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Abstract. /. The dielectric properties of suspensions
of intact cells of Methylophilus methylotrophus, Para-
coccus denitrificans and Bacillus subtilis have been
measured in the frequency range 1 kHz to 13 MHz.
All possess a pronounced dispersion corresponding
in magnitude and relaxation time to the “f#-disper-
sion” in a terminology defined by Schwan [Adv.
Biol. Med. Phys. 5:147—-209 (1957)]. The latter two
strains, but not M. methylotrophus, also possess a
substantial a-dispersion. The relaxation time of the
B-dispersion of B. subtilis 1s significantly lower than
that of the other two strains, due to the higher
internal K* content of this Gram-positive organism.

2. Treatment of P. denitrificans or B. subtilis with
lysozyme greatly reduces the magnitude of the o-
dispersion; in the latter case it is virtually abolished.

3. The magnitude of both the «- and p-disper-
sions of protoplasts of these organisms is signifi-
cantly decreased by treatment with the cross-linking
reagent glutaraldehyde, indicating that diffusional
motions of the lipids and/or proteins in the proto-
plast membranes contribute to the dielectric relaxa-
tions observed in this frequency range. Such mo-
tions cannot be unrestricted, as in the “fluid mosaic”
model, since the relaxation times of the lipids and
proteins, if restricted by hydrodynamic forces alone,
should then correspond, in protoplasts of this radius
(0.4—0.5 um), to approximately 10 Hz.

4. Even after treatment of the (spherical) proto-
plasts with glutaraldehyde, the breadth of the re-
maining pf-dispersion is still significantly greater
than (a) that of a pure Debye dispersion and (b)
that to be expected solely from a classical Maxwell-
Wagner-type mechanism.

5. It is recognised that the surfaces of the protein
complexes in such membranes extend significantly
beyond the membrane surface as delineated by the
phospholipid head-groups; such molecular granular-

* To whom offprint requests should be sent

ity can in principle account for the broadened
dielectric relaxations in the frequency range above
1 kHz, in terms of the impediment to genuinely
tangential counterion relaxation caused by the pro-
truding proteins themselves.

6. The relaxation time of a previously observed,
novel, low-frequency, glutaraldehyde-sensitive (u-)
dispersion in bacterial chromatophore suspensions,
as well as that of their a-dispersion, is significantly
increased by increasing the aqueous viscosity with
glycerol. This finding is consistent with the view
that, from a dielectric standpoint, the motions of
charged proteins (and lipids) in biological mem-
branes are rather tightly coupled to those of the ad-
jacent ions and dipoles in the electric double layer.

7. Membrane vesicles of P. denitrificans do not
possess a u-dispersion as marked as that of chro-
matophores. As with chromatophores, their, o-dis-
persion is somewhat decreased by glutaraldehyde
treatment. The relative lack of a u-dispersion in
these vesicles may be related to their different
polarity relative to that of bacterial chromatophores;
alternatively, and perhaps additionally, the long-
range lateral mobility of lipids and proteins in this
system may be even more restricted than in chro-
matophores.

8. Overall, our results draw attention to the fact
that the motions of proteins, lipids and double-layer
species can contribute to the audio- and radio-
frequency dielectric properties of microbial cell,
protoplast and vesicle suspensions, and indicate that
both the magnitude and the rate of such relaxations
depend rather finely on the intimate molecular
structure and organisation of the bacterial cyto-
plasmic membrane and its superincumbent double
layers.

Key words: Dielectric spectroscopy, lateral diffusion,
microbial membranes, lateral electrophoresis, elec-
troosmotic forces
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Introduction

The audio- and radio-frequency dielectric proper-
ties of suspensions of microorganisms (and of other
cells) have been studied by a number of workers
(e.g. Fricke etal. 1956; Schwan 1957, 1959, 1977,
1981a, b, 1983a, b; Pauly 1962; Cole 1972; Einolf
and Carstensen 1973; Carstensen and Marquis 1975;
Grant et al. 1978; Schanne and Ceretti 1978; Pethig
1979; Asami etal. 1980; Pilla 1980; Schwan and
Foster 1980; Adey 1981; Stoy et al. 1982; Zimmer-
mann 1982; Harris and Kell 1983; Harris et al. 1984;
Pethig 1984). In most cases, two relatively broad,
but clearly (if imperfectly) separable dispersions are
observed. The a-dispersion, centred in the audio-
frequency range, is mainly ascribed to the tangential
relaxation of ions bound in the diffuse double layers
surrounding the cell wall and cytoplasmic mem-
brane. The meshlike and extended structure of the
former means that the effective surface area is much
greater than that of the cytoplasmic membrane, so
that the o-dispersion is substantially reduced, al-
though by no means eliminated, upon the removal
of the cell wall with lysozyme (Einolf and Carsten-
sen 1969; Harris etal. 1984). The pg-dispersion,
centred in the radio-frequency range, is largely
ascribed to the occurrence of a Maxwell-Wagner ef-
fect at the interface between the poorly-conducting
cytoplasmic membrane and the aqueous phases
which it serves to separate.

Since modern views of membrane structure con-
ceive a substantial amount of both lateral and rota-
tional diffusional mobility of the lipids and proteins
in the cytoplasmic membrane of microorganisms
(e.g. Houslay and Stanley 1982), we have had cause
to consider the possibility that such motions might
also contribute to the dielectric properties of micro-
bial cell and vesicle suspensions (Kell 1983, 1984b;
Harris et al. 1984; Kell and Harris 19854, b).

Complementarily, it then follows that dielectric
spectroscopy can in principle offer a unique pos-
sibility for assessing the rate and extent (random-
ness) of such motions (Kell 1983, 1984b; Kell and
Westerhoff 1985; Kell and Harris 1985). Thus, the
major purpose of this article is to present experi-
ments designed to address the question of the
contribution which such processes might make to
the dielectric spectra of microbial membrane sys-
tems. To this end, we have studied a variety of
Gram-positive and -negative organisms, as well as
protoplasts and membrane vesicle preparations de-
rived therefrom, so as to gain a broad overview of
the dielectric properties of membrane-bounded ves-
icle systems. In particular, we have exploited the
idea that chemical cross-linking agents may be used
to assess the contributions of the motions of the

membrane components to the dielectric spectra in
the audio- and radio-frequency range. Such con-
siderations form the subject of the present paper,
whilst a more theoretical and heuristic overview is
presented in an accompanying article (Kell and
Harris 1985a).

Experimental

Methylophilus methylotrophus AS1 (strain G 37-517)
was maintained, and grown aerobically in shake-
flasks, as described by Windass et al. (1980), except
that the methanol concentration was 1% v/v. The
cells were taken from mid-exponential phase, washed
once in 0.2 M sorbitol containing 0.25 mM disodium
EDTA, then once in 0.2 M sorbitol, and resuspended
in 0.2 M sorbitol at ca. 150 mg dry weight/ml.

Bacillus subtilis (strain 34.1 (pheA12 spoOA34))
was grown aerobically in shake-flasks, and main-
tained as described (Donnellan et al. 1964; Ramaley
and Burden 1970). The cells were harvested no
earlier than 1 h into stationary phase. The cells were
washed once in 0.5 M sucrose containing 0.5 mM
disodium EDTA, then twice in 0.5 M sucrose, the
third washing being necessary to attain a suitably
low conductance in the final suspension, and re-
suspended in 0.5 M sucrose at a concentration of
approximately 100 mg dry weight/ml.

Protoplasts of B. subtilis were prepared in the
same way as protoplasts of P. denitrificans (see
below).

Paracoccus denitrificans NCIB 8944 was grown
anaerobically and maintained on a succinate-nitrate
medium as described by Kell etal. (1978b) and by
McCarthy etal. (1981). The dielectric studies of the
intact cells were performed on cells taken from mid-
exponential phase, which were washed once in
0.5 M sucrose containing 0.5 mM disodium EDTA,
then once in 0.5 M sucrose and resuspended in
0.5 M sucrose at ca. 150 mg dry weight/ml. In cases
noted in the legends to the figures the sucrose was in
some cases replaced by sorbitol.

Paracoccus denitrificans protoplasts were made
from cells taken from mid-exponential phase, which
were washed once in 0.5M sucrose containing
0.5mM disodium EDTA and then suspended in
0.5 M sucrose, so that a 0.1 ml sample of the suspen-
sion diluted to 2.5 ml with water had an absorbance
at 550 nm of 0.3 when read in a Bausch and Lomb
Spectronic 70 spectrophotometer. Lysozyme was
added to a concentration of 250 mg/l, and the
suspension was then incubated at 30°C until the
O.D. at 550 nm of a 0.1 ml sample diluted to 2.5 ml
with water had dropped from 0.3 to approximately
0.06. After treatment with lysozyme, 2 mM MgSO,



and a crystal of DNAase I were added to the suspen-
sion, and the protoplasts were sedimented then
washed in 0.5 M sucrose. The washed protoplasts
were then resuspended in 0.5 M sucrose at ca.
150 mg dry weight/ml.

Membrane vesicles were also prepared from
P. denitrificans, all procedures except the lysozyme
treatment being carried out at 4°C. The protoplasts
(preparation described above) obtained from 41 of
P. denitrificans cells were sedimented at 40,000 x g
for 10 min, then resuspended in 40 ml of 100 mM
Tris acetate, pH 7.3. This suspension was added to
260 ml of distilled water to disrupt the protoplast
membranes by osmolysis. The suspension was left
for 20 min, before adding a trace of DNAaseI and
2 mM magnesium acetate. This suspension was shak-
en gently, and then left for 20 min or until its viscos-
ity was lowered sufficiently. The suspension was
then centrifuged at 40,000 x g for 40 min to yield a
double-layered pellet and a clear supernatant, which
was discarded. The upper, red, layer of the pellet
was resuspended in 0.1 M sorbitol containing 1 mA/
Tris HCI at pH 8. The lower, white, layer (of poly-§-
hydroxybutyrate, a storage polymer in this organism
(Scholes and Smith 1968)), was discarded. The sus-
pension was centrifuged at 40,000 x g for 40 min and
the resulting pellet washed once again before finally
being resuspending in 0.1 M sorbitol/1 mAM Tris HCl
at pH 8, to give a final protein concentration of ca.
10 mg dry weight/ml as determined by the Lowry
method (Lowry et al. 1951).

Rhodopseudomonas  capsulata  chromatophores
were made (Hitchens and Kell 1982) and washed
(Kell 1983) as previously described; their bacterio-
chlorophyll content was assessed spectrophotomet-
rically (Hitchens and Kell 1982).

Dielectric measurements

All dielectric measurements were made using a
Hewlett-Packard 4192A impedance analyser con-
trolled by an HP 85 microcomputer as described
previously (Harris and Kell 1983, and see also
Kosterich etal. 1983; Asami and Irimajiri 1984).
Automatic correction of measured data for simple
strays and residuals was performed on an empty cell
using the “zero open” adjustment at 10 MHz The
cell constant was obtained using solutions of known
conductivity and permittivity, such measurements
also providing a check on the extent of electrode
polarisation. That this extent was of negligible
significance to the present considerations was en-
sured (1) by using media of very low conductivity,
(2) by using high volume fractions of the suspended
phase, and (3) by regular and heavy platinisation of
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the electrodes; no corrections were therefore made
in this regard to the data obtained. In the present
work, an oscillator level of 300 mV was employed
and the temperature maintained at 25°C for chro-
matophores, B. subtilis cells and protoplasts, 30°C
for P. denitrificans cells, protoplasts and, membrane
vesicle preparations and 37°C for M. methylotro-
phus, by means of a circulating water jacket. Pt
electrodes were of the pin-type (8 mm x 1 mm), and
plated with Pt black, as described (Kell 1983).

Chemicals

Chemicals were obtained from previously described
sources (Harris and Kell 1983), except that the
glutaraldehyde (“50% w/v solution”) was from BDH
Chemicals, Poole, Dorset. Water was doubly dis-
tilled in an all-glass apparatus.

Results
Methylophilus methylotrophus

Figure 1 shows a dielectric spectrum of M. methylo-
trophus cells in the frequency range 1 kHz to 13 MHz.
This Gram-negative, pseudomonad organism has
aroused interest because of its use in single-cell
protein production (Smith 1980; Windass et al. 1980;
Vasey and Powell 1984). The frequency dependence
of the RF conductivity is especially evident, indicat-
ing the existence of a substantial f-dispersion, in the
terminology of Schwan (1957), as also observed for
many other microorganisms (e.g. Einolf and Car-
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Fig. 1. Dielectric properties of intact cells of M. methylo-
trophus. The cell suspension (102 mgdw/ml) was prepared,
resuspended, and its dielectric properties assessed, as de-
scribed in the Experimental section
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Fig. 2. Effect of “high-frequency” permittivity on the complex
conductivity of the intact cells of M. methylotrophus. The
complex conductivity is plotted, for indicated values of the
“high-frequency” permittivity (&), using the data of Fig. 1. It
is evident that the a-dispersion is virtually absent
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Fig. 3. Effect of “low-frequency” conductivity on the p-dis-
persion of intact cells of M. methylotrophus. The complex
permittivity is plotted, for the indicated values of the “low-
frequency” conductivity (og7), vsing the data of Fig. 1. The
Cole-Cole a value (Cole and Cole 1941) is 0.31, indicating
that the breadth of the dispersion is rather substantial

stensen 1969; Carstensen and Marquis 1975; Asami
etal. 1980). The o-dispersion, although just about
discernible, is far less pronounced than in Gram-posi-
tive organisms (Einolf and Carstensen 1969, 1973; and
see later), and much of the permittivity increase
below 10kHz is in this case due to electrode polari-
sation. The data in Fig. 1 are plotted as a complex
conductivity diagram in Fig. 2, which shows how, as
discussed elsewhere (Grant 1958; Stoy etal. 1980;
Harris and Kell 1983), the high-, but not the low-
frequency values of ¢” are extremely sensitive to the
value chosen for the “high-frequency” permittivity.
Similarly, for the w-dispersion, in the Cole-Cole
(complex permittivity) plot of these data (Fig. 3),
the “low-frequency” permittivity and hence the

calculated dielectric increment, is very sensitive to
the “low-frequency” conductivity chosen. Since the
high-frequency data are uncontaminated either by
electrode polarisation or by any o-dispersion, the
appropriate value of the “low-frequency” conductiv-
ity (o1) is taken to be the lowest value with which a
single semi-circle may still be used to fit the data
(Harris and Kell 1983). For the data of Fig. 3, the
centre of this semi-circle is also shown; it may be
seen that the Cole-Cole a value (Cole and Cole
1941) derived from this analysis possesses a rather
large value. This is usually taken to indicate (e.g.
Pauly et al. 1960; Pauly and Packer 1960) that there
is a substantial distribution of relaxation times
underlying the dispersion of interest. '

If the S-dispersion is caused solely by a Maxwell-
Wagner effect then the “low-frequency” permittivity
(ez) is given, for spherical particles, by (Schwan
1957):

, 9PrC, 1
L e T T 1@ m
1+rG,|—+
o 20,

where P is the volume fraction, r the cell radius, C,
the membrane capacitance per cm® G, the mem-
brane conductance per cm? o; and ¢, the internal
and external conductivities, ¢}, the “high-frequency”
permittivity and g the permittivity of free space
(=8.854x 107 F/cm). If the membrane conduc-
tance is negligible, Eq. (1) reduces to:
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whilst if the volume fraction exceeds approximately
0.2, the following equation was derived (Schwan
et al. 1970):

, 6§gl(l—P)+(9rCm)( P )
CEA+P2) \4e |\0+@DY
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where &, is the permittivity of the suspending
medium.

Since there has been some confusion in the
literature as to what values of membrane conduc-
tance may be considered negligible in this context,
Fig. 4 displays a plot of Eq. (1). For conditions per-
taining to a typical microbial cell suspension, a
membrane conductivity of a magnitude as great as
1 S/cm? causes an insignificant decrease in g . Since
the ionic conductivities of typical energy coupling
membranes as isolated do not exceed 2 x 10~* S/cm?
(e.g. Harold 1977; Junge 1982), and concentrations
of protonophorous types of uncoupler necessary fully
to uncouple mitochondria induce conductivities only
of this type of magnitude (McLaughlin and Dilger
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Fig, 4. Effect of the transmembrane conductance on the “low-
frequency” permittivity of a suspension of spherical cells
displaying a Maxwell-Wagner-type dispersion. Equation] is
plotted using the following values: cell radius=5x10"5cm
(0.5 um), internal conductivity =20 mS/cm, external conduc-
tivity =10 mS/cm, membrane capacitance =1puF/cm% The
membrane conductance (in S/cm?), and the enclosed volume
fraction P are varied as indicated

1980), it should by clear that, from a dielectric
standpoint, bioenergetically competent cells are
quite indistinguishable from those possessing zero
transmembrane conductance.

Other equations which may be used to char-
acterise a dispersion conforming solely to a Max-
well-Wagner type of mechanism in spherical shell
particles are (see e.g. Schwan 1957; Schwan and
Foster 1980):

o1 =a,(1 = P)/(1 +(P/2)) “4)

d =0, [(1 + 3P)(c}+ o))/ (o} + 2a3)], )
1 1

T=1‘Cm(;;+ 20:)), Q)

and, in general,
t=(e1 — &) &/ (06 — 01), (7

where t(=1/2xnf.) is the relaxation time. More
complicated equations have been applied to bacil-
lary or ellipsoidal membrane systems (Pauly and
Schwan 1959; Asami et al. 1980), sometimes taken to
consist of confocal shells. However, if we treat the
dielectric properties of a bacillus as being broadened
(in terms of dielectric increment and relaxation
time) so as to encompass those of a sphere of radius
equal either to that of the major or minor axes of
the ellipsoid of revolution, little error in the analyses
will result (Kell and Harris 1985b). That this is so is
signified by the fact that the “Coulter counter” and
other such electronic particle counters and sizers
perceive bacillary organisms as spheres of the equiv-
alent size (e.g. Kubitschek 1969; Curds et al. 1978).
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Since the specific enclosed volume V,, of the
cells (in ml/g dry weight) is related to their volume
fraction P and their concentration C in mg dry
weight/ml by P=1V, C/1000 (Harris and Kell
1983), we may plot Eq. (3) as a graph of & versus
cell concentration for different chosen values of Vj,.
Such a graph, together with experimental data
obtained by means of plots such as those in Fig. 3, is
displayed in Fig. 5, which indicates, inter alia, that
electrode polarisation, for instance, does not make a
significant contribution to the spectra observed for
the p-dispersion. No substantive dispersions at the
high frequency end of the range available with the
present instrumentation were observed in this organ-
ism (Fig. 6). The conductivity increment in this

400 -8
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0 [M.methylotrophus ] 200

mg dw /ml

Fig. 5. Effect of cell concentration on the “low-frequency”
permittivity of suspensions of M. methylotrophus. Data were
obtained from plots such as those in Fig. 3. The dotted lines
indicate data to be expected from the plots of Eq. (2), for a
“classical” Maxwell-Wagner effect if the organisms are treated
as spheres with the specific enclosed volumes indicated (see
also Harris and Kell 1983)
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Fig. 6. Effect of cell concentration on the “high-frequency”
permittivity of suspensions of M. methylotrophus. Data were
obtained from plots such as those in Fig. 3
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Fig. 7. Effect of the cell concentration on the conductivity
increment of the p-dispersion of suspensions of M. methylo-
trophus. Conductivity increments were obtained from complex
conductivity diagrams such as those in Fig. 2, and represent
the difference in conductivity between the two points where
the semi-circular locus intersects the abscissa
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Fig. 8. Dielectric properties of intact cells of P. denitrificans.
The cell suspension (118 mgdw/ml) was prepared and re-
suspended, and its dielectric properties assessed, as described
in the Experimental section
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Fig. 9. Complex conductivity of intact cells of P. denitrificans.

The data of Fig. 8 are plotted in the complex conductivity

domain, and indicate clearly the extent of both o~ and g-

dispersions

organism amounts to approximately 0.1 mS/cm per
100 mg dry weight/ml (Fig. 7). Since this- organism
is Gram-negative, and rather insensitive to lysozyme
treatment, it is not easy to dissect out the contri-
butions of any lipid or protein motions to the
observable dielectric properties of intact cells by
making protoplasts or membrane vesicles. However,
the virtual absence of an o-dispersion would seem to
suggest that the outer parts of the cell envelope are
either only weakly charged or present only a small
effective surface area to the bulk outer phase.
Similarly, Saccharomyces cerevisiae cells were also
found to be devoid of an w-dispersion (Harris and
Kell 1983). Thus, whilst the Gram-negative M.
methylotrophus provides a useful “baseline”, we
decided to turn our attentions to other, lysozyme-
sensitive organisms.

Paracoccus denitrificans

Paracoccus denitrificans is a Gram-negative organ-
ism which is nevertheless sensitive to lysozyme
(Scholes and Smith 1968; Davis et al.1969; Kell et al.
1978), and which, due to its perceived similarity to
mammalian mitochondria, has commanded no little
attention from bioenergeticists (e.g. John and What-
ley 1977, Vignais etal. 1981). A typical dielectric
spectrum of a suspension of intact cells of this
organism is shown in Fig. 8; as more clearly demon-
strated in the complex conductivity plot of these
data in Fig. 9, a very marked o-dispersion is present
in addition to the f-dispersion, so that it was in fact
not at all easy to separate the two dispersions. To
obtain the dielectric increment for the pf-dispersion
alone, we adopted the same strategy as that de-
scribed above for M. methylotrophus, i.e. that mini-
mum value of o7 was chosen which still allowed the
data to be fitted adequately to a single semi-circle.
The values obtained from the complex plane plots,
at several different concentrations of the suspended
phase, are plotted in Figs. 10—12.

We observed previously that the o-dispersion of
this organism is substantially reduced, but by no
means completely eliminated, upon conversion of
the cells to protoplasts with lysozyme (Harris et al.
1984). Similarly, the p-dispersion is much broader
than seems to be explicable, for spherical proto-
plasts, in terms solely of a Maxwell-Wagner type of
mechanism. As discussed before (Kell 1983, 1984b;
Harris etal. 1984; Kell and Harris 1985a, b), one
possibility is that there may be a contribution from
the motions of the membrane components, a pos-
sibility which is amenable to experimental testing
by the use of cross-linking reagents. We therefore
display in Fig. 13 dielectric spectra of Paracoccus
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Fig. 10. Effect of cell concentration on the “low-frequency”
permittivity of the f-dispersion of P. denitrificans. Data were
obtained from complex permittivity diagrams such as those in
Fig. 3. The relatively greater scatter in this plot compared to
that (Fig. 5) for M. methylotrophus is considered to be due to
the much greater difficulty in the present case (see Fig. 9 and
cf. Fig. 2) of choosing an appropriate “low-frequency” con-
ductivity for obtaining the complex permittivity diagrams
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Fig. 11. Effect of cell concentration on the “high-frequency”
permittivity of suspensions of P. denitrificans. Data were
obtained, as in Fig. 10, from complex permittivity plots such
as those in Fig, 3

denitrificans protoplasts which either have or have
not been treated with 5% glutaraldehyde. It is
evident that glutaraldehyde treatment noticeably
reduces the p-dispersion and almost eliminates the
already small a-dispersion.

It is worth stressing that the available evidence
(Peters and Richards 1977) indicates (a) that, at
neutral or acid pH, (the polymeric, active form of)
glutaraldehyde does not affect the surface charge
density of the membrane proteins, and (b) that the
transmembrane conductance G, is not increased,
and if anything somewhat decreased, by glutaral-
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dehyde treatment (Zimmermann etal. 1973). This
latter point was also checked by looking at the decay
of acid pulses in protoplast suspensions, using the
method and apparatus described by Hitchens and
Kell (1984) (data not shown). Dimethyl suberimi-
date (Davies and Stark 1970), which also leaves the
protein charge intact (Davies and Stark 1970; Means
and Feeney 1971; Peters and Richards 1977), was
without effect on the dielectric properties of proto-
plasts (when reacted, as appropriate, at alkaline pH)

0.2

mSlem |
F

1 1 L L : . . . e
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Fig. 12. Effect of cell concentration on the conductivity in-
crement of the p-dispersion of P. denitrificans. Conductivity
increments were obtained from complex conductivity dia-
grams such as those in Fig. 9, as described in the legend to
Fig. 7
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Fig. 13. Effect of glutaraldehyde on the dielectric properties
of protoplasts of P. denitrificans. A suspension of P. denitri-
ficans protoplasts (130 mg dw/ml, assessed turbidimetrically
(Hitchens and Kell 1984)) was treated with 5% glutaraldehyde
for 1 h. Their dielectric properties (dashed line) were assessed
as described in the Experimental section, and compared with
those (solid line) of a suspension of equal concentration which
had not been so treated, and whose pH (6.02) and conductivity
were adjusted to the same value. The dielectric properties of
the suspending medium whose conductivity was adjusted with
KCl to a similar “low-frequency” conductivity are also shown
(dotted line) to indicate the extent of electrode polarisation in
the present case
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(data not shown), presumably because this reagent
is too small to form infer-molecular cross-links.
Thus, the fact that the cross-linking reagents inhibit
dielectric relaxations at frequencies above 1kHz
contraindicates the view that the proteins and lipids
are freely mobile in the plane of the membrane,
since their relaxation should be, in particles of this
size, approximately 10 Hz (Kell and Harris 1985a).
This finding is consistent with several other lines of
reasoning in prokaryotes (Kell 1984 a).

Bacillus subtilis

In contrast to P. denitrificans, which, although
lysozyme-sensitive, is reported as Gram-negative,
B. subtilis is a classically Gram-positive, lysozyme-
sensitive organism. The strain used in the present
work is a spoO mutant which, upon exhaustion of
the medium, cannot proceed to sporulation. Upon
lysozyme treatment, each mother cell releases two
spherical, wall-less protoplasts of equal size (Donnel-
lan etal. 1964; Dunn et al. 1976), so that this prepa-
ration is characterised by an especially homoge-
neous size- and shape-distribution (photomicrographs
not shown).

Figure 14 displays the dielectric properties of
cells, protoplasts and glutaraldehyde-treated proto-
plasts of B. subtilis strain 34.1 pheAl2 spoOA34,
together with those of a sucrose/KCl solution of
equivalent low-frequency conductivity. Several points

effact of lysozyme § 5% qlu'lmr-uldehyde
T T T

T 37
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Fig. 14. Dielectric properties of intact cells, protoplasts and
glutaraldehyde-treated protoplasts of B. subtilis. Preparations
were obtained and their dielectric properties assessed, as
described in the Experimental section and in the text. Open
circles: intact cells (25 mgdw/ml); solid line: protoplasts de-
rived therefrom, at a similar optical density; dashed line:
similar protoplasts treated with 3% glutaraldehyde, as de-
scribed in the legend to Fig 13. The extent of electrode
polarisation is indicated by the dotted line, representing the
measured dielectric properties of the suspending medium
adjusted with KCl to similar “low-frequency” conductivity
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Fig. 15. Dielectric properties of B. subtilis cells. The complex
conductivity (A) and the complex permittivity (B) diagrams
are plotted using the values of &, and o¢f (in mS/cm)
indicated. The cell suspension was the same as that in Fig. 14
except that the cell concentration was 101 mgdw/ml. In (A)
the open circles serve to indicate the data measured with the
highest frequencies available (up to 13 MHz). The Cole-Cole
a in (B) has the value 0.41. It is evident that the extent to
which the entire dispersion is observable is different in the
two cases

arise from these data. First, the characteristic fre-
quency of the p-dispersion of intact cells of this
organism lies somewhat above those accessible with
the present apparatus; this is especially evident
inthe complex conductivity plot (Fig. 15A) of a
more concentrated cell suspension, and this, together
with the large conductivity increment derivable
from these data (0.408 mS/cm), is consistent with
the well-known fact that Gram-positive organisms
normally have much higher potassium contents
(Tempest 1969), and hence internal conductivities
(cf. e.g. Pauly 1962; Marquis and Carstensen 1973;
Asami et al. 1980), than do Gram-negative organ-
isms. Secondly, the characteristic frequency as
judged from the maximum value of &” (Fig. 15B) is
significantly lower than that derived from the
maximal value of ¢” (Fig. 15B) or from Eq. (7)
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Fig. 16. Effect of glutaraldehyde treatment on the complex
permittivity of B. subtilis protoplasts. The data are those of
Fig. 14, and the presence (+) and the absence (—) of glutaral-
dehyde are as indicated; the o7 values used are in mS/cm. The
effect of glutaraldehyde is particularly marked at the high-
frequency end of the f-dispersion
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Fig. 17. Effect of glycerol on the dielectric properties of Rps.
capsulata  chromatophores. Rps. capsulata chromatophores
(1.0 mM bacteriochlorophyll) were resuspended in water (solid
line) or 50% glycerol (dashed line) at pH 6.95. The dotted line
indicates the (apparent) dielectric properties of a KCl solution
of the equivalent conductivity
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Fig. 18. Effect of glycerol on the complex conductivity of Rps.
capsulata chromatophores. The data of Fig. 17 are plotted in
the complex conductivity domain (in mS/cm) using the “high-
frequency” permittivity values indicated for the glycerol
concentrations given in parentheses
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(ca. 50 MHz). Thirdly, in protoplasts, the x-disper-
sion is apparently absent, at least from the fre-
quency range above 1kHz, whilst the p-disper-
sion is partially sensitive to glutaraldehyde, particu-
larly at the high-frequency end (Fig. 16). Thus, at
least part of the f-dispersion cannot be due solely to
the simplest type of Maxwell-Wagner mechanism.
Nevertheless, the breadth (Cole-Cole «) of the p-
dispersion is virtually unchanged by glutaraldehyde
treatment, indicating that yet other mechanisms of
dielectric relaxation, independent of chemical cross-
linking reagents and distinct fromt the simplest type
of Maxwell-Wagner dispersion, are occurring in this
frequency range, and are observable even in the
absence of an o-dispersion and despite the excellent
sphericity of the protoplasts. Given the foregoing,
we are inclined to implicate the relaxation, at
higher-than-expected frequencies, of ions in the
membrane-solution interphases, which interact with
the extramembranal surfaces of the protein com-
plexes at rates, and over distances, conforming to
those of the frequency range under consideration.
Thus, although the gross shape of the protoplasts is
spherical, it is their molecular roughness (hetero-
geneity) that leads to a substantial broadening of the
B-dispersion.

Membrane vesicles

In earlier work we (Kell 1983; Harris etal. 1984)
studied the dielectric properties of bacterial chro-
matophores in the range 1kHz to 13 MHz, and
observed two dispersions, the more slowly relaxing
of which (u-dispersion) was fully, and the more
rapidly relaxing of which (c-dispersion) was partial-
ly, destroyed by glutaraldehyde treatment. Neither
dispersion was observable at the isoelectric point of
chromatophores (Harris etal. 1984). It was con-
cluded (Kell 1983, and see Kell and Westerhoff
1985) that the u-dispersion was probably due pre-
dominantly to the somewhat restricted translational
motions of the protein complexes of the chromato-
phore membrane.

Figure 17 compares the dielectric properties of
Rps. capsulata chromatophores suspended either in
distilled water or in 50% glycerol (pH 6.95 in each
case), a treatment which in the latter case raises the
bulk aqueous viscosity from ca. 1cP to 7.5cP
(Rouse 1938). It is evident that the conductivity
increment (Fig. 18), and hence the characteristic
frequency, of both dispersions is substantially re-
duced by suspension of the chromatophores in 50%
glycerol. The conclusion must be that, from a dielec-
tric standpoint, the rotational and translational mo-
tions of membrane phospholipids and proteins are
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Fig. 19. Effect of temperature on the dielectric properties of
Rps. capsulata chromatophores. The dielectric properties of a
suspension of chromatophores (1.05mAM bacteriochlorophyll,
pH 6.93) were obtained at 5° and 25°C as indicated. A The
data as obtained, B Complex conductivity plots of these data
using the values of &, indicated
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Fig. 20. Effect of glutaraldehyde on the dielectric properties of
P. denitrificans membrane vesicles. P. denitrificans vesicles
(128 mg protein/ml) were prepared as described in the
Experimental section, and treated with glutaraldehyde (dashed
line) as described in the legend to Fig. 13. A similar aliquot of
vesicles was not so treated (sofid line), and its pH (6.5) and
conductivity adjusted to a similar value. The (apparent)
dielectric properties of the suspending medium adjusted with
KCI solution to a similar low-frequency conductivity, are also
shown (dotted line)
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Fig. 21. Effect of glutaraldehyde on the complex conductivity
of P. denitrificans membrane vesicles. The data of Fig. 20 are
plotted for vesicles as prepared (—) or as treated (+) with 5%
glutaraldehyde

tightly coupled to those of ions in the adjacent
interface, since, in the Saffman-Delbriick treatment
(Saffmann and Delbriick 1975, and see Kell and
Harris 1985a), the translational diffusion coefficient
should be barely affected by changes in the aqueous
viscosity of this magnitude. Consistent with this
view, lowering the temperature to 5°C has a much
smaller effect upon the dispersions (Fig. 19A and B)
than does increasing the viscosity with glycerol,
since the relaxation time, and hence the conductivity
increment, should be affected by only 1%—2% per
°C (Schwan and Foster 1980), if due to the double-
layer ionic motions tangential to the charged mem-
brane surfaces.

In contrast to bacterial chromatophores, which
possess a fairly substantial u-dispersion, that exhi-
bited by P. denitrificans membrane vesicles is almost
unobservable in the frequency range above 1kHz,
and is only partially affected by treatment of the
vesicles with 5% glutaraldehyde (Figs.20 and 21).
Similar data (not shown) were obtained when the
vesicles were further sonicated, using the method
described by Hitchens and Kell (1982), consistent
with the view that osmotically prepared vesicles
from this organism are already extremely small
(approx. 50nm diameter). Part of the difference
between the p-dispersion of chromatophores and of
P. denitrificans membrane vesicles may be due to
the fact that the latter typically possess an orienta-
tion that is only 40% “right-side-out” (Kell etal.
1978b), whilst bacterial chromatophores are be-
lieved to have an orientation that is essentially 100%
“inside out” relative to that of the intact cell (Kell
etal. 1978a). Again, therefore, although part of the
dispersions in the present frequency range are abol-
ished by treatment with a cross-linking reagent, part
is not, and we are again thus inclined to implicate
molecular, rather than vesicular, heterogeneity as the
cause of the broader-than-expected dispersions.



Fig. 22. A diagrammatic representation of the impediment to
counterion relaxation caused by the protrusion of proteins
above the surface of a typical energy coupling membrane. A
single membrane vesicle, taken to be representative of a
suspension held between two electrodes, is shown. A single
protein complex is displayed, and for the present purposes it is
assumed to be immobile. Polarisation of the electrical double
layer by the field is impeded at points A and B by the
presence of the protein. With the protein and vesicle in the
orientation shown, no “vertical” field-induced polarisation of
the double layer at the protein/solution interface is possible.
Thus there is an impediment to the otherwise “free” relax-
ation of the double layer ions in a plane tangential to the
membrane surface, and the relaxation time(s) of such an ion-
cloud polarisation depend(s) not only on the vesicle radius, as
in the classical model, but also on the molecular roughness of
the vesicle surface(s). This phenomenon will have the effect of
broadening a relaxation so as to favour the higher-frequency
end, as observed

Discussion

Lysozyme sensitivity and the o-dispersion
in intact microbial cells

One immediate and striking feature of the present
observations is that the presence of a substantial
a-dispersion in intact microbial cells is correlated
with the lysozyme-sensitivity of the microorgan-
isms. However, even when, as in M. methylotrophus,
no o-dispersion is present, the f-dispersion is still
rather broad to be accounted for solely in terms of a
Maxwell-Wagner mechanism, given the reasonably
narrow size-distribution to be expected for a typical
microbial cell suspension (e.g. Asami et al. 1980). In
this regard, one might imagine that if the p-disper-
sion is caused by both the “classical” Maxwell-
Wagner mechanisms and by molecular motions in
and around the cell envelope, then moving the
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“classical” mechanism to higher frequencies by
increasing the internal and/or external conductivity
(e.g. see Eq. (6)) would decrease the breadth of the
f-dispersion so assessed. Whilst we could not per-
form this experiment explicitly with the present
apparatus, the data of Figs. 2, 9 and 15, obtained
with different organisms, are at least consistent with
such a view (and see also e.g. Pauly 1962).

As discussed previously (Einolf and Carstensen
1969; Harris et al. 1984), the o-dispersion of intact
microbial cells, where existing, is greatly decreased
by lysozyme treatment (Figs.8, 13 and 14). Never-
theless, both the remaining o- and fg-dispersions are
somewhat broader than one might expect if the
mechanisms underlying these dispersions are simply
the classical “counterion polarisation” and “Max-
well-Wagner” mechanisms. Could other molecular
motions therefore be involved?

Effects of cross-linking reagents on the dielectric
properties of bacterial protoplasts

Glutaraldehyde modifies both the «- and p-disper-
sions in protoplasts of both P. denitrificans (Fig. 13)
and B. subtilis (Fig. 14). In the former case, the
effect on the pf-dispersion is particularly noticeable
at the high-frequency end, whilst the o-dispersion
appears to be completely obviated in the frequency
range above 1 kHz. That glutaraldehyde significant-
ly decreases dielectric relaxations in this frequency
range would seem to argue against the possibility
that there are negligible barriers to free, long-range,
random lateral motions of lipids and proteins in
these membranes since, if this were the case, the
characteristic frequency of such a relaxation should
be much lower, approximately 10 Hz, in vesicles
(protoplasts) of the present size (Kell and Harris
1985a). In the case of B. subtilis, the a-dispersion in
the absence of the cross-linking reagent is already
immeasurably small, so that only the f-dispersion is
affected. Nevertheless, although the size hetero-
geneity of this preparation should be negligible, the
f-dispersion remains much broader than that of a
pure Debye dispersion. Since, in the presence of the
glutaraldehyde, both intra- and inter-molecular mo-
tions should be inhibited within the membrane, it is
necessary to invoke the following concept (Fig. 22)
to explain the data.

The classical explanations of the a- and f-disper-
sions in spherical shell membrane vesicle systems
treat the particles as molecularly smooth, so that the
relaxation times depend, all other things being
equal, on the geometric radius of the spheres alone.
However, the typical protein complexes of the ener-
gy coupling membrane extend significantly beyond
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the “surfaces” delineated by the phospholipid head
groups (see e.g. Hackenbrock 1981; Capaldi 1982),
so that the relative surface area that they occupy is
lower than that of the protein:lipid weight ratio.
Thus, even in the absence of molecular motions of
the lipids and proteins themselves, a broadening of
relaxation times due to the “tangential relaxation”
mechanism is to be expected. It is evident that the
relaxation time(s) for such “tangential” relaxation
will depend rather finely on the height, shape and
disposition of the proteins in such a system, and
since all of the polypeptides existing in energy
coupling membranes have not yet even been identi-
fied (Kell and Westerhoff 1985), further discussion
of this lies outside our present scope. The effects of
glutaraldehyde on membrane vesicles from P. deni-
trificans (Figs. 20 and 21) are quite consistent with
the above analysis.

The p-dispersion in bacterial chromatophores

This dispersion was first identified in bacterial
chromatophores, since they are sufficiently small
that their “classical” o- and f-dispersions are shifted
to much higher frequencies than is usual (Kell
1983). It was sensitive to glutaraldehyde (Kell 1983)
and was not observed at the chromatophores’ iso-
electric point (Harris etal. 1984), and was ascribed
predominantly to some motional characteristic of the
protein complexes of bacterial chromatophores. The
present findings (Figs. 17 and 19), that it is much
more sensitive to changes in the viscosity of the
aqueous phase than to temperature changes, indi-
cate that the molecular motions in question are
much more strongly coupled to the ionic and dipolar
motions in the double layer than was previously
supposed, and are consistent with the suggestions in
the previous paragraph that the molecular granular-
ity in this type of system leads to a much broader
spectrum of relaxation times than would be ex-
pected from a simple macroscopic treatment alone.
Studies of reconstituted proteoliposomes containing
components of known hydrodynamic properties and
gross molecular structure could evidently be of value
in furthering our understanding of this type of be-
haviour. If glutaraldehyde were to cause inter-chro-
matophore cross links, it is not absolutely impossible
that rotation of the entire chromatophore vesicle
might contribute to the p-dispersion (Kell and
Harris 1985a); this explanation is not feasible for
significantly larger systems. The relative absence of
a u-dispersion in P. denitrificans membrane vesicles
may be ascribed to one or more of the following: (a)
the relatively lower proportion of “inside-out” vesi-
cles in the Paracoccus preparation, (b) the even

greater restriction on long-range lateral motions of
membrane lipids and proteins in the respiratory
system relative to the photosynthetic one, or (c) a
different isoelectric point. In terms of the second
possibility, one should expect a characteristic fre-
quency of approximately 1kHz (Kell and Harris
1985) if the long-range lateral diffusion were free
and random in vesicles of the present size (diameter
approximately 50 nm). That no such relaxation is
observed adds further weight to the evidence that
such “long-range” lateral motions in biomembranes
are far more restricted than is implicit in the stan-
dard “fluid mosaic” membrane model (Kell 1984a).

Concluding remarks

The studies reported herein allow us to make the
following general remarks about the dielectric prop-
erties of microbial systems in the frequency range
1 kHz-13 MHz:

(1) The magnitude of the a-dispersion of intact cells
is correlated to the sensitivity of the cells to lysozyme
treatment;

(2) The dielectric spectra of protoplasts of P. denitri-
ficans and B. subtilis are affected over the entire
frequency range when they are treated with the
cross-linking reagent glutaraldehyde, indicating that
rotational and translational motions, and perhaps
intra-complex motions, contribute to the dielectric
relaxations in this case;

(3) Nevertheless, the remaining dispersions are still
broader than should be expected in terms of a
classical view of the o- and p-dispersions, and
suggest that the molecular roughness of the mem-
brane surface(s) contribute(s) to the apparent spread
of relaxation times;

(4) The effects of glycerol and of temperature on the
dielectric properties of bacterial chromatophores are
consistent with this view.
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