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Abstract. Trichogin GA IV is one of the shortest acyclic linear polypeptide antibiotics of fungal
origin, characterized by the presence of three a-amino isobutyric acid residues, an N-octanoyl group
and an amino alcohol at the C terminus. Its antibiotic activity is generally thought to be based on
its self-assembling and membrane-modifying properties. The technique of double electron-electron
resonance in electron spin echo is used to study the spatial distribution of spin-labeled [TOAC-4]-
trichogin GA IV analog bound to the cell membrane of the Gram-positive bacterium Micrococcus
luteus. The intermolecular dipole-dipole spin-spin interaction of TOAC spin labels has been experi-
mentally studied at 77 K in glassy dispersions of the spherical cell particles. It is shown that the
nonaggregated peptide molecules are distributed at the cytoplasmic membrane. Two possible distri-
bution models are proposed: (i) the peptide molecules are randomly distributed on both inner and
outer membrane surfaces with a distance between the surfaces of 7 nm, (ii) the molecules are ran-
domly distributed in a layer up to 2.4 nm from the external surface of the membrane.

1 Introduction

Trichogin GA IV is a member of the so-called lipopeptaibols, all showing anti-
bacterial activity against Gram-positive bacteria [1-3]. In spite of many studies,
the molecular mechanisms of the membrane-modifying activities of trichogin are
not yet clear. The length of this amphipathic 11-residue helical molecule is clearly
too short to overspan the membrane and a pore-forming mechanism of ion con-
duction seems not to be plausible. Electron spin resonance (ESR) investigations
demonstrated that in liposomes trichogin molecules are bound parallel to the mem-
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brane surface with its hydrophobic face oriented toward the membrane. It has
been suggested that leakage occurs after initial self-association of trichogin mole-
cules in a carpetlike manner [4].

Although a great deal of structural information about peptaibols has been
provided by spectroscopic techniques, the application of these techniques to cha-
racterize the aggregation state of trichogin in living bacterial cells is hampered
by complex spectral data and a low signal-to-noise ratio due to the limited pep-
tide availability. In this respect the use of ESR spectroscopy together with site-
directed spin labeling is attractive for both its selectivity and sensitivity of spin
probes incorporated into complex systems.

In the past few years methods of continuous-wave (CW) ESR spectroscopy
have been exploited to analyze the interaction between trichogin GA IV and the
membrane with the stable nitroxide radical of TOAC (2,2,6,6-tetramethylpiperi-
dine-1-oxyl-4-amino-4-carboxylic acid). It has been shown that the sterically hin-
dered Aib residues can be replaced by the rigid TOAC residues without a loss
of antibiotic and membrane-modifying properties [4, 5]. In this way it has been
established that the long axis of the helical molecule is oriented in the plane of
the bilayer with the hydrophobic face of the amphipathic helix exposed towards
the hydrophobic pocket of the membrane and the polar face facing the phospho-
lipid headgroup-water interface (Fig. 1).

The pulsed double resonance in electron spin echo (PELDOR) has been used
to analyze the structures and mutual arrangement of spin-labeled trichogin GA
IV in frozen glassy hydrophobic solutions [6-10]. It was shown that in apolar
solvents trichogin forms aggregates that contain about four peptide molecules.
Adding polar solvents such as alcohols or dimethyl sulfoxide to the solution leads
to the dissociation of the aggregates.

Since trichogin GA IV can modify biological membranes thus potentially
manifesting the antibiotic properties, it was interesting to apply the PELDOR
technique for studying the peculiarities of the spatial distribution of peptide
molecules of this type in cell membranes. It was also of interest to test the
possibility to use this experimental method for investigating the spatial distribu-
tion of spin-labeled molecules in complex biological systems.

We have selected Micrococcus luteus to investigate the structural features of
the bound trichogin GA IV molecules since it is one of the best characterized
Gram-positive microorganisms, which have been used before in measurements of

Aib TOAC

Fig. 1. Structures of native and TOAC-labeled trichogin GA IV peptides.
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the K* efflux through the cell membrane upon treating them with insect-defensin
[11, 12]. The PELDOR technique was used to study the dipole-dipole phase
relaxation of spin-labeled peptide TOAC-4 solutions frozen to 77 K in the cell
membrane of M. luteus. This peptide is the spin-labeled analog of trichogin GA
IV in which the Aib residue at the fourth position is substituted by TOAC. In
addition, L-leucinol (Lol) is substituted at the C end of trichogin GA IV by L-
leucine methyl ether (Leu-OMe). The primary structures of both native and
TOAC-labeled trichogin GA IV molecules have the forms

n-Oct-Aib'-Gly?-Leu®-Aib*-Gly>-GlyS-Leu’-Aib%-Gly®-lle!%-Lol"! (Trichogin GA IV)
n-Oct-Aib-Gly-Leu-TOAC-Gly-Gly-Leu-Aib-Gly-Ile-Leu-OMe (TOAC-4)

The aim of this work is to study the mutual distribution of TOAC-4 mol-
ecules in the cell membrane (homogeneous or nonhomogeneous distribution, clus-
ters, aggregates). It might be possible also to elucidate the problem of whether
they are located in the membrane volume or on its surface.

2 Experimental
2.1 Preparation of Cells and TOAC-4 Introduction into the Membrane

M. luteus sells, provided by the Centraalbureau voor Schimmelcultures (Utrecht,
The Netherlands), were grown to an optical density at 600 nm (ODy) of 1.0 at
37°C in Luria-Bertani medium as described in ref. 11. After centrifugation (at
14000 rpm) cells were carefully resuspended and washed with phosphate buffer
(10 mM sodium phosphate and 0.5 M KCl at pH 7.7 with 20% of glycerol added
as a cryoprotector). The ODyy, value of the final cell suspension was 50.

The size distribution of M. luteus cells in the samples studied were deter-
mined by the flying light scattering indicatrix method (FLSI) [13]. To this end,
the cell samples were unfrozen at 0°C and resuspended in fresh buffer contain-
ing 10 ul of 10% glucose per milliliter of buffer. The distribution of different
radii of the cells studied varied from 250 to 1800 nm. The maximum of the dis-
tribution function corresponds to a radius of 500 nm.

The spin-labeled TOAC-4 was synthesized as has been described before [4,
5, 14]. The peptide was introduced into the cell membrane by the following pro-
cedure. Phosphate buffer was added to a TOAC-4 solution in ethyl alcohol to a
final ratio of 1:1 (v/v). A suspension of cells (ODy,, = 50) in phosphate buffer
was rapidly added to the peptide solution during continuous mixing with the help
of a magnetic mixer. After the addition of the cells was completed, the ratio be-
tween the alcohol and buffer volumes was 1:2. This solvent mixture was chosen
to prevent precipitation of the peptide without damaging the cells [16]. Mixing
was continued for the next 5 min. Experimental evidence about the noninvasive
influence of the solvent to the integrity of the cell is supported by the absence
of any leakage of 3’P compounds at low alcohol content, in contrast to a sub-
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stantial leakage observed at high alcohol percentages [16]. When equilibrium was
achieved, the solvent was removed by centrifuging the cells (14000 rpm for 2
min). After removing the supernatant, the cells were washed two times with fresh
buffer and recentrifuged. The supernatant was removed and the residual cell pellet
was frozen in an ampoule to perform PELDOR and ESR measurements.The
quantitative incorporation of TOAC-4 into the membrane was checked by mea-
suring the ESR spectrum of the cell suspension before and after the binding
procedure.

2.2 Background of PELDOR Spectroscopy

The PELDOR method has been described in detail [15, 16]. Two microwave
pulses at frequency @, induce an electron spin echo (ESE) signal in a spin sys-
tem. The second pulse is supplied at time r after the first pulse. The spin echo
signal arises at time 27 after the first pulse. Between 0 and 27, a pumping pulse
at frequency @y is applied at time T after the first pulse. In this method, the
spins can be arbitrarily divided into two groups. The spins are labeled as spins
A (at w,) and spins B excited by the pumping pulse at w,. The pumping pulse
induces transitions between Zeeman levels of spins B and thus changes local
magnetic fields at spins A. This results in additional dephasing of spins A and
hence, in a decrease of the ESE amplitude. This decrease depends on the value
of the dipole-dipole spin coupling, the time position and intensity of a pumping
pulse. The main decay of the ESE signal occurs within a characteristic time
T ~ 1/D, where D is a typical value of the dipole-dipole spin coupling. Usually,
in experiment, time 7 between the first and second pulses is fixed and under study
is the dependence of the PELDOR signal amplitude 7 on time T between the
first and the pumping pulses.

2.3 ESR and PELDOR Experiments

The samples for ESR and PELDOR experiments were glass ampoules with a
diameter of about 0.5 cm containing about 0.1 ml of the solution studied. The
samples were frozen by inserting the ampoules into liquid nitrogen.

The ESR spectra of the spin-labeled TOAC-4 peptide were obtained on an
ESP-380 Bruker spectrometer at a modulation frequency of 100 kHz and a modu-
lation amplitude of 0.1 mT in the absence of spectrum saturation. To obtain the
ESR and PELDOR spectra at 77 K, the samples under study were placed in the
finger of a quartz Dewar flask cooled by liquid nitrogen and located in the reso-
nator of a spectrometer.

The PELDOR experiments were carried out on an ESE spectrometer supplied
with a bimodal resonator and a device for producing pulses at the pumping fre-
quency [9, 10]. The difference in registration and pumping frequencies was about
100 MHz. Durations of the first and second pulses forming the spin echo were
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40 and 70 ns, respectively. The pumping pulse duration was about 40 ns. The
value of the probability of spin B rotation by a pumping pulse p, was deter-
mined as described in refs. 8 and 10 from the PELDOR data on the frozen so-
lutions of the double-labeled peptide TOAC-1,8 in ethanol. The p, value was 0.17.

3 Results

3.1 ESR and PELDOR Spectra of Spin-Labeled Trichogin GA IV Bound
to M. luteus Cells

The CW-ESR spectra of TOAC-4 in the cell-bound state are similar to the spec-
tra of TOAC-4 in various solutions when they are recorded at the low-tempera-
ture frozen glass state [6-10]. Figure 2 exemplifies the ESR spectrum of the
peptide-bound cell suspension frozen to 77 K and containing about 10® TOAC-
4 molecules per cell. With other peptide contents in the cell, the spectra have a
similar shape. Figure 2 also shows the spectrum of TOAC-4 molecules in a glassy
(frozen) ethanol solution. As follows, the ESR spectra display no peculiarities in
the TOAC-4 distribution in the cell membrane.

More interesting features of the TOAC-4 distribution are observed in PELDOR
experiments studying the dipole-dipole relaxation in these systems. Figure 3
shows the dependence of the logarithm of the PELDOR signal ¥ on the posi-
tion of pumping pulse T for the same systems. Curves 1 and 2 are related to
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Fig. 2. CW-ESR spectra of TOAC-4 bound to frozen M. luteus cells (curve 1) and in the frozen
solution of ethanol (curve 2) recorded at 77 K.
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Fig. 3. The experimental In(}) on T dependences for TOAC-4 (determined at 77 K): curves 1 and

2, frozen glassy solutions in ethanol, spin label concentrations are 2.7-10"* M and 2.7-107° M,

respectively; curves 3 and 4, frozen suspensions (in phosphate buffer) of TOAC-4 bound to M. luteus
cells, 1.1-107* M and 2.8-10~* M, respectively.

glassy solutions of TOAC-4 in ethanol by two different concentrations of TOAC-
4,2.7-107* M and 2.7-107% M, respectively. Curves 3 and 4 are obtained for
TOAC-4 bound to the cell membrane of M. luteus at two different concentra-
tions of TOAC-4 in the probes, 1.1-107* M and 2.8-10-*% M, respectively.
Figure 3 demonstrates two differences between the PELDOR signal decays for
TOAC-4 in the ethanol solution and in the cell suspension: (i) dependences of
In(¥V) on T for TOAC-4 in the ethanol solution and in the cell suspension are
different; linear dependences of In(¥) on T are obtained for ethanol solutions
and concave curves are obtained for the cell suspensions, (ii) comparison of
curves 1 and 4 shows that at about the same mean concentration of TOAC-4,
the dipole-dipole relaxation of TOAC-4 in the cell suspension is more efficient
than that in the ethanol solution. A similar efficiency is obtained when the spin
label concentration in ethanol is about ten times higher compared to the mean
concentration of spin labels in the cells (see curves 2 and 4). The linear de-
pendences of In(¥V) on T for TOAC-4 solutions in ethanol denotes the usual
exponential dependence which corresponds to a random distribution of peptide
molecules in solution. The observed differences in the decay curves and the
efficient relaxation of TOAC-4 in cell suspension (in comparison with that in
ethanol at the same mean concentrations of the spin labels) denotes that the
local concentration of spin labels in the cell suspension is higher than the mean
overall concentration.
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The local concentration of the spin labels in the cell suspension can be esti-
mated by comparing the amplitudes of the spectral decays measured for the spin
concentrations in ethanol and in the cell suspension. Figure 3 shows that the mean
decay of curve 2 (TOAC solution in ethanol) is about the same as for curve 4
(TOAC-4 in the cell suspension). Neglecting the difference between the forms
of these curves we can say that the mean dipole-dipole interaction between the
spin labels is the same in both cases. Thus, the value of the local concentration
of TOAC-4 in the cell suspension (curve 4) corresponds to the concentration of
TOAC-4 in ethanol (curve 2). This rough estimation shows that the local con-
centration of TOAC-4 in the cell suspension is ten times higher than the mean
concentration. The value of the local concentration in this case is about 2.7- 1073
M which corresponds to a mean distance between spin labels (») = 8 nm. This
value is of the same order of magnitude as the thickness of the cell membrane
(see Sect. 4) and it confirms that the TOAC-4 molecules are located at the plasma
membrane. More detailed information about the mutual distribution of spin la-
bels in the membrane may be extracted from the form of the PELDOR depen-
dences. Note that in the observed W(T) dependences there is no fast decay of
the PELDOR signal at short times T (T < 100 ns) characteristic for aggregates
of spin-labeled trichogin [8-10].

The nonexponential decays of the PELDOR signal ¥ on 7T can be conveniently
represented as follows [15]

V =exp(—aTl9), (1)

where a and g are experimental parameters. According to ref. 15, the value of
parameter ¢ depends on the type of mutual arrangement of spin labels. For ex-
ample, upon a random distribution of spins in the bulk, ¢ = 1. However, when
they are distributed on a plane, g = 2/3. With a random distribution along a
straight line, we get ¢ = 1/3. Thus, it is expected that by comparing the experi-
mental value of ¢ with those calculated for the different models, one can gain a
notion of the pattern of the spatial distribution of spin labels. The value of pa-
rameter « depends not only on the type of spatial distribution of spin labels but
also on the concentration of spin labels.

Figure 4 shows the experimental curves 1-3 for TOAC-4 in the cell-bound
state plotted in the coordinates In(In(¥)) vs. In(7). The dependencies correspond
to different mean concentrations of TOAC-4 in the specimen and therefore to
different concentrations of peptide molecules in the membrane. As a result, the
experimental data can be described by the dependence of the type of Eq. (1)
where parameter g = 0.71 = 0.12 is independent of the TOAC-4 concentration.

The experimental value of g is close to the value of this parameter upon the
spin distribution on a plane (g = 2/3). The cell radius R, within the range from
250 to 1800 nm, is much greater than the effective distance for the dipole-di-
pole interaction of spin labels (r) =~ 8 nm. When the distances between the spin
labels are substantially larger than (r), the spins will interact weakly and fail to
contribute much to the ¥(7) decay. In this case, at a distance of the order of
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Fig. 4. Experimental and calculated dependences of the PELDOR signal ¥ on T. For the curves l—
3 the ordinate ¥ is In(—In(})), while for the curves 4 and 5 Y is In(—In(¥)/p,C): 1-3 curves, TOAC-4
bound to the M. luteus cell at 77 K, the mean concentration of TOAC-4 in probes is 1.1-10™* M,
2.0-107* M and 2.8-10~* M, respectively; curve 4, calculated dependence for spin labels located on
both surfaces of a spherical layer with d =7 nm and R = 500 nm; curve $, calculated depen-
dence for spin labels located in the bulk of a spherical layer with d = 2.4 nm and R = 500 nm.

(r), the membrane curvature will be small and therefore the spin distribution can
be estimated accurately by assuming a planar membrane. The observed devia-
tion from the ideal flat membrane model can arise in two cases, i.e., when the
labels are situated randomly orientated in the bulk of the membrane or when they
are distributed at both membrane surfaces. Thus, of interest are the model cal-
culations of g for these particular cases.

3.2 Model Calculations

In model calculations, the cell membrane was represented as a spherical layer
with thickness d and inner radius R. The two models of the spatial distribution
of spin labels in the cell membrane were considered to describe the experimen-
tal PELDOR signal dependences on two different kinds of random distributions
of spin labels: (i) in the volume of this layer and (ii) on both surfaces of the
spherical layer. It was assumed that in both cases, the spin labels are located
independently of one another.
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The dipole-dipole interaction between spins A and spins B causes a shift in
the resonance frequencies of spins A as compared with the frequencies in the
absence of the dipole-dipole interaction. The action of the pumping pulse at time
T leads to a change in the projection of spins B onto the external magnetic field
and therefore to the dependence of resonance frequencies of spins A on time. In
the general case, the dependence of spin A frequency on time ¢, w,(#), can be
given as [15]

o () =0, + D 05,0, )

o, () = y*h

1—3c0352(9k) ’ 3)

k

where @, is the spin A frequency in the absence of coupling with spins B; w(?)
is the shift of the spin A frequency due to the coupling with the A-th spin B;
S,.(f) is the value of k-th spin B projection onto the external magnetic field; 7,
is the distance between spin A and the k-th spin B; 6, is the angle between the
vector r, and the external magnetic field.

According to ref. 17, when the spin frequency depends on time, the spin echo
signal density is of the form

2r
V = {(exp(-i J- s, (1)dD)),) s C))]

0

where (...),),5 is the averaging over all realizations of the accidental process of
frequency dependence on time ¢ and the averaging over all realizations of the
spatial distribution of spins B with respect to spins A; s(f) =1 at 0 < ¢ < r and
s=—-1at0<rt<2z

In case of the PELDOR technique, the time dependence of the frequencies
of spins of type A is rather simple. Under the action of the pumping pulse, at
t = T, the projection of spins B onto the magnetic field direction changes with
the probability p,. Thus, the S, values, having the equiprobable value of *1/2
at ¢t < T, change their sign at ¢ = T with the probability p, and preserve it at
t > T. When the spin-lattice relaxation time of spins B is much greater than 27,
the other possibilities of a change in the projections of spins B as compared with
the action of the pumping pulse can be neglected. In this case, with respect to
Eq. (2), averaging Eq. (4) over time gives

2

V = (exp(=i o, [ s()S4()dD)),) pg

0

= ((eXp(_iszkTSk »S,,)AB ’ (5)
k
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where S, = +1 or —1 is the k-th projection of spin B after the action of the
pumping pulse. Note that with the averaging over a great number of spins A,
the imaginary part of Eq. (5) tends to zero.

Equation (5) was used to calculate ¥(T') by the Monte-Carlo technique. The
value of the cell radius R was varied from 250 to 1500 nm. The concentration
of spin labels C, i.e., the ratio between the number of labels per one cell N and
the cell surface 4nR? was varied in the range of 0.5-10"2 to 5-10"2 ¢m™2, cor-
responding to the experimental concentration values. For the probability of spin
B rotation by the pumping pulse, we used the above value p, = 0.17. The cal-
culated results show that in the range of the experimental T values, the W(T)
dependence can be given for both cases of spin label distribution as

V = exp(—fp,CTY), (6)

where £ and g are the calculated parameters, p, is the probability of spin B
rotation by the pumping pulse, C is the concentration of spin labels, C = N/4rR2.

Equation (6) coincides with the empirical dependence Eq. (1) for a = Bp,C.
Figure 4 gives the calculated dependences of In[In(¥)/p,C] on In(T) for R = 500
nm, corresponding to the maximum of the M. lufeus size distribution function
which exemplifies the validity of Eq. (6). Curve 4 was obtained for a spin label
distribution on both surfaces of the spherical layer with thickness d = 7.0 nm.
Curve 5 refers to the location of labels in the volume of a spherical layer with
thickness d = 2.4 nm. The points are the values calculated for C = 0.5- 102,
1-10" and 5.0-10 cm™2 The lines are drawn through the mean values. As
follows from Fig. 4, in the given coordinates, the dependencies are linear, which
confirms that Eq. (6) is valid. Similar dependences were derived for other d val-
ues for both of the models. The § and g values were obtained from the param-
eters of calculated lines in the given coordinates. The calculated 8 and ¢ ap-
peared to depend on the layer thickness and to be independent of the p,C value.

Note that the g value is more convenient for comparing calculations with the
experiment than the parameter B because the g value is found just from the in-
clination angle of the experimental line in the coordinates In(In(¥)) vs. In(T).
To get the experimental value for §, according to Eq. (6), the experimental val-
ues for p, and C are necessary to be known to sufficient accuracy. This makes
it difficult to determine the S value within necessary accuracy.

Figure 5 shows the calculated dependences of the parameter ¢ on the thick-
ness of layer d for both cases of spin label distributions. Curve 1 in Fig. 5
was obtained for the location of the spin labels in the bulk of the membrane.
Curve 2 refers to the location of labels on both surfaces of the spherical layer.
When d = 0, in both cases ¢ = 0.66, which actually coincides with the value
of 2/3 obtained earlier in ref. 18 for a spin distribution at the surface. In the
case of the bulk spin label distribution (curve 1), the ¢ value monotonously
increases with the layer thickness d and tends to ¢ = 1 typical of the unlim-
ited volume. In contrast, curve 2 referring to spin label distributions on both
membrane surfaces, passes through a maximum with increasing d and tends to
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Fig. 5. Calculated dependences of the parameter ¢ on the spherical layer thickness d with R = 500

nm. Curve 1, the g dependence for labels located in the bulk of the layer. Curve 2, the ¢ depen-

dence for labels located on both surfaces of the layer. Curve 3, the experimental value g =
0.71 = 0.012.

a value of 2/3 corresponding to a distribution at largely separated surfaces when
the coupling of spins between the different surfaces can be neglected. The
maximum in curve 2 is likely to correspond to a distance between spin labels
where the dipole-dipole relaxation would be most effective at the experimental
T range.

As has been mentioned, the cell radius is large enough to consider a flat cell
membrane with inner and outer surfaces separated by about 8 nm. In this case,
the calculated results should depend only weakly on R. Similar caiculations for
other R values within the range of 250 to 1500 nm and for the ideally flat case
(R = o) give curves almost coinciding with dependences 1 and 2 shown in Fig.
5 and obtained at R = 500 nm.

4 Discussion

The experimental dependences of In(V) versus T for TOAC-4 bound to M. luteus
cells (see Fig. 3) does not show the characteristic features that have been ob-
served in aggregates of this compound formed in hydrophobic solvents at a con-
centration of about 0.5 mM [8]. This means that trichogin in its membrane-bound
form does not form aggregates at the microscopic concentration of at least 8 mM.
In this respect it is of interest to note that this concentration falls in the range



92 A.D. Milov et al.

.in which trichogin has been shown to induce ion conduction through membranes
of large unilamellar vesicles of L-a-phosphatidylcholine [19].

Line 3 in Fig. 5 corresponds to the experimental value ¢ = 0.71 + 0.012. It
crosses the calculated curves 1 and 2. The intersection points provide d values
for the two different label distribution models in the membrane. There are two
types of solutions: at low d values line 3 crosses both curves 1 and 2; at a high
d value line 3 intersects curve 2 only.

The intersection of line 3 with curve 1 at d = 2.4 £ 0.3 nm means that the
experimental data are in agreement with a distribution of spin labels in a vol-
ume of the layer of this thickness. However, the obtained value of d = 2.4 nm
is too small in comparison with the membrane thickness (7.5 nm) and cell wall
(2040 nm) [20, 21]. This result shows that the spin labels could not uniformty
occupy the full volume of the membrane or cell wall but only some part of them.
The obtained small thickness of the layer denotes that the spin labels are placed
near a flat surface. One of the possible models of spin label displacement in this
case is the random distribution of spin labels inside the thin layer close to the
outer surface of either membrane or cell wall.

The intersections of line 3 with curve 2 in Fig. 5 correspond to a distribu-
tion of spin labels on both surfaces of the layer. The first is crossing at d =
1.5 + 0.2 nm. This value of 4 is too small in comparison with the approximately
known membrane or wall thickness and this type of spin label distribution seems
not realistic.

The intersection of curve 3 with curve 2 at high d corresponds to a distance
d = 7.0 = 0.3 nm between surfaces on which the spin labels are located. This
value corresponds to a location of spin labels at both (external and internal)
surfaces and is in a good agreement with the up-to-date concepts of the mem-
brane thickness of M. luteus cells. Note that the obtained value d = 7 nm is in
excellent agreement with the literature data on the membrane thickness (7.5 nm;
[20-22)). '

Assuming that the average membrane thickness in M. luteus is determined
by the major lipid constituent (cardiolipin, a phospholipid containing C18:0C18:1
fatty acyl side chains [23, 24]) one would expect a thickness of 4.3-4.5 nm [25].
However, membrane proteins tower above the plane of the lipid bilayer and in-
crease the overall diameter of biomembranes to about 6-8 nm {22]. Thus, tricho-
gin molecules may preferentially bind to bulging membrane proteins instead of
phospholipids.

As we have dicussed before, the comparison between the experimental and
calculated data shows that the spin-labeled peptides studied are mainly situated
near the membrane surface. In this case, two variants of peptide locations are
possible: (i) in the layer just below of the outer membrane surface with a spread
in distances between the spin labels of about 2.4 nm; (ii) at both inner and outer
surfaces with a distance between the surfaces of about 7 nm.

The calculated values of the g parameter allow one to use the experimen-
tal values of a and p, to estimate the effective concentrations of spin labels
C = a/(fp,) in the framework of both models (the real surface concentration
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is C, = C/2 and the real bulk concentration is C, = C/d). The value of g for
the bulk model at d = 2.4 nm is 2.74-10~% s~%m?, whereas for the distribu-
tion model at both surfaces S = 1.59-1078 s79%cm?. The a value determined from
dependences 1-3 in Fig. 4 varies from 0.4-10* to 1.3-10% s7%7!. The experi-
mental value of p, is 0.17. With these data, the range of experimental concen-
tration values 0.86-102 cm™2 < C < 2.8- 102 cm~? is obtained for the bulk
model and 1.48:102 cm™2 < C < 4.8-102cm™2 for the two spherical surfaces.
Thus, depending on the model studied, the mean distance between spin labels
can be within the range of 4.5 to 10 nm. This finding favors a low degree of
surface filling with peptide molecules.

The question is still to be answered whether trichogin molecules preferen-
tially bind to the membrane or cell wall. From the work of Letellier and co-
workers [12, 13] we know that in the membrane of M. luteus K*-ATPase pumps
are active in maintaining a high K*-concentration inside the cell cytoplasm. Thus,
the efflux of K* ions after treatment of cells with trichogin would indicate that
trichogin is capable to diffuse through the cell wall and to target the membrane.
Indeed, experiments in our laboratory show the release of K* ions upon binding
of trichogin GA IV to M. luteus cells. However, it is not yet clear whether the
increase of the ion permeability is due to an ion conduction mechanism, like it
has been observed in liposomes [19], or to a blockage of the K*-ATPase pump
function. Nevertheless, it is evident that trichogin molecules are capable to dif-
fuse through the rather porous cell wall to attack the cytoplasmic membrane (in-
cluding the membrane-bound proteins). Thus, one of the models discussed above,
wherein trichogin molecules are supposed to be distributed in a thin layer just
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Fig. 6. Two different binding modes of trichogin GA 1V to Micrococcus luteus cells: trichogin mole-
cules bound to bulging membrane proteins at both sides of the double layer, model I; the periplasmic
side of the membrane and distributed into a layer of 2.4 nm thickness, model 1I.
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below the outer cell wall, can be excluded. By combining both the ESR and
PELDOR and ion conductivity data we conclude that trichogin molecules are
bound to the membrane and not to the cell wall. The different binding models
of trichogin to the cell are shown in Fig. 6.

5 Conclusions

It is shown that the method of double resonance in electron spin echo can be
used to study the peculiarities of the distribution of spin-labeled molecules in
cell membranes.

The data obtained for the phase relaxation of spin labels for spin-labeled
trickogin bound to frozen M. luteus cells exclude the possibility of membrane-
bound aggregates. The main target of the peptaibol after penetration of the po-
rous cell wall is the phospholipid cytosolic membrane. Two different models of
peptide distributions are proposed for this bilayer: (i) a random distribution on
both inner and outer surfaces of the membrane at a distance between the sur-
faces of 7 nm; (ii) a random distribution in a ca. 2.4 nm thick layer below the
outer surface. Whether the peptide molecules are bound to phospholids (cardio-
lipin and phosphatidyl glycerol are the major constituents [23, 24]) or membrane
proteins (49% w.w. of the membrane [20]) is not clear yet and will be the sub-
ject for further studies.
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