'
labeled oleate membranes, 116 ug of protein. (B) Bromostearate
and oleate membranes were sonicated individually for 2 min at
protein concentrations of 3.0 and 1020 ug per ml, respectively,
and 0.1 ml of each sonicate was applied to the same gradient. (C)
Bromostearate and oleate membranes were mixed at protein
concentrations of 6.0 and 1200 ug per ml, respectively, before the
2-min sonication, and 0.15 ml of the sonicated mixture was applied
to the gradient. (b, right) Amino acid labeled, density-labeled mem-
branes, and lipid-labeled, light membranes. (A) Mixture of intact
[*Hlisoleucine-labeled bromostearate membranes, 98 ug of protein,
and intact [14C]fatty acid labeled oleate membranes, 36 ug of pro-
tein. (B) Bromostearate and oleate membranes were sonicated
individually for 2 min at protein concentrations of 500 and 60 ug
per ml, respectively, and 0.1 ml of each sonicate was applied to the
same gradient. (C) Bromostearate and oleate membranes were
mixed at protein concentrations of 400 and 60 ug per ml, respec-
tively, before the 2-min sonication, and 0.15 ml of the sonicated
mixture was applied to the gradient.

aggregation phenomenon is not obvious, it provides a ratio-
nale for one of the critical steps in the separation of the cyto-
plasmic and outer membranes of E. coli, the prolonged dialy-
sis in the presence of EDTA (Fox, et al., 1970).

Fragmentation of Membranes by Sonication. The design of
experiments being currently undertaken in this laboratory
demanded that techniques be developed which would allow
the fragmentation of mixtures of membranes without disturb-
ing the identities of the membrane species in the mixture.
Extensive fragmentation by sonic irradiation leads to an ap-
parent decrease in the density of both light and density-labeled
membranes, but these membrane species are still easily separ-
able when mixed after being subjected to sonication individu-
ally (Figure 3A,B). On the other hand, when a mixture of the
two membrane species is exposed to the standard sonication
procedure (Methods), a hybrid density membrane band with
an average density intermediate between those of the indi-
vidual sonicated membrane species is produced (Figure 3C).
The membranes used for the experiment in Figure 3 are almost
exclusively labeled in material not extractable by lipid solvents.
Less than 197 of the radioactivity of the [!“Clisoleucine and
[®H]isoleucine labeled membranes could be extracted with

BIOCHEMISTRY, VoL 10, no. 17, 1971 3311



o—o OLEATE MEMBRANES ("4C LIPID, CPM)

A
! 5101520
FRACTION

«-sBROMOSTEARATE MEMBRANES (3H- LiPID , CPM)

FIGURE 5: The effect of sonic treatment on light and density-labeled
membranes fragmented singly or together where both membrane
fractions are lipid labeled. (A) Mixture of [*H]fatty acid labeled
bromostearate membranes, 0.5 ug of protein, and intact [**C]fatty
acid labeled oleate membranes, 36 ug of protein. (B) Bromostearate
and oleate membranes were sonicated individually for 2 min at
protein concentrations of 5.6 and 90 ug per mi, respectively, and
0.1 ml of each sonicate was applied to the same gradient. {C) Bromo-
stearate and oleate membranes were mixed at protein concentra-
tions of 4.0 and 60 ug per ml, respectively, before the 2-min sonica-~
tion, and 0.15 ml of the sonicated mixture was applied to the gra-
dient.

chloroform-methanol (2:1, v/v). In order to test the possibil-
ity that much of the apparent hybridization is the result of
exchange of proteins between the two membrane species of
the population, the experiment described in Figure 3 was
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FIGURE 6: Gel filtration of a mixture of light and density-labeled
membranes fragmented together in the presence of sucrose. A mix-
ture of [°*HJisoleucine-labeled bromostearate membranes (850 ug
of protein) and [!*Clisoleucine-labeled oleate membranes (2200 ug
of protein) was sonicated for the standard 2-min period except
that the mixture also contained 2097 w/v of sucrose. The sonicate
was concentrated to 1 ml by pressure filtration and applied to a
15 X 260 mm column of Bio-Gel A-150m (Calbiochem, Los An-
geles, Calif.). The column was eluted at a flow rate of 6 ml/hr with
a solution containing 0.1 M Tris- HCI of pH 7.6 and 0.01 » 2-mer-
captoethanol. Fractions of 1 ml were collected and 0.1 ml of each
fraction was assayed for radicactivity. The elution profiles of intact
E. coli and of p-nitrophenol were established in a similar, but sep-
arate experiment by measuring the absorbance at 600 and 420 nm,
respectively., Bromostearate membranes {®---@), oleate membranes
(O—0), intact E. coli (X ---X), and p-nitrophenol (X -— X).

3312 voL, 10, 1971

BIOCHEMISTRY, No. 17,

TSUKAGOSHI AND FOX

200

100
=
o
2 200
- -
Ll =

o

Z 100 S
= Q
= o
Lt =
= 150 50 =
Ly &
g =
2 00 00 o
u<J =
=50 $- 50 M
o] <T
= Y
e 300 ©
& [
i 200

100

I 5101520
FRACTICN

FIGURE 7: Density gradient analysis ol regions of the gel filtration
column eluates shown in Figure 6. The gradients contained. from
top to bottom: (1) 0.2 ml of the sonicated membrane mixture ap-
plied to the column, (2) 0.3 ml of fractions 19-23 concentrated to
0.4 ml by pressure filtration. (3) 0.3 mi of fractions 25-34 concen-
trated to 0.4 ml by pressure filtration, and (4) 0.3 ml of fractions
35--44 concentrated to 0.4 ml by pressure filtration.

repeated with mixtures of lipid and amino acid labeled mem-
branes, and with a mixture of membranes labeled almost
exclusively in lipid with different radioisotopes (Figures 4a,b
and 5). In all cases, a hybrid membrane band was observed
when mixtures of light and density-labeled membranes were
sonicated, and the resultant hybrid density was that predicted
by the relative quantities of the species of membranes in the
mixture, When 6 ug of [*H]lipid-labeled density-labeled mem-
branes was sonicated together with 1200 ug of ['*Clamino
acid labeled light membranes, for example, the density of the
resultant hybrid band was essentially that of the species pres-
ent at greater mass, the light membranes. When the more
dense species of membranes predominated in the population
(Figure 4b), its density was the major determinant of the den-
sity of the hybrid band observed after sonication.

When taken together with preliminary electron microscopic
evidence (obtained in collaboration with F. Eiserling), the
data in Figures 3-5 indicate that the hybrid bands result from
sonic fragmentation by an intermixing of both the lipids and
proteins of the two species of membranes in the population,
rather than by a simple aggregation of heavy and light mem-
branes. Electron micrographs of the hybrid membrane band
after equilibrium sucrose density gradient centrifugation show
only individual membrane fragments with no evidence of
aggregation. With the standard conditions of sonication
(Methods), the hybridization produced by a 15-sec sonication
is equivalent to that obtained after 2 min. Though a similar
hybridization was obtained with the use of the Aminco
French press operating at 10,000 psi, no hybridization was
detected after mixtures of membranes were homogenized
extensively with a motor-driven glass-Teflon mortar and
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pestle or after a 15-min blender treatment in the presence of
glass beads using the microhomogenizer attachment of the
Sorvall Omni-Mixer at maximal speed. The latter treatments,
however, do not produce the small fragments which result
either from sonic irradiation or from the use of the French
press.

Conditions for Avoiding Hybrid Formation during Sonic
Irradiation. Mixtures of light and density labeled membranes
were sonicated under the standard conditions in the presence
of a number of solutes such as EDTA, urea, potassium chlo-
ride, and sucrose. Of these, only sucrose reduced the extent of
hybridization. The material which has undergone the most
extensive hybridization as a result of sonic treatment is also
that which yields the smallest fragments (Figures 6 and 7). A
mixture of amino acid labeled light and heavy membranes was
sonicated in the presence of 20 % sucrose and then subjected to
gel filtration by Bio-Gel A-150m chromatography (Figure 6).
The unfractionated sample showed evidence of a hybrid region
in addition to bands composed largely of light and heavy
membranes upon equilibrium density gradient centrifugation
(Figure 7). Though the hybrid peak is less dense than the band
of exclusively light membranes, it should be recalled that
extensive sonic fragmentation leads to a marked reduction of
the sucrose buoyant density of these membranes (Figures
3-5). It is therefore not surprising that the hybrid density
membranes are the last to elute from the Bio-Gel column, and
are thus the lowest in particle size of the sonic treated mem-
branes applied to the column. Since membrane fragments not
subjected to sonic irradiation eluted from Bio-Gel A-150m
at the void volume (data not shown), these data indicate that
a significant fragmentation of membrane mixtures can be
accomplished without the accompanying production of arti-
fact by hybrid formation. An electron microscopic study is
currently in progress to ascertain the extent to which mem-
branes can be fragmented without hybrid formation.

Discussion

Sonic treatment of a mixture of membranes of different
densities leads to the production of material of intermediate
density. Sonic treatment under controlled conditions, i.e., in
the presence of sucrose, reduces the extent to which the ma-
terial of intermediate density is produced. Two explanations
can be advanced to account for the apparent hybrid forma-
tion: (1) the hybrid density material represents truly hybrid-
ized membrane and (2) the hybrid density material is the result
of nonspecific clumping of particles of the light and heavy
membrane species in the population. The second explanation
is unlikely for two reasons. First, after sonication under con-
trolled conditions where both hybrid density and nonhybrid
density materials coexist in the population, the hybrid density
material is the lowest in particle size. Were it composed of
clumps of membrane particles, the inverse might be expected.
Second, preliminary electron microscopic studies of the hybrid
density material give no evidence for nonspecific clumping,
and the hybrid density membrane band appears to consist
primarily of lamellar sheets which exhibit a normal bilayer
dimension when viewed on end.

Our data suggest that membranes may fragment in two ways
in response to sonic irradiation. One mechanism of fragmenta-
tion would be by fission perpendicular to the plane of the
membrane giving rise to a stepwise reduction in particle size

without hybrid formation, as observed in the case of sonication
in the presence of sucrose. The second mechanism would be
fission giving rise to smaller particles than those actually ob-
served, these particles aggregating to form larger particles
which exhibit normal structure by electron microscopy. These
particles could be produced either by fission perpendicular to
the plane of the membrane, and/or by fission parallel to the
plane of the membrane, giving rise to a cleavage of the bilayer
analogous to that obtained with freeze etching for electron
microscopy (Branton, 1966). In order to explain the effects of
sucrose which permit the production of membrane fragments
without hybridization, it is then only necessary to postulate
that sucrose, perhaps by increasing the viscosity of the medium
exposed to sonication, inhibits fragmentation by the second
mechanism preferentially, or retards the rate of all fragmenta-
tion processes allowing the isolation of nonhybrid frag-
ments.

Our study gives some indication of the care which should be
taken in the choice of methods for cell disruption where iso-
lation of a given membrane species in a purified state is desired.
Cell rupture by either sonic irradiation or by use of the French
press may give rise to gross artifacts, whereas rupture by
homogenization or by blender treatment does not result in the
intermixing of different membrane species. One apparent
exception to this statement is the study by Schnaitman (1970)
where rupture of intact E. coli using the French press with
conditions similar to those used by us nevertheless allowed
separation of the cytoplasmic and outer membrane species
with little evidence of hybrid formation between them. In
Schnaitman’s study, however, the outer membrane was iso-
lated still bound to the cell wall, and this attachment could
have prevented a hybridization of the cytoplasmic and outer
membranes.
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