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Duramycin is a small tetracyclic peptide which binds specifically to ethanolamine phospholipids (PE). In this study,
we used lipid monolayers consisting of 1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE) and various phospha-
tidylcholines (PC) to investigate the effect of duramycin on the organization of lipids and its influence on surrounding
water molecules, using vibrational sum-frequency generation spectroscopy in conjunction with surface pressure
measurements and fluorescence microscopy. The results show that while duramycin has no effect on the PC lipid
monolayers, it induces significant disorder of PE molecules and causes an increase of the PE monolayer surface pressure.
Duramycin adopts a f-sheet conformation and is well-ordered at the air—water interface as well as after binding to PE.
Our results are consistent with duramycin inserting into the PE monolayer via its hydrophobic end, exposing phenyl-
alanine residues to the lipid. Binding of duramycin to PE broadens the hydrogen-bond distribution of lipid-bound water
molecules, notably increasing the fraction of the less strongly hydrogen-bonded, possibly undercoordinated, water
molecules. Fluorescence microscopy reveals that the interaction of duramycin with PE causes a change in the shape of
the liquid-condensed domains of the PE monolayer from circular to horseshoe-like, indicating a reduction of line tension
at the boundary of the two lipid phases. These results reveal that the first steps in the disruption of membrane integrity by
duramycin consist of a reduction of the line tension, a decrease in the lipid order, and a weakening of the hydrogen

bonding network of water around PE.

Introduction

Duramycin and cinnamycin are small, tetracyclic peptides,
produced by Gram-positive bacteria." Both peptides belong to
the lantibiotic group of toxins and are known to disrupt bacterial
and mammalian cell membranes.”® One of the remarkable
properties of these peptides is their ability to specifically bind to
lipids containing phosphoethanolamine (PE)* in the lipid head-
group part (Figure 1A), separating it from other antimicrobial
peptides for which the interaction with membranes is generally of
electrostatic nature and therefore nonspecific.® The recent interest
in duramycin/cinnamycin membrane interaction is motivated, on
the one hand, by the possibility it offers to study the distribution
and dynamics of specifically PE in cell membranes.”® On the
other hand, interest is motivated by the potential application of
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duramycin as a next generation antibiotic.'® Although the specific
interaction between duramycin and PE has been demonstrated,”
it has remained challenging to determine the details of the inter-
action between duramycin and PE at the molecular level. Specific
questions have remained unanswered, in particular regarding the
degree to which the duramycin organization is collective, the
effect of duramycin on the organization of lipids, and the role of
water in the peptide—lipid interaction.

Figure 1B shows the amino acid sequence and approximate
structure of cinnamycin and duramycin derived from nuclear
magnetic resonance (NMR) studies.''? A total of 19 amino acids
assemble to form a hydrophobic end, involving three phenylala-
nine residues, along one side, and a hydrophilic part on the oppo-
site side. The difference between these two peptides is the presence
of arginine in cinnamycin where there is lysine in duramycin.

Cinnamycin is known to form a tight equimolar complex with
PE. The proposed structure of the complex, based on the NMR
analysis,"® is depicted in Figure 2. There is a pocketlike region
formed by residues Phe-7 through Ala-14 at the hydrophobic
end, which specifically binds the ethanolamine end of PE. It is
proposed that the interaction with the ethanolamine is stabilized
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X(2) = Lys - duramycin
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Figure 1. Schematic showing (A) phosphoethanolamine and phosphocholine of the lipid headgroup part, (B) the structure of duramycin and
cinnamycin (R009-0198). Abbreviations: Ala, alanine; X,, lysine (duramycin) or arginine (cinnamycin); Gln, glutamine; Phe, phenylalanine;
Pro, proline; Abu, ai-aminobutyric acid; Val, valine; Asp, aspartic acid; Gly, glycine; Asn, asparagine; Lys, lysine. Alag is linked to Lys;q as

lysinoalanine. The picture was drawn according to ref 11.

Structure of the cinnamycin-lyso PE complex
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Figure 2. Three-dimensional structure of cinnamycin lyso—PE complex. The figure was prepared using the program King (http://kinemage.
biochem.duke.edu) with the structure coordinates (PDB ID: 2dde) file downloaded from the Protein Data Bank (http://www.rcsb.org.pdb).'

Numbers 7—14 denote residues forming the hydrophobic pocket.

by an ionic interaction between the ammonium group of phos-
phoethanolamine and the carboxylate group of Aspl5 residue.
Additional stability is provided by hydrophobic interactions
involving Gly-8, Pro-9, Val-13, and two Phe-10 and 12 residues,
with the glycerol moiety of the lipid.

Electron microscopy and small-angle X-ray scattering (SAXS)
of PE containing liposomes have shown that the morphology of
the lipid membrane drastically changes upon duramycin binding
to PE within the bilayer.> Scanning probe microscopy studies
of supported lipid bilayers also showed the shape change of PE-
containing lipid bilayer by duramycin.'* Specifically, duramycin
destabilizes small (~10 nm diameter) lipid vesicles, causing sur-
face-adsorbed vesicles to fuse on the surface, giving rise to lipid
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bilayers and multilayers. Moreover, increased membrane perme-
ability has been observed after treatment with duramycin of cel-
lular membranes containing PE.

Here, we report our study of duramycin interaction with phos-
pholipid monolayers using vibrational sum-frequency generation
spectroscopy (VSFG). Surface sum-frequency generation (SFG)
is a laser-based nonlinear vibrational spectroscopy and has recently
been demonstrated to be a powerful technique to study the inter-
action between peptides and model membranes.'>'® The strength
of SFG lies in its ability to monitor (through their molecular
vibrations) details of the organization and conformation of the
three key players in the interaction: duramycin, lipids, and water.
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Duramycin is studied through its amide vibrations as well as its
C—H stretch vibration of the unsaturated =C—H groups of the
aromatic phenylalanine amino acid residue. Lipids are studied
using their C—H stretch vibrations, providing information about
order in their tails."” Finally, changes in the lipid-bound water
structure are obtained from the O—H (O—D) stretch vibration of
(heavy) water. The use of a monolayer (rather than bilayers)
allows for detailed control over the lipid properties (surface
pressure and composition) and seems warranted, as we are
interested in the initial steps of the duramycin—lipid interaction
which may occur on one leaflet of a bilayer membrane.

We present data for pure lipid monolayers, pure duramycin
monolayer, and lipid monolayers in the presence of duramycin.
Our results confirm the specific duramycin—PE interaction.
Novel observations include (1) the highly ordered and uniform
orientation of duramycin molecules at the water—lipid interface;
(2) duramycin-induced disorder of lipid molecules in the mono-
layer, despite the increase in the surface pressure and; (3) a
weakening of the water hydrogen-bonding structure upon bind-
ing of duramycin. The latter two observations are tentatively
attributed to the onset of membrane destabilization upon binding
of duramycin.

Experimental Section

Materials. The following materials were purchased from Avanti
Polar Lipids Inc. (Alabama, AL) and used without further purifica-
tion: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE;
16:0/18:1), 1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-phosphoethanol-
amine (dPOPE; 16:0 D31/18:1), 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC; 18:1/18:1), 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC; 16:0/16:0), 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC; 14:0/14:0), 1-oleoyl-2-[12-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine
(NBD-PC; 18:1—12:0), and 1-oleoyl-2-[12-[(7-nitro-2-1,3-benz-
oxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphoethanol-
amine (NBD-PE; 18:1—12:0), used as a fluorescent marker for
microscopy measurements. All lipids were dissolved in chloro-
form (Sigma-Aldrich) to a final concentration of 0.5 ug/uL for
nonlabeled lipids and 0.2 ug/uL for lipids labeled with a fluores-
cent tag.

The phosphate buffer (10 mM, pH = 7.5) was prepared with
D,O (Cambridge Isotope Laboratories, Inc., 99.93% purity) to
avoid interference of O—H stretch vibrations with the C—H
stretch vibrations. Duramycin from Streptoverticillium cinnamoneus
was from Sigma (St. Louis, MO). It was dissolved in water to a
final concentration of a stock solution 0.7 mM.

Lipid Monolayers. All experiments on lipid monolayers were
performed at room temperature (22 °C) in a commercial micro-
trough (Delta Pi, Kibron, Finland, surface area of 12 cm?).
Droplets of lipid solutions in chloroform were spread onto a
phosphate-buffered solution using a Hamilton microsyringe
equipped with a repeating dispenser. The surface pressure was
measured with a Dynaprobe instrument (Kibron, Finland), which
consisted of a thin metal wire. The initial monolayer surface
pressure (before injection of duramycin) was set in the range of
30—40 mN/m, similar to typical pressures of lipids in biological
cell membranes,'®!” and corresponding to a molecular density of
lipid of about 2.7 x 10" lipid molecules/cm?.

The surface pressure was adjusted by changing the amount of
lipid solution that was spread at the air—water interface. After
equilibration, fluorescence images and SFG spectra were recorded
on pure lipid monolayers and after injection of duramycin into the
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aqueous subphase. The duramycin solution (in water) was in-
jected beneath the lipid monolayer with a microsyringe.

Surface Activity of Duramycin. Duramycin is an amphi-
phatic molecule and is therefore expected to be surface-active
(i.e., adsorb at the air—water interface).!! In order to study the
insertion of duramycin into lipid monolayers, we ensured that the
surface pressure due to the lipids was significantly larger than
that attainable by the peptide. This allowed us to distinguish the
surface activity of the peptide from the lipid—peptide interaction.
An experiment recording the surface pressure at the air—water
(phosphate buffer) interface of a duramycin solution indicated a
maximum surface pressure of 15 mN/m, significantly lower than
the surface pressure of lipid monolayers.

Fluorescence Microscopy. Fluorescence microscopy images
were taken with an Olympus BX51 M microscope fitted with a
10x objective lens, NA 0.25, and a digital camera system (Olympus
DP71). The optical resolution was 1.3 um. A mixture of non-
labeled (99 mol %) and NBD-labeled lipids (1 mol %) was used to
prepare lipid monolayers. The NBD dye is covalently attached to
a single end of the lipid hydrocarbon chain. The addition of the
fluorescent probe in the range of 0.1—2 mol % has no significant
effect on the monolayer transition pressure.”’ A mercury lamp
and band-pass filter (420—480 nm) were used for NBD excitation
(NBD Ay = 465 nm Aepiss = 534 nm). Lipids with fluorescent
probes are known to partition into the liquid expanded phase
(LE), causing bright fluorescent images.>'

Vibrational Sum-Frequency Generation (VSFG). VSFG
spectroscopy is a type of coherent second-order nonlinear optical
spectroscopy, in which an infrared (IR) beam and a visible (VIS)
beam are spatially and temporally combined at a surface or inter-
face, generating a signal whose frequency is the sum of the infrared
and visible frequencies.?” The intensity of the emitted VSFG field
is strongly enhanced when the IR frequency is resonant with a
vibrational transition of molecule at the surface. The intensity
of the signal for particular molecular vibration depends on the
coverage of molecules at the interface (generally the depen-
dence of the signal strength is quadratical with coverage) and on
the orientation of their dipoles (increasing as more dipoles have
the same orientation). Our VSFG setup was previously described
in detail.?® All VSFG spectra were recorded under ssp (SFG, VIS,
IR) polarization conditions, in the range of 1500—3200 cm™ ',
while scanning wavelength with the IR laser. The incident angles
for the VIS and IR beams were 35° and 40° with respect to the
surface normal, respectively. The spectra were normalized using a
reference signal from z-cut quartz.

The SFG intensity is proportional to the square of the second-
order nonlinear susceptibility @ of the sample and the intensities
of the visible and infrared beams:

IskG o< [P P Ivishir (1)

The susceptibility X(z) consists of a nonresonant term and a
resonant term. Assuming that the resonant contributions can be
approximated by Lorentzian functions, the overall susceptibility is
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where A, represents the amplitude of the nonresonant suscepti-
bility, ¢ is the phase, and A4,, is the amplitude of the nth vibrational
mode, with resonant frequency w, and line width T',. This
equation shows that when the frequency of the incident infrared
beam isin resonance with a vibrational mode (), the SFG signal is
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Figure 3. Fluorescence microscopy images for (A) a pure POPE
monolayer, (B) the same POPE monolayer in the presence of
duramycin, (C) a pure DPPC monolayer, and (D) the same DPPC
monolayer in the presence of duramycin. To obtain fluorescent
contrast, lipids without fluorescent label were mixed with NBD-tail
labeled POPE or POPC (1 mol % NBD-PE or PC).

enhanced. For most systems, including the one studied here, X(Z)
can only be nonzero at an interface, where the symmetry is
broken. Thus, the probe depth of VSFG is strictly defined by
the region that lacks inversion symmetry. The ability of VSFG to
provide structural information about surfaces makes it parti-
cularly well-suited to the study of lipid interfaces and membrane
physics, without the need to attach fluorescent labels.* >* For
phospholipids monolayers, characteristic vibrations of lipid tails
and heads can be observed, as well as vibrations of water molec-
ules around the lipid headgroups and water molecules present
close to the lipid hydrocarbon chains.?**® Equation 2 was used to
fit the VSFG spectra, as described in the literature.>**’

Results and Discussion

Reduction of Line Tension at the Phase Boundary of Lipid
Domains: Fluorescence Microscopy. POPE shows gel to liquid
crystalline phase transition temperature (7,) at 25 °C.* In Figure 3,
we examined fluorescence images before and after injection of
duramycin below a POPE monolayer at 22 °C, which is below the
T. of POPE. We also studied the effect of duramycin on DPPC
(T. = 41 °C).* In all images, two coexisting phases are seen: (i) a
liquid-condensed (LC) phase appearing as black (nonfluorescent)
domains and (ii) a liquid expanded (LE) phase appearing as bright
(fluorescent) domains.?' The existence of two phases is consistent
with the presence of a plateau in the pressure—area isotherm of
a pure POPE and DPPC monolayer.***! For pure monolayers,
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the condensed domains have a circular shape with an average
diameter of 6 um. The circular morphology is due to the finite line
tension between the two lipid phases.*>

When duramycin is injected into the subphase beneath the
POPE monolayer (Figure 3B), the LC domains developed a
horseshoe-like shape. According to ref 33, the area/perimeter
(A/P) ratio of a domain is directly proportional to the line
tension.*® The A/P ratio, calculated from the number of pixels
in the domain and on its perimeter, is 3.7 for the circular and
1.8 for the horseshoe-like domains. This decrease in the A/P ratio
indicates that duramycin reduces the line tension at the boundary
between the LC and LE phases. The morphology of the POPE
monolayer changed quickly after addition of duramycin to the
subphase. The sharper contrast in the fluorescence images with
duramycin present indicates that the lateral diffusional mobility
of the domains was greatly reduced. There was no change in the
DPPC domain structure when duramycin was added beneath the
DPPC monolayer (Figure 3D). The same experiment for a DOPC
(liquid crystalline at 22 °C)** monolayer also revealed no changes
in the monolayer morphology by duramycin, where it should be
noted that for DOPC there is no coexistence of different phases at
room temperature.3 !

A theory developed by the McConnell group interprets
the size and shape of lipid domains at the air—water interface as a
competition between line tension and dipole densities. In parti-
cular, this theory states that line tension favors large circular
domains, whereas long-range dipolar and electrostatic forces
favor small and/or extended and irregular domain sizes and
shapes. Thus, it is likely that the irregular domain shapes that
we observed for the POPE monolayer after injection of duramy-
cin (Figure 3B) were due to an increase of electrostatic dipole
densities that occurred within the lipid domains after duramycin
binding. More specifically, our POPE/duramycin system has an
ionic electrostatic dipole, leading to a predominance of long-
range dipolar forces.>> Indeed ion pair formation between the
positively charged amino group of PE and the negatively charged
aspartic acid (Asp-15) residue of cinnamycin has been suggested
based on the NMR studies."® According to the theory, an
increased contribution of electrostatic interaction must be asso-
ciated with a reduction in line tension which is observed as a
change of the domains shape in the fluorescence images.

Vibrational Sum-Frequency Generation Spectroscopy.
Here, we used VSFG to study the arrangement of duramycin
and lipid molecules at the air—water and lipid—water interfaces.
For this, we recorded vibrational fingerprints in the amide I band,
the lipid C—H stretch vibrations, and the water O—D stretch
vibrations. The amide I band arises primarily from in-plane
peptide C=0 stretch vibrations.*® In our experiments, we used
D,0, since our setup works better at O—D than O—H stretch
frequencies. The use of D,0 also allowed us to avoid the overlap
between the amide I band and the H,O bending mode.

Conformation of Duramycin at Interfaces: SFG in the
Amide I Region. The peptide conformation at the lipid—water

35-37
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Figure 4. VSFG spectra in the C=0 stretch region for (A) a
DOPC monolayer, (B) a POPE monolayer in the presence of
duramycin at a solution concentration of 0.7 uM, (C) a POPE
monolayer in the absence of duramycin, and (D) a pure duramycin
monolayer. The solid lines represent fits to the data using a
Lorentzian model.

interface influences the biological activity.* It is however difficult
to observe the structure of the peptide at the lipid—water inter-
face. Only a few spectroscopic methods, such as SFG, attenuated
total reflection Fourier transform infrared spectroscopy (ATR-
FTIR), and circular dichroism (CD) can provide such informa-
tion. Some studies have shown that the conformation of the
peptide in solution is different from its conformation after binding
to a lipid matrix.* In particular, most of the o-helical peptides
tend to change structure upon adsorption.*!

Figure 4 shows VSFG spectra in the amide I region for a pure
monolayer of duramycin (Figure 4D), a pure monolayer of POPE
(Figure 4C), and for the POPE and DOPC monolayers after
addition of duramycin (Figure 4B and A, respectively). The spec-
trum for duramycin (Figure 4D) has two sharp peaks, one at
1634 cm ™" and the other one at ~1683 cm™'. According to the
literature, the band at 1634 cm ™' can be assigned to the B, mode
and the band at 1683 cm ™' to the B, /B3 modes, both associated

(39) Powers, J.-P. S.; Hancock, R. E. W. Peprides 2003, 24(11), 1681-1691.
(40) Matsuzaki, K.; Horikiri, C. Biochemistry 1999, 38(13), 4137-4142.
(41) Shai, Y. Biochim. Biophys. Acta 1999, 1462(1—2), 55-70.
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with antiparallel S-sheets.*>** The observation of strong amide
bands in the SFG spectrum implies that duramycin molecules are
highly oriented at the air—water interface. The uniform orienta-
tion of duramycin at the interface is a prerequisite for its spectro-
scopic detection using SFG; for a disordered monolayer, the
signals from oppositely oriented C=0 dipoles would cancel out.
The 1736 cm ™' peak observed for both PE and PC monolayers
(Figure 4C, B, and A) is due to the C=O0 stretch vibration of the
lipid ester group. The spectrum for the pure POPE monolayer
(Figure 4C) contains an additional peak at 1655 cm ™' which we
tentatively assigned to the N—D bending motion of the ethanol-
amine group, where the D atom bridges N with O in the PO,
group. It is highly probable that hydrogen atoms on the NH3
group are replaced with deuterium atoms, since D,O was a
medium in the buffer solution. A comparison of Figure 4B and
D implies that the structure of duramycin at the lipid—water
interface (Figure 4B) is the same as it is at the air—water interface
(Figure 4D). This is in agreement with a recent molecular dynamics
simulation study on the structural stability of -peptides at an
interface.**

No bands associated with the peptide vibrational modes were
observed when duramycin was present in the subphase beneath
the DOPC monolayer (Figure 4A). It appears that duramycin
does not form an ordered interfacial structure near the DOPC
monolayer. This observation is consistent with the previously
observed lack of interaction between duramycin and PC lipids in
vesicle studies.”

Destabilization of Lipids in the Presence of Duramycin:
SFG in the C—H Stretch Region. The unique selection rules of
SFG that inversion symmetry must be broken allows one to
investigate the order of lipids at the air—water interface by
monitoring the intensity ratio of the methyl and the methylene
groups in the lipid alkyl chains.'” Figure 5 shows VSFG spectra in
the C—H stretch region for monolayers of DMPC (T, = 24 °C)*
and POPE spread at the air—water interface (Figure 5A and C).
The solid lines in the figures were obtained by fitting using eq 2.
Three intense peaks are seen in both spectra, which are assigned,
according to previous studies, to the symmetric CH, stretch mode
at 2850 cm~' (CH,—SS), the symmetric stretch mode of the
terminal CHj group at 2875 cm™' (CH5—SS), and a third peak
at around 2950 cm ™' is ascribed to the asymmetric CHs stretch
mode, in combination with contributions from Fermi resonances.”’
When lipid molecules are ordered, the SFG intensity of the
methylene relative to methyl stretch is low, due to, respectively,
the inversion symmetry of an all-trans alkyl chain and collective
orientation of the methyl groups. On the other hand, when gauche
defects are formed, the inversion symmetry within the alkyl chain
is broken and the relative intensity of the methylene symmetric
stretch mode increases; the disorder reduces the methyl
intensity.*® In the spectrum for pure POPE (Figure 5C) mono-
layer, the CH, symmetric stretch relative to the CH3 symmetric
stretch is much more pronounced than that for DMPC
(Figure SA), suggesting that tails of the lipids are less ordered.
This disorder in POPE is due to kinks in the lipid tails formed by
the presence of an unsaturated C=C bond in the POPE molecules.

In order to investigate the effect of duramycin on the lipid
organization, we first recorded VSFG spectra in the C—H region
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Figure 5. VSFG spectra in the C—H stretch region for (A) a pure
DMPC monolayer (deposited on H,O), (B) the same DMPC
monolayer in the presence of duramycin, (C) a pure POPE mono-
layer, (D) the same POPE monolayer in the presence of duramycin,
and (E) a pure duramycin monolayer. The solid lines represent fits
to the data using a Lorentzian model. The monolayer surface
pressure is given in the right corner of each panel. The final
duramycin concentration is below 0.7 uM.

for duramycin present at the air—water interface (Figure SE). In
this spectrum, an intense peak at 3046 cm™' is observed in
addition to symmetric and asymmetric CH; and CH, stretches
(2800—3000 cm ™ '). A peak at 3046 cm ™ is typical for the C—H
stretch mode of aromatic compounds and originates from the
only aromatic amino acid contained in duramycin, the phenyl-
anine (Phe) residues.*”*® The marked intensity of the 3046 cm ™'

(47) Kim, G.; Gurau, M. C.; Lim, S.-M.; Cremer, P. S. J. Phys. Chem. B 2003,
107(6), 1403-1409.

(48) Kim, G.; Gurau, M.; Kim, J.; Cremer, P. S. Langmuir 2002, 18(7), 2807
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peak indicates that duramycin molecules are highly oriented at the
air—water interface, which was also concluded from the SFG
spectra in the amide I region.

Figure 5B and D shows the effect of duramycin on the lipid tails
of the DMPC and POPE monolayer. The major difference is that
there is no effect of duramycin on the DMPC signal (and DOPC,
data not shown), whereas for the POPE monolayer several
changes are evident: the appearance of the 3046 cm™' peak and
changes in the remainder of the spectrum. The monolayer surface
pressure also increased from 30 to 42 mN/m, indicating incor-
poration of duramycin into the POPE containing monolayer,?
whereas the surface pressure for DMPC remained at 30 mN/m.
The observation that the Phe peak at 3046 cm™" is comparable in
strength to the lipid C—H stretch bands is somewhat remarkable;
given the fact that duramycin contains only three phenylalanine
amino acids, with one benzene moiety each. The Raman and IR
cross sections of the aromatic =C—H stretch are comparable to
that of the C—H stretches of the methyl and methylene groups of
the lipid. This indicates that the same degree of ordering is present
in the duramycin and in the lipid tails. Hence, we can conclude not
only that there is very little variation in peptide structure, but that
for the ensemble of peptides their orientation is quite uniform.

The addition of duramycin into the subphase below POPE
(Figure 5D) monolayer causes a signal intensity decrease over the
entire frequency range, which may reflect an overall increase in
disorder of the conformation for lipid molecules at the interface.
It also results in spectral changes, most notably an increase in the
CH, symmetric stretch at 2850 cm ™! relative to the CHs sym-
metric stretch at 2875 cm™" (comparison of Figure 5C and D).
This can be understood from symmetry arguments: when the
methylene groups in an alkyl chain change from ordered trans to
disordered cis conformation, a local center of inversion disap-
pears which renders the CH, modes SFG active. The CHj
intensities on the other hand will simultaneously decrease, due
to a broadening of the angular distributions of chain tilt angles.
Given the preceding arguments, the intensity of the CH,—SS
relative to that of the CH3—SS constitutes an appropriate semi-
quantitative measure of lipid disorder in pure lipid monolayers.*’
However, since duramycin has oscillator strength in the same
spectral region, it is difficult to separate the contributions of the
lipids from that of the peptide. To confirm that duramycin indeed
induces disorder in the POPE lipid monolayer, we performed
experiments on a monolayer containing partially deuterated
POPE, having one deuterated alkyl tail. The resultant SFG spectra
together with the peak assignment** are shown in Figure 6. It is
apparent that the intensity of the CD, symmetric stretch peak
increases upon injection of duramycin, pointing to an increased
average number of gauche defects within the alkyl chains, which
make an increased number of CD, groups SFG-active.

The increase in CD5 stretch intensity thus testifies to increased
molecular disorder of lipids in the POPE monolayer, despite the
surface pressure increase from 31 to 39 mN/m. It is uncommon to
observe a reduced lipid order when the monolayer surface pres-
sure increases. The observation that the symmetric CDjs stretch
intensity remains unchanged suggests that binding of duramycin
to PE lipids does not affect the average orientation (or orienta-
tional distribution) of lipid molecules.

Destabilization of Lipid-Bound Water in the Presence of
Duramycin: SFG in the O—D Stretch Region. The specific
binding of duramycin to PE lipids must be associated with a
significant restructuring of water molecules associated with lipids

(49) Gurau, M. C.; Lim, S.-M.; Castellana, E. T.; Albertorio, F.; Kataoka, S.;
Cremer, P. S. J. Am. Chem. Soc. 2004, 126(34), 10522-10523.
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Figure 6. VSFG spectra in the C—D stretch region for (A) a pure
dPOPE monolayer (POPE with the saturated lipid alkyl chain
deuterated) and (B) the same dPOPE monolayer (deposited on
H,0) in the presence of duramycin at a solution concentration of
0.7 uM.

and duramycin. Although water is anticipated to play an important
role in interactions of lipids with peptides, there is little experi-
mental evidence on water involvement in these biologically
important interactions because it is difficult to access information
on the small number of water molecules located in hydration
shells of lipids and peptides. Small quantities of water molecules
are detectable using SFG under the condition that their dipoles
are uniformly oriented and that symmetry of the environment is
broken.

Figure 7 shows VSFG spectra in the O—D stretch region for a
pure monolayer of DOPC (Figure 7A) and POPE (Figure 7C)
spread at the air—water interface. The spectra for both lipid
monolayers are characterized by the presence of a broad peak at
2350 cm ™' with a shoulder at ~2500 cm ™. It has been estimated
that approximately 10—20 water molecules are associated with
each phospholipid molecule.’*>" These water molecules form a
complex network of hydrogen bonds with other water molecules,
but also with hydrogen bond-donating and -accepting moieties
within the lipid headgroup, including the glycerol group and the
carbonyl group of the lipid. The strength of these hydrogen bonds
is affected by the local membrane environment and is reflected in
the frequency of the O—D stretch mode, with lower frequencies
indicating stronger hydrogen bonding. The stretch frequency of
an isolated D,0 molecule is at ~2730 cm ™~ '.** Accordingly, when
the measured O—D frequency is closer to 2730 cm ™', the D,O
molecule is less constrained by the hydrogen-bond environment.
The spectra shown in Figure 7A and C indicate fairly strong
hydrogen bonding of water molecules associated with DOPC and
POPE lipid molecules. The main peak at 2350 cm™' and the
shoulder at higher frequency> can be attributed to the O—D
stretch mode of water molecules in the extended hydrogen-
bonding network, in which there are up to four hydrogen bonds
per water molecule. This is because water in crystalline ice films
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Figure 7. VSFG spectra in the O—D stretch region for (A) a pure
DOPC monolayer, (B) the same DOPC monolayer in the presence
of duramycin, (C) a pure POPE monolayer, (D) the same POPE
monolayer in the presence of duramycin, and (E) a pure duramycin
monolayer. The solid lines represent fits to the data using a
Lorentzian model. The surface pressure is given in the right corner
of each panel. The final duramycin concentration is below 0.7 uM.

has been reported to have vibrational response at approximately
the same frequency.’® These water molecules are located near the
phospholipid headgroups.?®>>3¢

No change in the O—D vibrational spectrum of water mole-
cules was observed when duramycin was injected into the sub-
phase below the DOPC monolayer (Figure 7B). In contrast, the
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SFG spectrum in the O—D stretch changes significantly when
duramycin is added into the subphase below the POPE monolayer
(Figure 7D). Most notably, a new peak at 2580 cm ™' appears. The
peak position is significantly blue-shifted from the highest fre-
quencies observed for pure POPE (2490 cm™') and pure dur-
amycin (2520 cm ™ '). It manifests the presence of water molecules
in a weaker hydrogen-bonding environment, which must be related
to association of water molecules with the duramycin—POPE com-
plex. The water signal strength upon injection of duramycin does not
change much compared to the pure POPE monolayer (Figure 7C),
suggesting that there is no significant charge screening induced by
duramycin. This in turn may indicate that there is little interaction
between the ethanolamine group of the lipid and duramycin.

Little is known about how the binding of amphiphilic peptides
to lipids affects the local water hydrogen-bonding environment
at the lipid—water interface. Theoretical studies have shown that
the number of water—water hydrogen bonds increases when an
amphiphatic peptide diffuses from bulk solution to the inter-
face.* This contrasts our finding of weakened hydrogen bonding
observed here. On the other hand, time-resolved fluorescence
spectroscopy studies of gramicidin showed that a peptide can shift
water molecules deep into the lipid bilayer, pushing them closer to
the lipid alkyl chains.’” Penetration of water as far as the glycerol
backbone of the lipid and between fatty acyl chain packing defects
has also been reported.”® Water in this hydrophobic environment
would be expected to be more weakly hydrogen-bonded and
display an increased vibrational frequency. Thus, we propose that
the peak we observed at 2580 cm™" in the duramycin + POPE
system (Figure 7D) arises from water molecules that duramycin
has forced into a hydrophobic region of the duramycin—lipid
complex, for instance, in the vicinity of the lipid fatty acyl chains.
In any case, it is apparent that binding of duramycin with POPE
lipids is associated with a weakening of the hydrogen-bonded
structure of water molecules in the hydration shells of the peptide
and the lipid. To the best of our knowledge, this constitutes the
first spectroscopic evidence for restructuring of interfacial water
occurring upon peptide binding to lipids.

Conclusions

In this study, we used fluorescence microscopy and VSFG to
investigate the interaction of duramycin with lipid monolayers
composed of lipids containing phosphoethanolamine (PE) and
phosphocholine (PC) in their headgroup parts. The results are
consistent with previous reports that the interaction of duramycin
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with the POPE lipid monolayer system is headgroup-specific:
there was no sign of duramycin—lipid interaction for any of the
PC-headgroup containing lipids studied here. A lipid monolayer
as a simple model of the cell membrane reflects the specific
interaction observed previously in lipid vesicles or cells studies.
Fluorescence microscopy shows that duramycin causes reduction
of the line tension at the phase boundary between the LC and LE
phases in the POPE monolayer. SFG data in the amide I region
indicate that duramycin has a -sheet conformation at the air—
water interface and also after binding to POPE, and that
duramycin is uniformly oriented, both at the air—water interface
and after penetration into the hydrophobic core of the POPE lipid
monolayer. This is further corroborated by a relatively intense
aromatic =C—H band from the peptide phenylanaline amino
acids, also consistent with both an ordered structure of the peptide
and a collective orientation of the ensemble. Monitoring the C—H
stretch vibrations of the lipids reveals that duramycin causes
an increase of disorder of the lipid alkyl chains of the POPE
monolayer. Water vibrations reveal an increase in the population
of weakly hydrogen-bonded water molecules, giving rise to a
characteristic feature in the O—D region at 2580 cm ™.

These results illustrate the first steps in the action of the
antimicrobial peptide duramycin to disrupt membrane integrity:
upon adsorption of duramycin, the line tension between different
lipid phases is reduced. Most notably, our results provide a
glimpse of duramycin action at the molecular level; duramycin
adsorption occurs in a highly ordered fashion; duramycin molec-
ules are collectively aligned and highly ordered at the molecular
level. Interaction of duramycin with the monolayer results in
reduced lipid order and a weakening of the water hydrogen-
bonding network around PE. The vibrational fingerprints of the
specific interaction of the antibiotic peptide with lipids will allow
for rapid screening of various peptides, with antimicrobial prop-
erties, using lipid monolayers and surface-sensitive vibrational
techniques.
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