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Abstract

The antimicrobial action of peptides in bacterial membranes is commonly related to
their mode of self-assembling which results in pore formation. To optimize peptide antibiotic
use for therapeutic purposes, a study on the concentration dependence of self-assembling
process is thus desirable. In this work, we investigate this dependence for peptaibol trichogin
GA IV (Tric) in the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) model
membrane in the range of peptide concentrations between 0.5 and 3.3 mol %. Pulsed double
electron-electron resonance (PELDOR) applied on spin-labeled peptide analogs highlights
the onset of peptide dimerization above a critical peptide concentration value, namely ~ 2
mol %. Electron spin echo (ESE) envelope modulation (ESEEM) for D,O-hydrated bilayers
shows that dimerization is accompanied by peptide re-orientation towards a trans-membrane
disposition. For spin-labeled stearic acids (5-DSA) in POPC bilayers, the study of ESE
decays and ESEEM in the presence of a deuterated peptide analog indicates that above the
critical peptide concentration the 5-DSA molecules are attracted by peptide molecules,
forming nanoclusters. As the 5-DSA molecules represent a model for the behavior of fatty
acids participating in bacterial membrane homeostasis, such capturing action by Tric may

represent an additional mechanism of its antibiotic activity.

Keywords: dipolar spectroscopy, ESEEM, EPR, fatty acids, ion channels, PELDOR,

trichogin



Introduction

The ever-increasing growth of antibiotic resistance in bacterial and fungal pathogens
is a great challenge for modern medicine. Besides developing synthetic antibiotics of new
generation, naturally-occurring antimicrobial agents and among them, antimicrobial peptides
(AMPs) are generally considered as promising therapeutic agents [1]. Membrane-active
peptides are a subclass of AMPs. They interact nonspecifically with bacterial membranes
modifying their properties significantly, or even completely, retarding the onset of bacterial
resistance. To optimize AMP design, a deep understanding of their mechanism of membrane
destabilization would be extremely helpful.

The generally accepted mechanism for AMP membrane perturbation involves
formation of channels or pores that increase ion and water flows through the lipid bilayer [2].
This phenomenon starts from peptide binding to lipid bilayer due to hydrophobic and
electrostatic interactions. Then, peptides accumulate in the membrane and, after the
peptide/lipid ratio attains a specific critical value, peptides self-associate in oligomers that
eventually form channels. A precise knowledge of such critical peptide concentration value is
highly desirable.

Besides, membrane perturbation processes may start at lower peptide concentration
values. For example, at low concentrations peptides may still disrupt the local lipid chain
packing and mobility [3]. A progressive membrane disordering was observed for different
AMPs with increasing peptide concentration [4], and peptides were found able to enhance
flip-flop lipid transitions between membrane leaflets and destroy cholesterol rafts in the
membrane [5,6]. These perturbations influence the membrane thickness and flexibility [3,7-
9].

Recently, we found peptide-induced redistribution of free fatty acids in the membrane

mediated by the AMP alamethicin [10]. Free fatty acids are important components of



bacterial membranes because of their involvement in lipid homeostasis, protein functioning,
signal transporting, and regulation functioning [11-13]. Therefore, redistribution of free fatty
acids appears to be an alternative mechanism of peptide membrane-modifying action [10,
14].

Trichogin GA IV (Tric) is a natural undecapeptide (Scheme 1) isolated from the
fungus Trichoderma longibrachiatum. Tric shows biological activity against Gram positive
bacteria, has low hemolytic effect, and is stable to proteolysis [9,15,16]. 3D-Structural
analysis indicated that Tric adopts a helical secondary structure [17-19], with a total peptide
length of ~ 1.8-2.2 nm, that is about twice shorter than the lipid membrane thickness. A
synthetic, covalent head-to-head Tric dimer exhibited a remarkably larger activity in
comparison with the monomeric peptide [9]. Therefore, peptide self-assembling is required
for pore formation by Tric.

Oligomerization of Tric results in transmembrane dimers [20,21]. Higher oligomers
occur as well [22-25]. Tric self-association in the membrane is often accompanied by a
change in peptide orientation from planar to transmembrane. However, for certain lipid
compositions transmembrane oligomers are not formed even at high peptide concentrations
[22, 26-28]. This phenomenon may be explained within the hypothesis of the carpet-like
mechanism. Therefore, Tric membrane-perturbation mechanism is still under discussion.

Among other experimental techniques, pulsed EPR on spin-labeled molecules has
proved to be a useful method to study peptide oligomerization and location in the membrane.
Oligomerization may be investigated by pulsed electron-electron resonance [29], whereas
location by electron spin echo (ESE) on deuterated systems using ESE envelope modulation
method (*H ESEEM) [20]. ESE decays can detect clusters of spin labels [10,30,31].

Conventional continuous wave (CW) EPR may provide complementary information as well.



Here, we employ CW and pulsed EPR techniques to study Tric, its partly deuterated
analog PTric, and the TOAC (1-oxyl-4-amino-2,2,6,6-tetramethylpiperidine-4-carboxylic

acid) spin-labeled Tric analogs Tric' and Tric® (Scheme 1):

Scheme 1

nOct-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-Leu-Lol (Tric)
nOct(dss5)-Aib-Gly-Leu(d1o)-Aib-Gly-Gly-Leu(dso)-Aib-Gly-1le(dso)-Lol (°Tric)
nOct-TOAC-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-Ile-Leu-Lol (Tric)

nOct-Aib-Gly-Leu-Aib-Gly-Gly-Leu-TOAC-Gly-lle-Leu-Lol (Tric®)

where nOct is n-octanoyl, Aib is the non-proteinogenic a-aminoisobutyric acid, Lol is the
1,2-aminoalcohol leucinol and TOAC replaces Aib at either position 1 (Tric) or at position 8
(Tric®). It is known that Aib—TOAC substitution does not alter the peptide membrane-
modifying properties [27]. In the present study, all peptides are embedded in 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) multilamellar vesicles.

Note that pulsed EPR studies on peptide location in model membranes was previously
performed [20, 22] exploiting synthetic Tric analogs bearing the fluorescent,
fluorenylmethyloxycarbonyl (Fmoc) group instead of the nOct N*-blocking group [32].

In this work, we focus on two effects: (i) Tric self-assembling and (ii) Tric influence
on the free fatty acid spatial distribution in POPC model membrane, using spin-labeled 5-

doxyl-stearic acid (5-DSA) as a model for fatty acids.

Experimental

Sample preparation



The unlabeled peptide Tric and its partly deuterated analog °Tric were synthesized as
described in [33, 34]. TOAC spin-labeled Tric analogs Tric* and Tric® were prepared by
manual solid-phase peptide synthesis on a 2-chlorotrityl resin preloaded with Lol. The
synthetic procedure followed for those two, new, TOAC-containing analogs closely
resembles the one described in [35]. Tric' and Tric® were obtained in good yields (80% and
78%, respectively). The crude peptides were purified by medium-pressure liquid
chromatography, by means of the Isolera Prime system Biotage (Sweden). POPC lipid was
obtained from Avanti Polar Lipids (Birmingham, AL), 5-DSA was purchased from Sigma
Aldrich (Germany). Methanol, ethanol and chloroform were Ekros-Analytica (St. Petersburg,
Russia) products. A 10 mM phosphate buffered saline (PBS) containing 0.137 M NaCl and
0.0027 M KCI was used (pH = 7.0). In some cases, PBS was prepared with deuterated water.
All commercial reagents were used without further purification.

Lipids, Tric analogs, and 5-DSA, taken at appropriate concentrations, were dissolved
in chloroform. The solvent was slowly removed by nitrogen flow, followed by storage for 4 h
in vacuo (10 bar). The dry lipid film was dispersed in buffer by vortex mixing. The amounts
of buffer and lipid film were approximately the same (by weight). The sample was subjected
to several cycles of rapid freezing-thawing. The large multilamellar vesicles (LMV) thus
obtained [36] were kept at room temperature for 2 h and then transferred in a 5 mm o.d. tube
(the sample length was about 5 mm), with 10% by weight dimethylsulfoxide added as a

cryoprotector, and rapidly frozen in liquid nitrogen. The sample height did not exceed 5 mm,

EPR measurements
CW EPR experiments were carried out on an X-band Bruker ESP 380E EPR
spectrometer using a dielectric Bruker ER 4118 X-MD-5 cavity and an Oxford Instruments

CF-935 cryostat. The cryostat was cooled by nitrogen flow to 80 K. EPR spectra were



recorded at the modulation amplitude of 0.05 mT and modulation frequency of 100 kHz. The
microwave power was set low enough to avoid spectra saturation.

All pulsed EPR experiments were carried out on an X-band Bruker ELEXSYS E580
EPR spectrometer equipped with a Bruker ER 4118 X-MD-5 cavity and an Oxford
Instruments CF-935 cryostat. The cryostat was cooled by nitrogen flow to 80 K. Two-pulse
echo decays, with the pulse sequence: z/2-t-z-t-echo, were obtained by scanning = from 120
ns to 1.3 s, with time steps of 4 ns. The ESE decay was measured at two different positions
in the EPR spectra — at the maximum and the high-field shoulder of the echo-detected (ED)
EPR spectra (see below). Three-pulse ESEEM experiments, with the pulse sequence: 7/2-7-
7/2-T-nl2-7-echo, were performed at the maximum of the ED-EPR spectra. The pulse lengths
were 16 ns, z was 204 ns, and the T interval was scanned from 248 ns to 10 ps with time steps
of 12 ns. The data treatment was performed as described elsewhere [37]. A sixth-order
polynomial fitting was applied to the relaxation decay in a semi-logarithmic plot. The
modulus-Fourier transformation was performed on the normalized ESEEM decay using a
MatLab home-made program.

Three-pulse PELDOR experiments were performed with the pulse sequence: z/2a)-
T- 7we)-(z-T)-mwa)-T-€ChO(A), Where the subscripts indicate two frequencies: one for detection
(va) and another for pumping (vg). The frequency offset va-vg was 70 MHz, and va and vg
frequencies were chosen symmetrically around the center of the absorption dip in the
resonator. The lengths of n/2(,5) and ma) pulses were 16 ns and 32 ns, respectively. The
pumping pulse length was 32 ns. The amplitude of the zyg) pulse was set to inverse the
echoga) signal at the maximum of the echo-detected EPR spectra. The time z was 800 ns. The
time delay T for the pumping pulse was initially set to the negative value of -188 ns and then

scanned with time intervals of 4 ns. The phase jumps due to the passage of the pumping zg)



pulse through to the n/2(,) pulse were eliminated by measuring the PELDOR decay for the

samples without dipolar coupling [38].

Results

CW EPR of Tric! and Tric®: peptide self-association

Fig. 1 shows the CW EPR spectra recorded for the spin-labeled Tric' and Tric® at
different peptide concentrations in POPC bilayers, at 80 K. One can see that an increase in
peptide concentration results in line broadening, that clearly manifests itself in a relative
decrease of the narrowest central component as compared with the wider low- and high-field
components. For immobilized spin labels at low temperature, this broadening is induced by
an electron-electron spin-spin dipole-dipole (d-d) interaction between spin labels [39]. The
decrease of the central component seen for Tric* at a concentration of 3.3 mol % is larger
than that seen for Tric® at a concentration of 5 mol %. This finding provides evidence that

both peptides self-associate through contacts involving their N-terminal region.
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Fig. 1. CW EPR spectra of Tric' and Tric® in POPC bilayers taken at different peptide
concentrations. Spectra are shifted along the vertical scale for convenience. Temperature: 80

K.

PELDOR of Tric* and Tric®: peptide dimerization

We obtained detailed information on spin label clustering using the PELDOR
technique. PELDOR experiments with spin-labeled Tric analogs Tric* and Tric®, were carried
out at several peptide concentrations. The representative PELDOR signal dependences on the
time delay T are shown in Fig. 2. Note that the large CW EPR line broadening observed for
Tric* at 3.3 mol % concentration (Fig. 1) implies that in this case PELDOR data cannot be
considered reliable, because of fast signal decay due to d-d interactions.

The PELDOR signal, V(T), is caused by d-d interactions between spin labels. For

nanoscale clusters, these interactions are of two independent types, namely between



molecules associated in a cluster and between different clusters. Then, V(T) may be presented

as a product of two independent factors, V\ntra(T) and Vinter(T):

V(T)= Vintra(T)*VinTer(T)

0 T T T T T

In(V(T)/V,)

Vintra(oo)

4
Tric8 5 mol. %
5l (\
0 0.1 0.2 0.3 04 0.5

T, us

1)

Fig. 2. Semi-logarithmic plot of representative PELDOR signal time dependences V(T) at

different peptide concentrations for Tric* and Tric®. Data for Tric® are shifted downwards for

convenience. The dashed straight lines show linear asymptotes. Temperature: 80 K.

For a nanocluster formed by spin-labeled molecules, Vintra(T) attains an asymptotic

value [40]:

Vintra(0) = (1 — PB)n_l,

)

where pg is the efficiency of the microwave excitation at the pumping frequency vg and n is

the number of molecules in the cluster.
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For a random spin-label distribution in the 3D-space, the Vnter(T) temporal

dependence is a simple exponential:

4 2 42 2
Vinrer(T) = Voexp (_%g :B CpgT) (3)

where g is the g-factor, up is the Bohr magneton, C is the volume spin-label concentration (in
cm®). Eq. (3) predicts that in the coordinates of Fig. 2 the V(T) time dependence, after
VinTra(T) arrived to its asymptotic value, is expected to obey a linear dependence. This
phenomenon is indeed observed (dashed lines in this plot).

From extrapolation of the dashed lines in Fig. 2 the V;yrra(o0) value can be obtained.
In turn, it provides the mean number n in a cluster by use of Eq. (2), if pg is known. This
latter value is calculated by taking into account the overlapping of excitation bandwidths for

the A and B spins [41]:

_ Ps
P 1_]73
where
O = | sin? (o +( ) A@)do~ 26 A@s)
= —.la +(w— o )0 = £, (0)
Ps(a) (012 (- COB(A))Z > dl B(A) dl B(A)

0

(4)

where A(w) is a function describing the spin-label EPR absorptive lineshape (with the

integral normalized to unity), wsp) = 27vep), @,is the microwave amplitude, and t, is the
pumping pulse length; the given approximate estimation for pg(A) is valid for 0)1tp =rand

@, smaller than spectral linewidth. Previously [14], it was shown that this approach provides

good agreement with experiment.

11



Employing the obtained data on V;yrg4(0) values and Eq. (2), the n values were
found. As these values were not integer numbers, a mixture of monomers and dimers should
be assumed to be present in the samples. So, instead of n, it would be more reasonable to use
a mean number <n>. The results of <n> calculations are shown in Fig. 3. One can see that at
small peptide concentrations the dependence is linear (and similar for both Tric' and Tric®
analogs), while a saturated-like behavior is observed at higher concentrations. A tenfold
increase in peptide concentration (from 0.5 to 5 mol %) results in the <n> value rising from
1.15 = 0.03 (at 0.5 mol %) to 1.90 = 0.07 (at 5 mol %). Such findings prove that at low
concentrations mostly peptide monomers are present while at high concentrations dimers are

prevailing.

© Trig' }/' %
s} ] ra
181 Tric v

161 /s

<>

14 r

127 ./

0 1 2 3 4 5
peptide molar concentration, %
Fig. 3. Mean number <n> of self-associated peptide molecules obtained using Eq. (2) from

the PELDOR data (shown in Fig. 2). The straight dash-dotted line indicates a linear

dependence at low concentrations.

H ESEEM for Tric' and Tric® upon D,O-hydration: peptide location in the bilayer

Information on the location of spin-labeled peptides in the membrane can be obtained
from ESEEM experiments on D,O-hydrated bilayers [14, 20, 37]. The °H ESEEM signal in

this approach depends on the distance between the spin label and the deuterium nuclei [42].
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So the closer the spin label is to the membrane surface, the larger the *H ESEEM line
intensity is expected. The measurements performed in this work for Tric' and Tric® resulted in
frequency-domain ESEEM spectra looking similar to those presented in [14]. The spectra
show a narrow line positioned at 2.2 MHz, that is the deuterium Larmor frequency (at the
microwave X-band). The experimentally obtained intensities for the narrow line Ay (see
definition in [14], Fig. 6 therein) at low, ~ 0.5 mol %, and large, ~ 5 mol %, peptide
concentrations are given in Table 1. Literature data [20-22] for closely-related, spin-labeled
Tric analogs in membrane bilayers of different lipid compositions are also reported in Table 1
for comparison. Note that the spin-labeled Tric analogs studied in the cited papers [and herein
termed: Fmoc-Tric'-OMe and Fmoc-Tric®-OMe (OMe, methoxy)] carried an N-terminal
Fmoc- instead of the native nOct- group, and a leucine methyl ester at their C-terminus

(instead of the naturally-occurring 1,2-aminoalcohol Lol).
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Table 1. Intensity of the °H ESEEM line at the deuterium Larmor frequency, A\/MHz, for

Tric* and Tric® peptide analogs in D,O-hydrated bilayers at two peptide concentrations

Peptide Trict, 05| Trict, 5] Tric}, 05/ Tric}, 5 | Reference
Bilayer mol % mol % mol % mol %
POPC 0.036 0.031 0.020 0.027 This work
POPC 0.086 0.0515 0.052 0.047 [21]*
ePC**/cholesterol | 0.12 0.05 0.12 0.12 [22]*
DPPC** 0.10 0.05 0.07 0.05 [20]%***

The experimental uncertainty is not larger than 10 %.

*These data refer to the two Tric analogs Fmoc-Tric-OMe and Fmoc-Tric®-OMe.
**ePC is egg phosphatidylcholine and DPPC is 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine.

***Ay in arbitrary units.

Data in Table 1 show that substitution of nOct by Fmoc results in larger Ay values.
This finding implies that Fmoc-Tric'-OMe and Fmoc-Tric®-OMe are located closer to the
bilayer surface than Tric' and Tric®. For Tric*, Ay decreases by a factor of 1.16 with
increasing concentration, while for Tric® it increases by a factor of 1.35. This means that,
while the peptide concentration increases, the label at position 1 becomes more inserted into
the membrane while that at position 8 becomes closer to the membrane surface. Both findings
point towards a peptide reorientation upon increasing concentration.

This behavior is to be compared with that of Fmoc-Tric-OMe and Fmoc-Tric®-OMe
in different lipid bilayers, where (as the peptide concentration increases) a greater decrease in

Ay value is registered for the spin-label at position 1 under all experimental conditions
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(decrease factors from 1.7 to 2.2), while for the spin label at position 8 unchanged or slightly
lower Ay values (decrease factor of ~ 1.3) are registered.

In conclusion, an increase in peptide concentration results in (i) a deeper insertion in
the lipid bilayer of the N-terminal part of the peptide for Fmoc-containing analogs than nOct-
containing ones (that are less deeply inserted). (ii) The peptide C-terminus is somewhat
exposed on the bilayer surface for nOct-containing analogs, while slightly buried into it for

Fmoc-containing ones.

ESE decays for 5-DSA in presence of 'native' Tric: clustering of fatty acids

CW EPR spectra recorded for 5-DSA in POPC bilayers showed the typical lineshape
for immobilized nitroxide spin labels. Upon (unlabelled) Tric addition, the EPR spectra did
not change noticeably, showing only a slight line broadening in response to increasing
peptide concentration, as a result of dipole-dipole (d-d) interactions (similar to those
published in [31]). Thus, we decided to apply ESE to study d-d interactions between 5-DSA
molecules, since ESE decays are known to be much more sensitive to d-d interactions than
CW EPR spectra.

In the nanoscale range of distances, d-d interactions between spin labels can be readily
detected by measuring the “instantaneous spectral diffusion” effect [31] in ESE decays. This
effect takes place because the microwave pulses “instantly” flip the magnetic dipolar field
(acting on the selected spin by a coupled spin). This effect results in an additional defocusing
of the ESE signal. (Note that PELDOR spectroscopy is based on the same physical principle,
but the flip of the magnetic dipolar field is performed applying pulses at different microwave

frequencies). ESE decays are sensitive to nanoscale local concentrations because d-d

interactions matter up to distances r (determined by the relation r~3/y2hat) of about 10 nm,

as in organic solids 7 is typically in the ps time range.
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In the case of a random 3D-space distribution, this mechanism results in the same

analytical formula as Eq. (3), with time T replaced by 27, wa = wg (the excitation and

detection frequencies are the same), and pf = 0. Spin labels in 5-DSA molecules embedded

into membranes are expected to exhibit a 2D-space distribution (in the case of Tric' and
Tric®, the spin label locations may remarkably deviate from the in-plane position, so that in
this case a 3D-distribution is preferable). Instead of Eq. (3), the ESE decays for a 2D-

distribution are described fairly well by the approximated formula [31]:

Eyp(7) = Egexp (—3.210p5(g2uT/h)5) (5)

where ¢ is the spin label surface concentration measured in cm™ units. Therefore, we can

obtain the local surface concentration o of spin-labeled molecules directly from the ESE

decays, by plotting In (E, (7)) as a function of rg.

However, the ESE signal decays through many different relaxation mechanisms. To
refine the pure contribution of the instantaneous diffusion effect, one should perform
measurements with different pg values, because at cryogenic temperatures the other
relaxation mechanisms are expected to be independent of this parameter. From Eq. (4), it
follows that this study can be carried out by measuring ESE decays at two different spectral
positions. For ESE decays obtained at two field positions and divided by each other, the pg
parameter in Eq. (5) should be replaced by the difference [pg (1) — pg (2)], where numbers
in parenthesis denote the two field positions.

Fig. 4 shows the ratio between echo time traces obtained at the two field positions
(indicated by arrows in the figure inset). Data are given for 5-DSA at 1 mol. % concentration
in the POPC bilayer, as a function of increasing Tric concentration (from 0 to 3.3 mol %).

The coordinates employed are convenient for comparison with Eq. (5). The small oscillations
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seen in the curves are ESEEM induced by electron-nuclear interactions with the neighboring

proton spins. Fig. 4 shows that the echo decays obey the r§ time dependence predicted by Eq.

().
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Fig. 4. Ratio between ESE time traces taken for 5-DSA in POPC bilayers at two field
positions in the EPR spectrum (as indicated by arrows in the inset) at different Tric
concentrations. Data are plotted in the coordinates suitable for comparison with Eq. (5).
Curves are shifted along the vertical axis for convenience. The 5-DSA concentration is 1 mol

%. Measurements were performed at 80 K.

ESE decays in Fig. 4 depend remarkably on Tric concentration. To employ the

theoretical Eq. (5), the parameter [pg (1) — pg (2)] must be determined. This calculation was
carried out as described in [14]. The value found for this parameter is 0.19 + 0.02. Then,
applying Eq. (5) to the linear dependences in Fig. 4, we obtained the surface densities o.

These data are plotted in Fig. 5 as a function of Tric concentration, in dimensionless units by

dividing o by the host lipid lateral density in the bilayer, o,. The latter parameter was
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estimated to be o, ~1.710™ cm™? (see [31] for details), that corresponds to the mean area per

lipid ~ 0.60 nm?.

0 05 1 15 2 25 3 3.5

Tric mol. %
Fig. 5. 5-DSA surface concentration o in the presence of Tric in POPC bilayers, as a function
of increasing peptide concentration, as obtained from the slopes reported in Fig. 4. The solid

lines are drawn to guide the eye. The mean 5-DSA concentration (1 mol %) in the bilayer is

indicated by the horizontal dashed line.

Data in Fig. 5 clearly indicate that the o value largely exceeds the mean free fatty acid
concentration (1 mol %) in the bilayer. This enhancement unambiguously highlights that 5-
DSA molecules form lateral clusters in the bilayer. These clusters are formed even in the
absence of Tric. This finding is in agreement with our previous data [10, 31]. Fig. 5 shows
that, as the Tric concentration increases, clusters are first destroyed (this effect is however
small) and then, with a further peptide concentration increase (above 1 mol %), the clusters
becomes larger and/or denser. One may conclude therefore that peptide promotes cluster

formation.

18



ESEEM for 5-DSA in presence of °Tric: peptide captures fatty acids

We suggest that the experimentally found noticeable increase of the local 5-DSA
concentration in the bilayer in the presence of Tric is essentially the result of a mutual
attraction between fatty acids and Tric molecules, with formation of a 5-DSA nanocluster
around the peptide. To support this hypothesis, ESEEM experiments were performed for 5-
DSA with the deuterated peptide °Tric (Scheme 1). The *H-ESEEM effect is known to be
detected when the unpaired electron of a spin label and the deuterium nucleus are separated
by a distance no longer than 0.8 - 1 nm [43]. Clearly, this experiment can provide a good
evidence for a close contact between 5-DSA and Tric molecules.

The H ESEEM data obtained for 5-DSA in POPC bilayer at different ®Tric peptide
concentrations are reported in Fig. 6. The ESEEM spectra in the frequency domain show a
narrow line positioned at 2.2 MHz (Fig. 6, left) assigned to the deuterium Larmor frequency
(at the X-band). Data in Fig. 6 (right) show that Ay increases with increasing peptide
concentration until 2 mol % peptide concentration. Then, a plateau is reached at larger

peptide concentrations.
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Fig. 6. Left: °H ESEEM spectra for 5-DSA in POPC bilayers at different °Tric
concentrations. Right: the 2.2 MHz line intensity as a function of °Tric concentration, at 1

mol% and 2 mol % 5-DSA concentrations.

For the putative case of a random 5-DSA spatial distribution in the membrane, one
can estimate that for 1 mol % 5-DSA concentration the mean distance between molecules is
around ~ 7 nm. This value is significantly larger than that of 1 nm [43] which represents the
upper boundary for the onset of the 2H ESEEM effect. Therefore, the effect presented in Fig.
6 unambiguously proves that peptides capture fatty acids. Taking into account the data
described above on the ESE decays for 5-DSA in the presence of unlabelled Tric, this capture

results in a clustering of the 5-DSA molecules around the peptides.

Discussion

Peptide dimerization and location
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PELDOR data in Figs. 2 and 3 clearly demonstrate that peptides form dimers. CW
EPR data in Fig. 1 show that dimerization occurs through interaction of two N-termini (head-
to-head dimerization). This result is in agreement with previous PELDOR data on the Fmoc-
Tric-OMe and Fmoc-Tric®-OMe peptide analogs [20,21] where the authors reported n = 2.1
+ 0.1 at 5 mol % peptide concentration [20]. These dimers possibly induce membrane leakage
[21].

The dependence of the mean number <n> of peptide molecules in the self-associated
species on peptide concentration seen in Fig. 3 may be interpreted with the onset of an
equilibrium between peptide monomers and dimers in the membrane. The critical peptide
concentration value where dimers become dominating is ~ 2 mol %.

ESEEM data on D,O-hydrated bilayers (Table 1) demonstrate that Tric' and Tric®
molecules are located deeper in the membrane core than Fmoc-Tric'-OMe and Fmoc-Tric®-
OMe analogs (the Ay values in the former case are smaller). We explain this difference by
noting that the bulkier and more rigid Fmoc- group in the latter analogs may reasonably cause
a deeper peptide insertion into the membrane core. Data in Table 1 also show that as
concentration increases, peptide molecules change their orientation in the membrane, with the
N-terminus going deeper into the membrane interior and the C-terminus moving closer to the
membrane surface. Note that a slight tendency for nOct-Tric'-OMe inserting in the
membrane core and for nOct-Tric®-OMe moving to the membrane surface was also observed

in [32].

Capturing of fatty acids
Fig. 4 shows that d-d-induced ESE decays for 5-DSA molecules obey the theoretical

2/3

expression (5) which predicts a proportionality to (%4 ©)**. This behavior means that the spin

labels in the 5-DSA molecules possess a 2D-distribution, as one may naturally expect for a
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bilayer. Eq. (5) allows one to directly obtain the surface density o. The calculated o values
deviate from those expected for homogeneously distributed molecules (Fig. 5). This effect,
previously reported for POPC bilayers [10, 31], and DPPC and DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine) bilayers [31], is interpreted by formation of 5-DSA molecular
nanoclusters. The 5-DSA local concentration in such clusters increases with increasing
peptide concentration. The results in Fig. 5 indicate that peptides promote cluster formation.

This phenomenon is confirmed by ?H ESEEM experiments on 5-DSA in the presence
of PTric (Fig. 6), where Ay is seen to strongly increase with increasing 5-DSA concentration
(with saturation occurring above 2 mol %). Thus, one may conclude that 5-DSA clusters are
formed around the peptide molecules. By comparison with the results of a previous computer
modelling study [31] we can state that the size of such clusters is larger than 20 nm (below
this value, the time traces in Fig. 4 are expected to become stretched — see Fig. 1 in [31]).

It is interesting to note that this nanocluster formation around peptide molecules
occurs in the same concentration range where dimers are formed, namely around a peptide
concentration of ~ 2 mol % (Fig. 3). Probably, peptide dimers disrupt the neighbor lipid
packing and stearic acid molecules compensate for this perturbation.

Free fatty acids are building blocks for lipids and a component of bacterial
membranes that regulates its physical properties such as a fluidity and rigidity [44]. Fatty
acids also facilitate peptide/protein “anchoring” and traffic along the membrane by
palmitoylation, a type of covalent attachment of free fatty acids to specific amino acids [45],
that is relevant for peptide and protein functioning [11-13,45], and participate in signal
transporting and regulation functioning [46, 47]. In summary, redistribution of free fatty acids
seems to be an alternative mechanism by which peptides exert their membrane-modifying

action [10,14].
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Conclusion

In this work we studied two effects by which peptide antibiotic Tric perturbs the lipid
membrane. The first effect involves peptide self-assembling to dimers which may induce
membrane leakage. In the second, capture of free fatty acids by peptide molecules takes place
in the bilayer, possibly leading to a disturbance of lipid homeostasis in the bacterial
membrane. Both processes become effective above a critical peptide concentration, found to
be around 2 mol % for Tric.

Below that critical concentration, the peptide molecules occur in the monomeric state
in the membrane and free fatty acids form local clusters. At low peptide concentrations, both
fatty acid clusters and peptides exist independently. Above the critical peptide concentration,
Tric tends to form dimers, while clusters of fatty acids become denser, with a simultaneous
mutual attraction between fatty acid clusters and peptides taking place. As free fatty acids are
involved in membrane functioning, this capturing effect may perturb the physiological

functions of the membrane and thus play an important role in peptide antibiotic action.
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Abstract

The antimicrobial action of peptides in bacterial membranes is commonly related to
their mode of self-assembling which results in pore formation. To optimize peptide antibiotic
use for therapeutic purposes, a study on the concentration dependence of self-assembling
process is thus desirable. In this work, we investigate this dependence for peptaibol trichogin
GA IV (Tric) in the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) model
membrane in the range of peptide concentrations between 0.5 and 3.3 mol %. Pulsed double
electron-electron resonance (PELDOR) applied on spin-labeled peptide analogs highlights
the onset of peptide dimerization above a critical peptide concentration value, namely ~ 2
mol %. Electron spin echo (ESE) envelope modulation (ESEEM) for D,O-hydrated bilayers
shows that dimerization is accompanied by peptide re-orientation towards a trans-membrane
disposition. For spin-labeled stearic acids (5-DSA) in POPC bilayers, the study of ESE
decays and ESEEM in the presence of a deuterated peptide analog indicates that above the
critical peptide concentration the 5-DSA molecules are attracted by peptide molecules,
forming nanoclusters. As the 5-DSA molecules represent a model for the behavior of fatty
acids participating in bacterial membrane homeostasis, such capturing action by Tric may

represent an additional mechanism of its antibiotic activity.

Keywords: dipolar spectroscopy, ESEEM, EPR, fatty acids, ion channels, PELDOR,

trichogin



Introduction

The ever-increasing growth of antibiotic resistance in bacterial and fungal pathogens
is a great challenge for modern medicine. Besides developing synthetic antibiotics of new
generation, naturally-occurring antimicrobial agents and among them, antimicrobial peptides
(AMPs) are generally considered as promising therapeutic agents [1]. Membrane-active
peptides are a subclass of AMPs. They interact nonspecifically with bacterial membranes
modifying their properties significantly, or even completely, retarding the onset of bacterial
resistance. To optimize AMP design, a deep understanding of their mechanism of membrane
destabilization would be extremely helpful.

The generally accepted mechanism for AMP membrane perturbation involves
formation of channels or pores that increase ion and water flows through the lipid bilayer [2].
This phenomenon starts from peptide binding to lipid bilayer due to hydrophobic and
electrostatic interactions. Then, peptides accumulate in the membrane and, after the
peptide/lipid ratio attains a specific critical value, peptides self-associate in oligomers that
eventually form channels. A precise knowledge of such critical peptide concentration value is
highly desirable.

Besides, membrane perturbation processes may start at lower peptide concentration
values. For example, at low concentrations peptides may still disrupt the local lipid chain
packing and mobility [3]. A progressive membrane disordering was observed for different
AMPs with increasing peptide concentration [4], and peptides were found able to enhance
flip-flop lipid transitions between membrane leaflets and destroy cholesterol rafts in the
membrane [5,6]. These perturbations influence the membrane thickness and flexibility [3,7-
9].

Recently, we found peptide-induced redistribution of free fatty acids in the membrane

mediated by the AMP alamethicin [10]. Free fatty acids are important components of



bacterial membranes because of their involvement in lipid homeostasis, protein functioning,
signal transporting, and regulation functioning [11-13]. Therefore, redistribution of free fatty
acids appears to be an alternative mechanism of peptide membrane-modifying action [10,
14].

Trichogin GA IV (Tric) is a natural undecapeptide (Scheme 1) isolated from the
fungus Trichoderma longibrachiatum. Tric shows biological activity against Gram positive
bacteria, has low hemolytic effect, and is stable to proteolysis [9,15,16]. 3D-Structural
analysis indicated that Tric adopts a helical secondary structure [17-19], with a total peptide
length of ~ 1.8-2.2 nm, that is about twice shorter than the lipid membrane thickness. A
synthetic, covalent head-to-head Tric dimer exhibited a remarkably larger activity in
comparison with the monomeric peptide [9]. Therefore, peptide self-assembling is required
for pore formation by Tric.

Oligomerization of Tric results in transmembrane dimers [20,21]. Higher oligomers
occur as well [22-25]. Tric self-association in the membrane is often accompanied by a
change in peptide orientation from planar to transmembrane. However, for certain lipid
compositions transmembrane oligomers are not formed even at high peptide concentrations
[22, 26-28]. This phenomenon may be explained within the hypothesis of the carpet-like
mechanism. Therefore, Tric membrane-perturbation mechanism is still under discussion.

Among other experimental techniques, pulsed EPR on spin-labeled molecules has
proved to be a useful method to study peptide oligomerization and location in the membrane.
Oligomerization may be investigated by pulsed electron-electron resonance [29], whereas
location by electron spin echo (ESE) on deuterated systems using ESE envelope modulation
method (*H ESEEM) [20]. ESE decays can detect clusters of spin labels [10,30,31].

Conventional continuous wave (CW) EPR may provide complementary information as well.



Here, we employ CW and pulsed EPR techniques to study Tric, its partly deuterated
analog PTric, and the TOAC (1-oxyl-4-amino-2,2,6,6-tetramethylpiperidine-4-carboxylic

acid) spin-labeled Tric analogs Tric' and Tric® (Scheme 1):

Scheme 1

nOct-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-Leu-Lol (Tric)
nOct(dss5)-Aib-Gly-Leu(d1o)-Aib-Gly-Gly-Leu(dg)-Aib-Gly-1le(dso)-Lol (PTric)
nOct-TOAC-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-Ile-Leu-Lol (Tric)

nOct-Aib-Gly-Leu-Aib-Gly-Gly-Leu-TOAC-Gly-lle-Leu-Lol (Tric®)

where nOct is n-octanoyl, Aib is the non-proteinogenic a-aminoisobutyric acid, Lol is the
1,2-aminoalcohol leucinol and TOAC replaces Aib at either position 1 (Tric) or at position 8
(Tric®). It is known that Aib—TOAC substitution does not alter the peptide membrane-
modifying properties [27]. In the present study, all peptides are embedded in 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) multilamellar vesicles.

Note that pulsed EPR studies on peptide location in model membranes was previously
performed [20, 22] exploiting synthetic Tric analogs bearing the fluorescent,
fluorenylmethyloxycarbonyl (Fmoc) group instead of the nOct N*-blocking group [32].

In this work, we focus on two effects: (i) Tric self-assembling and (ii) Tric influence
on the free fatty acid spatial distribution in POPC model membrane, using spin-labeled 5-

doxyl-stearic acid (5-DSA) as a model for fatty acids.

Experimental

Sample preparation



The unlabeled peptide Tric and its partly deuterated analog °Tric were synthesized as
described in [33, 34]. TOAC spin-labeled Tric analogs Tric* and Tric® were prepared by
manual solid-phase peptide synthesis on a 2-chlorotrityl resin preloaded with Lol. The
synthetic procedure followed for those two, new, TOAC-containing analogs closely
resembles the one described in [35]. Tric' and Tric® were obtained in good yields (80% and
78%, respectively). The crude peptides were purified by medium-pressure liquid
chromatography, by means of the Isolera Prime system Biotage (Sweden). POPC lipid was
obtained from Avanti Polar Lipids (Birmingham, AL), 5-DSA was purchased from Sigma
Aldrich (Germany). Methanol, ethanol and chloroform were Ekros-Analytica (St. Petersburg,
Russia) products. A 10 mM phosphate buffered saline (PBS) containing 0.137 M NaCl and
0.0027 M KCI was used (pH = 7.0). In some cases, PBS was prepared with deuterated water.
All commercial reagents were used without further purification.

Lipids, Tric analogs, and 5-DSA, taken at appropriate concentrations, were dissolved
in chloroform. The solvent was slowly removed by nitrogen flow, followed by storage for 4 h
in vacuo (10 bar). The dry lipid film was dispersed in buffer by vortex mixing. The amounts
of buffer and lipid film were approximately the same (by weight). The sample was subjected
to several cycles of rapid freezing-thawing. The large multilamellar vesicles (LMV) thus
obtained [36] were kept at room temperature for 2 h and then transferred in a 5 mm o.d. tube
(the sample length was about 5 mm), with 10% by weight dimethylsulfoxide added as a

cryoprotector, and rapidly frozen in liquid nitrogen. The sample height did not exceed 5 mm,

EPR measurements
CW EPR experiments were carried out on an X-band Bruker ESP 380E EPR
spectrometer using a dielectric Bruker ER 4118 X-MD-5 cavity and an Oxford Instruments

CF-935 cryostat. The cryostat was cooled by nitrogen flow to 80 K. EPR spectra were



recorded at the modulation amplitude of 0.05 mT and modulation frequency of 100 kHz. The
microwave power was set low enough to avoid spectra saturation.

All pulsed EPR experiments were carried out on an X-band Bruker ELEXSYS E580
EPR spectrometer equipped with a Bruker ER 4118 X-MD-5 cavity and an Oxford
Instruments CF-935 cryostat. The cryostat was cooled by nitrogen flow to 80 K. Two-pulse
echo decays, with the pulse sequence: z/2-t-z-t-echo, were obtained by scanning = from 120
ns to 1.3 ps, with time steps of 4 ns. The ESE decay was measured at two different positions
in the EPR spectra — at the maximum and the high-field shoulder of the echo-detected (ED)
EPR spectra (see below). Three-pulse ESEEM experiments, with the pulse sequence: 7/2-7-
7/2-T-nl2-7-echo, were performed at the maximum of the ED-EPR spectra. The pulse lengths
were 16 ns, z was 204 ns, and the T interval was scanned from 248 ns to 10 ps with time steps
of 12 ns. The data treatment was performed as described elsewhere [37]. A sixth-order
polynomial fitting was applied to the relaxation decay in a semi-logarithmic plot. The
modulus-Fourier transformation was performed on the normalized ESEEM decay using a
MatLab home-made program.

Three-pulse PELDOR experiments were performed with the pulse sequence: z/2a)-
T- 7we)-(z-T)-mwa)-T-€ChO(A), Where the subscripts indicate two frequencies: one for detection
(va) and another for pumping (vg). The frequency offset va-vg was 70 MHz, and va and vg
frequencies were chosen symmetrically around the center of the absorption dip in the
resonator. The lengths of n/2(,5) and ma) pulses were 16 ns and 32 ns, respectively. The
pumping pulse length was 32 ns. The amplitude of the =g pulse was set to inverse the
echoga) signal at the maximum of the echo-detected EPR spectra. The time z was 800 ns. The
time delay T for the pumping pulse was initially set to the negative value of -188 ns and then

scanned with time intervals of 4 ns. The phase jumps due to the passage of the pumping zg)



pulse through to the n/2(,) pulse were eliminated by measuring the PELDOR decay for the

samples without dipolar coupling [38].

Results

CW EPR of Tric! and Tric®: peptide self-association

Fig. 1 shows the CW EPR spectra recorded for the spin-labeled Tric' and Tric® at
different peptide concentrations in POPC bilayers, at 80 K. One can see that an increase in
peptide concentration results in line broadening, that clearly manifests itself in a relative
decrease of the narrowest central component as compared with the wider low- and high-field
components. For immobilized spin labels at low temperature, this broadening is induced by
an electron-electron spin-spin dipole-dipole (d-d) interaction between spin labels [39]. The
decrease of the central component seen for Tric* at a concentration of 3.3 mol % is larger
than that seen for Tric® at a concentration of 5 mol %. This finding provides evidence that

both peptides self-associate through contacts involving their N-terminal region.
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Fig. 1. CW EPR spectra of Tric' and Tric® in POPC bilayers taken at different peptide
concentrations. Spectra are shifted along the vertical scale for convenience. Temperature: 80

K.

PELDOR of Tric* and Tric®: peptide dimerization

We obtained detailed information on spin label clustering using the PELDOR
technique. PELDOR experiments with spin-labeled Tric analogs Tric* and Tric®, were carried
out at several peptide concentrations. The representative PELDOR signal dependences on the
time delay T are shown in Fig. 2. Note that the large CW EPR line broadening observed for
Tric* at 3.3 mol % concentration (Fig. 1) implies that in this case PELDOR data cannot be
considered reliable, because of fast signal decay due to d-d interactions.

The PELDOR signal, V(T), is caused by d-d interactions between spin labels. For

nanoscale clusters, these interactions are of two independent types, namely between



molecules associated in a cluster and between different clusters. Then, V(T) may be presented

as a product of two independent factors, V\ntra(T) and Vinter(T):

V(T)= Vintra(T)*VinTer(T)

0 T T T T T

In(V(T)/V,)

Vintra(oo)

4
Tric8 5 mol. %
5l (\
0 0.1 0.2 0.3 04 0.5

T, us

1)

Fig. 2. Semi-logarithmic plot of representative PELDOR signal time dependences V(T) at

different peptide concentrations for Tric* and Tric®. Data for Tric® are shifted downwards for

convenience. The dashed straight lines show linear asymptotes. Temperature: 80 K.

For a nanocluster formed by spin-labeled molecules, Vintra(T) attains an asymptotic

value [40]:

Vintra(0) = (1 — PB)n_l,

)

where pg is the efficiency of the microwave excitation at the pumping frequency vg and n is

the number of molecules in the cluster.
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For a random spin-label distribution in the 3D-space, the Vnter(T) temporal

dependence is a simple exponential:

4 2 42 2
Vinrer(T) = Voexp (_%g :B CpgT) (3)

where g is the g-factor, up is the Bohr magneton, C is the volume spin-label concentration (in
cm®). Eq. (3) predicts that in the coordinates of Fig. 2 the V(T) time dependence, after
VinTra(T) arrived to its asymptotic value, is expected to obey a linear dependence. This
phenomenon is indeed observed (dashed lines in this plot).

From extrapolation of the dashed lines in Fig. 2 the V;yrra(o0) value can be obtained.
In turn, it provides the mean number n in a cluster by use of Eq. (2), if pg is known. This
latter value is calculated by taking into account the overlapping of excitation bandwidths for

the A and B spins [41]:

_ Ps
P 1_]73
where
O = | sin? (o +( ) A@)do~ 26 A@s)
= —.la +(w— o )0 = £, (0)
Ps(a) (012 (- COB(A))Z > dl B(A) dl B(A)

0

(4)

where A(w) is a function describing the spin-label EPR absorptive lineshape (with the

integral normalized to unity), wsp) = 27vep), @,is the microwave amplitude, and t, is the
pumping pulse length; the given approximate estimation for pg(A) is valid for 0)1tp =rand

@, smaller than spectral linewidth. Previously [14], it was shown that this approach provides

good agreement with experiment.
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Employing the obtained data on V;yrgr4(c0) values and Eq. (2), the n values were
found. As these values were not integer numbers, a mixture of monomers and dimers should
be assumed to be present in the samples. So, instead of n, it would be more reasonable to use
a mean number <n>. The results of <n> calculations are shown in Fig. 3. One can see that at
small peptide concentrations the dependence is linear (and similar for both Tric* and Tric®
analogs), while a saturated-like behavior is observed at higher concentrations. A tenfold
increase in peptide concentration (from 0.5 to 5 mol %) results in the <n> value rising from
1.15 = 0.03 (at 0.5 mol %) to 1.90 = 0.07 (at 5 mol %). Such findings prove that at low
concentrations mostly peptide monomers are present while at high concentrations dimers are

prevailing.

o Tric' }/' *
s} ] ra
18| Tric p

161 /s

<>

14}
A

12F 7

0 1 2 3 4 5
peptide molar concentration, %
Fig. 3. Mean number <n> of self-associated peptide molecules obtained using Eq. (2) from

the PELDOR data (shown in Fig. 2). The straight dash-dotted line indicates a linear

dependence at low concentrations.

H ESEEM for Tric' and Tric® upon D,O-hydration: peptide location in the bilayer

Information on the location of spin-labeled peptides in the membrane can be obtained
from ESEEM experiments on D,O-hydrated bilayers [14, 20, 37]. The °H ESEEM signal in

this approach depends on the distance between the spin label and the deuterium nuclei [42].

12



So the closer the spin label is to the membrane surface, the larger the ?H ESEEM line
intensity is expected. The measurements performed in this work for Tric' and Tric® resulted in
frequency-domain ESEEM spectra looking similar to those presented in [14]. The spectra
show a narrow line positioned at 2.2 MHz, that is the deuterium Larmor frequency (at the
microwave X-band). The experimentally obtained intensities for the narrow line Ay (see
definition in [14], Fig. 6 therein) at low, ~ 0.5 mol %, and large, ~ 5 mol %, peptide
concentrations are given in Table 1. Literature data [20-22] for closely-related, spin-labeled
Tric analogs in membrane bilayers of different lipid compositions are also reported in Table 1
for comparison. Note that the spin-labeled Tric analogs studied in the cited papers [and herein
termed: Fmoc-Tric’-OMe and Fmoc-Tric®-OMe (OMe, methoxy)] carried an N-terminal
Fmoc- instead of the native nOct- group, and a leucine methyl ester at their C-terminus

(instead of the naturally-occurring 1,2-aminoalcohol Lol).

13



Table 1. Intensity of the °H ESEEM line at the deuterium Larmor frequency, A\/MHz, for

Tric* and Tric® peptide analogs in D,O-hydrated bilayers at two peptide concentrations

Peptide Trict, 05| Trict, 5] Tric}, 05/ Tric}, 5 | Reference
Bilayer mol % mol % mol % mol %
POPC 0.036 0.031 0.020 0.027 This work
POPC 0.086 0.0515 0.052 0.047 [21]*
ePC**/cholesterol | 0.12 0.05 0.12 0.12 [22]*
DPPC** 0.10 0.05 0.07 0.05 [20]****

The experimental uncertainty is not larger than 10 %.

*These data refer to the two Tric analogs Fmoc-Tric-OMe and Fmoc-Tric®-OMe.

**ePC is egg phosphatidylcholine and DPPC is 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine.

***Ay in arbitrary units.

Data in Table 1 show that substitution of nOct by Fmoc results in larger Ay values.
This finding implies that Fmoc-Tric'-OMe and Fmoc-Tric®-OMe are located closer to the
bilayer surface than Tric' and Tric®. For Tric*, Ay decreases by a factor of 1.16 with
increasing concentration, while for Tric® it increases by a factor of 1.35. This means that,
while the peptide concentration increases, the label at position 1 becomes more inserted into
the membrane while that at position 8 becomes closer to the membrane surface. Both findings
point towards a peptide reorientation upon increasing concentration.

This behavior is to be compared with that of Fmoc-Tric-OMe and Fmoc-Tric®-OMe
in different lipid bilayers, where (as the peptide concentration increases) a greater decrease in

Ay value is registered for the spin-label at position 1 under all experimental conditions

14




(decrease factors from 1.7 to 2.2), while for the spin label at position 8 unchanged or slightly
lower Ay values (decrease factor of ~ 1.3) are registered.

In conclusion, an increase in peptide concentration results in (i) a deeper insertion in
the lipid bilayer of the N-terminal part of the peptide for Fmoc-containing analogs than nOct-
containing ones (that are less deeply inserted). (ii) The peptide C-terminus is somewhat
exposed on the bilayer surface for nOct-containing analogs, while slightly buried into it for

Fmoc-containing ones.

ESE decays for 5-DSA in presence of 'native' Tric: clustering of fatty acids

CW EPR spectra recorded for 5-DSA in POPC bilayers showed the typical lineshape
for immobilized nitroxide spin labels. Upon (unlabelled) Tric addition, the EPR spectra did
not change noticeably, showing only a slight line broadening in response to increasing
peptide concentration, as a result of dipole-dipole (d-d) interactions (similar to those
published in [31]). Thus, we decided to apply ESE to study d-d interactions between 5-DSA
molecules, since ESE decays are known to be much more sensitive to d-d interactions than
CW EPR spectra.

In the nanoscale range of distances, d-d interactions between spin labels can be readily
detected by measuring the “instantaneous spectral diffusion” effect [31] in ESE decays. This
effect takes place because the microwave pulses “instantly” flip the magnetic dipolar field
(acting on the selected spin by a coupled spin). This effect results in an additional defocusing
of the ESE signal. (Note that PELDOR spectroscopy is based on the same physical principle,
but the flip of the magnetic dipolar field is performed applying pulses at different microwave

frequencies). ESE decays are sensitive to nanoscale local concentrations because d-d

interactions matter up to distances r (determined by the relation r~3/y2hat ) of about 10 nm,

as in organic solids 7 is typically in the ps time range.
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In the case of a random 3D-space distribution, this mechanism results in the same

analytical formula as Eq. (3), with time T replaced by 27, wa = wg (the excitation and

detection frequencies are the same), and pf = 0. Spin labels in 5-DSA molecules embedded

into membranes are expected to exhibit a 2D-space distribution (in the case of Tric' and
Tric®, the spin label locations may remarkably deviate from the in-plane position, so that in
this case a 3D-distribution is preferable). Instead of Eq. (3), the ESE decays for a 2D-

distribution are described fairly well by the approximated formula [31]:

Eyp(7) = Egexp {—3.210pg(g2ut/h)5) (5)

where ¢ is the spin label surface concentration measured in cm™ units. Therefore, we can

obtain the local surface concentration o of spin-labeled molecules directly from the ESE

decays, by plotting In (E,p (7)) as a function of T;

However, the ESE signal decays through many different relaxation mechanisms. To
refine the pure contribution of the instantaneous diffusion effect, one should perform
measurements with different pg values, because at cryogenic temperatures the other
relaxation mechanisms are expected to be independent of this parameter. From Eq. (4), it
follows that this study can be carried out by measuring ESE decays at two different spectral
positions. For ESE decays obtained at two field positions and divided by each other, the pg
parameter in Eq. (5) should be replaced by the difference [pg (1) — pg (2)], where numbers
in parenthesis denote the two field positions.

Fig. 4 shows the ratio between echo time traces obtained at the two field positions
(indicated by arrows in the figure inset). Data are given for 5-DSA at 1 mol. % concentration
in the POPC bilayer, as a function of increasing Tric concentration (from 0 to 3.3 mol %).

The coordinates employed are convenient for comparison with Eq. (5). The small oscillations

16



seen in the curves are ESEEM induced by electron-nuclear interactions with the neighboring

proton spins. Fig. 4 shows that the echo decays obey the r§ time dependence predicted by Eq.

().
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Fig. 4. Ratio between ESE time traces taken for 5-DSA in POPC bilayers at two field
positions in the EPR spectrum (as indicated by arrows in the inset) at different Tric
concentrations. Data are plotted in the coordinates suitable for comparison with Eq. (5).
Curves are shifted along the vertical axis for convenience. The 5-DSA concentration is 1 mol

%. Measurements were performed at 80 K.

ESE decays in Fig. 4 depend remarkably on Tric concentration. To employ the

theoretical Eq. (5), the parameter [pg (1) — pg (2)] must be determined. This calculation was
carried out as described in [14]. The value found for this parameter is 0.19 + 0.02. Then,
applying Eq. (5) to the linear dependences in Fig. 4, we obtained the surface densities o.

These data are plotted in Fig. 5 as a function of Tric concentration, in dimensionless units by

dividing o by the host lipid lateral density in the bilayer, o,. The latter parameter was

17



estimated to be o, ~1.710™ cm™? (see [31] for details), that corresponds to the mean area per

lipid ~ 0.60 nm?.

0 05 1 15 2 25 3 3.5

Tric mol. %
Fig. 5. 5-DSA surface concentration o in the presence of Tric in POPC bilayers, as a function
of increasing peptide concentration, as obtained from the slopes reported in Fig. 4. The solid

lines are drawn to guide the eye. The mean 5-DSA concentration (1 mol %) in the bilayer is

indicated by the horizontal dashed line.

Data in Fig. 5 clearly indicate that the o value largely exceeds the mean free fatty acid
concentration (1 mol %) in the bilayer. This enhancement unambiguously highlights that 5-
DSA molecules form lateral clusters in the bilayer. These clusters are formed even in the
absence of Tric. This finding is in agreement with our previous data [10, 31]. Fig. 5 shows
that, as the Tric concentration increases, clusters are first destroyed (this effect is however
small) and then, with a further peptide concentration increase (above 1 mol %), the clusters
becomes larger and/or denser. One may conclude therefore that peptide promotes cluster

formation.
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ESEEM for 5-DSA in presence of °Tric: peptide captures fatty acids

We suggest that the experimentally found noticeable increase of the local 5-DSA
concentration in the bilayer in the presence of Tric is essentially the result of a mutual
attraction between fatty acids and Tric molecules, with formation of a 5-DSA nanocluster
around the peptide. To support this hypothesis, ESEEM experiments were performed for 5-
DSA with the deuterated peptide °Tric (Scheme 1). The H-ESEEM effect is known to be
detected when the unpaired electron of a spin label and the deuterium nucleus are separated
by a distance no longer than 0.8 - 1 nm [43]. Clearly, this experiment can provide a good
evidence for a close contact between 5-DSA and Tric molecules.

The H ESEEM data obtained for 5-DSA in POPC bilayer at different ®Tric peptide
concentrations are reported in Fig. 6. The ESEEM spectra in the frequency domain show a
narrow line positioned at 2.2 MHz (Fig. 6, left) assigned to the deuterium Larmor frequency
(at the X-band). Data in Fig. 6 (right) show that Ay increases with increasing peptide
concentration until 2 mol % peptide concentration. Then, a plateau is reached at larger

peptide concentrations.
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Fig. 6. Left: °H ESEEM spectra for 5-DSA in POPC bhilayers at different °Tric
concentrations. Right: the 2.2 MHz line intensity as a function of °Tric concentration, at 1

mol% and 2 mol % 5-DSA concentrations.

For the putative case of a random 5-DSA spatial distribution in the membrane, one
can estimate that for 1 mol % 5-DSA concentration the mean distance between molecules is
around ~ 7 nm. This value is significantly larger than that of 1 nm [43] which represents the
upper boundary for the onset of the 2H ESEEM effect. Therefore, the effect presented in Fig.
6 unambiguously proves that peptides capture fatty acids. Taking into account the data
described above on the ESE decays for 5-DSA in the presence of unlabelled Tric, this capture

results in a clustering of the 5-DSA molecules around the peptides.

Discussion

Peptide dimerization and location
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PELDOR data in Figs. 2 and 3 clearly demonstrate that peptides form dimers. CW
EPR data in Fig. 1 show that dimerization occurs through interaction of two N-termini (head-
to-head dimerization). This result is in agreement with previous PELDOR data on the Fmoc-
Tric-OMe and Fmoc-Tric®-OMe peptide analogs [20,21] where the authors reported n = 2.1
+ 0.1 at 5 mol % peptide concentration [20]. These dimers possibly induce membrane leakage
[21].

The dependence of the mean number <n> of peptide molecules in the self-associated
species on peptide concentration seen in Fig. 3 may be interpreted with the onset of an
equilibrium between peptide monomers and dimers in the membrane. The critical peptide
concentration value where dimers become dominating is ~ 2 mol %.

ESEEM data on D,O-hydrated bilayers (Table 1) demonstrate that Tric' and Tric®
molecules are located deeper in the membrane core than Fmoc-Tric'-OMe and Fmoc-Tric®-
OMe analogs (the Ay values in the former case are smaller). We explain this difference by
noting that the bulkier and more rigid Fmoc- group in the latter analogs may reasonably cause
a deeper peptide insertion into the membrane core. Data in Table 1 also show that as
concentration increases, peptide molecules change their orientation in the membrane, with the
N-terminus going deeper into the membrane interior and the C-terminus moving closer to the
membrane surface. Note that a slight tendency for nOct-Tric'-OMe inserting in the
membrane core and for nOct-Tric®-OMe moving to the membrane surface was also observed

in [32].

Capturing of fatty acids
Fig. 4 shows that d-d-induced ESE decays for 5-DSA molecules obey the theoretical

2/3

expression (5) which predicts a proportionality to (%4 ©)**. This behavior means that the spin

labels in the 5-DSA molecules possess a 2D-distribution, as one may naturally expect for a
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bilayer. Eq. (5) allows one to directly obtain the surface density o. The calculated o values
deviate from those expected for homogeneously distributed molecules (Fig. 5). This effect,
previously reported for POPC bilayers [10, 31], and DPPC and DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine) bilayers [31], is interpreted by formation of 5-DSA molecular
nanoclusters. The 5-DSA local concentration in such clusters increases with increasing
peptide concentration. The results in Fig. 5 indicate that peptides promote cluster formation.

This phenomenon is confirmed by “H ESEEM experiments on 5-DSA in the presence
of PTric (Fig. 6), where Ay is seen to strongly increase with increasing 5-DSA concentration
(with saturation occurring above 2 mol %). Thus, one may conclude that 5-DSA clusters are
formed around the peptide molecules. By comparison with the results of a previous computer
modelling study [31] we can state that the size of such clusters is larger than 20 nm (below
this value, the time traces in Fig. 4 are expected to become stretched — see Fig. 1 in [31]).

It is interesting to note that this nanocluster formation around peptide molecules
occurs in the same concentration range where dimers are formed, namely around a peptide
concentration of ~ 2 mol % (Fig. 3). Probably, peptide dimers disrupt the neighbor lipid
packing and stearic acid molecules compensate for this perturbation.

Free fatty acids are building blocks for lipids and a component of bacterial
membranes that regulates its physical properties such as a fluidity and rigidity [44]. Fatty
acids also facilitate peptide/protein “anchoring” and traffic along the membrane by
palmitoylation, a type of covalent attachment of free fatty acids to specific amino acids [45],
that is relevant for peptide and protein functioning [11-13,45], and participate in signal
transporting and regulation functioning [46, 47]. In summary, redistribution of free fatty acids
seems to be an alternative mechanism by which peptides exert their membrane-modifying

action [10,14].
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Conclusion

In this work we studied two effects by which peptide antibiotic Tric perturbs the lipid
membrane. The first effect involves peptide self-assembling to dimers which may induce
membrane leakage. In the second, capture of free fatty acids by peptide molecules takes place
in the bilayer, possibly leading to a disturbance of lipid homeostasis in the bacterial
membrane. Both processes become effective above a critical peptide concentration, found to
be around 2 mol % for Tric.

Below that critical concentration, the peptide molecules occur in the monomeric state
in the membrane and free fatty acids form local clusters. At low peptide concentrations, both
fatty acid clusters and peptides exist independently. Above the critical peptide concentration,
Tric tends to form dimers, while clusters of fatty acids become denser, with a simultaneous
mutual attraction between fatty acid clusters and peptides taking place. As free fatty acids are
involved in membrane functioning, this capturing effect may perturb the physiological

functions of the membrane and thus play an important role in peptide antibiotic action.
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