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Guanidyl moieties of both arginine (Arg) and NR-benzoyl-L-argininate ethyl ester chloride (BAEE) are
protonated in all environments studied, i.e., dry solid state, D2O solutions, and dry and hydrated lipids as
suggested by DFT(B3LYP)/6-31+G(d,p) calculations. Arg and BAEE are able to insert in the lipid interphase
of both DMPC and DOPC monolayers as revealed by the observed decrease in the membrane dipole potential
they induce. The larger decrease in the dipole potential induced by BAEE, compared to Arg, can be explained
partially by the higher affinity of the hydrophobic benzoyl and ethyl groups for the membrane phase, which
allows an easier insertion of this molecule. FTIR studies indicate that the guanidyl moiety of Arg is with all
probability facing the hydrophobic part of the lipids, whereas in BAEE this group is facing the water phase.
Zeta potential measurements provide a direct evidence that Arg orients in the lipid interphase of
phosphatidylcholine (PC) bilayers with the negative charged carboxylate group (-COO-) toward the aqueous
phase.

Introduction

The interaction of proteins with different types of membranes
has been explained in terms of the insertion of some amino
acids at different depths of the bilayer.1-4 Some models postulate
the role of individual amino acids that can partition into the
bilayer. The free energy of partitioning of an amino acid side
chain from water into the cell membrane is one of the critical
parameters for understanding and predicting membrane peptide
stability and understanding membrane protein function. Trans-
membrane segments are generally very hydrophobic but may
contain hydrophilic residues which are important for the
structure or function of the protein.5 Polycationic peptide
insertion is mainly due to electrostatic interactions and specific
interactions with phosphatidycholine (PC) head groups.6,7

Among positively charged amino acids, L-arginine (Arg) is
an important component of several peptides and proteins.8,9 The
Arg side chain is constituted by a polar guanidyl moiety located
at the end of a four-atoms hydrophobic carbon chain, then
bearing simultaneously polar and apolar regions. In recent years,
there has been great interest concerning the protonation state
of Arg residues in a lipid bilayer environment.10,11

MacCallum et al.12 reported an insight on the preferred
location and orientation of the Arg side chain, as well as its
preferred charge states in lipid bilayers, by means of molecular
dynamic studies. It has been shown that Arg may be either
charged or uncharged at the center of the membrane5,12 and that
the mechanism of penetration of Arg in a membrane might be

related with the formation of water defects connecting its side
chains to bulk water.12 These water defects would dominate the
energetics of partitioning and participate in a process in which
water molecules in the hydrophobic phase of the membrane
should also be involved.12-14 Thus, unlike other ionizable amino
acids, such as lysine, glutamic, and aspartic acids, which become
uncharged well before reaching the center of the membrane,
charged Arg molecules can exist at the center of the membrane
by the rapid formation of water defects.13

The main goal of this paper is the elucidation of both the
preferred location and charge state of the guanidyl moiety of
Arg in the membrane. Accordingly, the insertion of Arg
monomers in PC bilayers was compared with that of the Arg
derivative, NR-benzoyl-L-argininate ethyl ester chloride (BAEE),
in which the negative carboxylate moiety (-COO-) of Arg is
replaced by the neutral hydrophobic carboxylic ethyl ester group
[-C(dO)OC2H5], and one of the hydrogen atoms of the
R-amino group (-NH2) is replaced by the hydrophobic and
voluminous benzoyl moiety (-C(dO)C6H6), thus forcing the
guanidyl group to stabilize at the water-membrane interphase.

The effect of the insertion of Arg and BAEE in membranes
was then investigated at a macroscopic scale by measuring the
zeta potential of bilayers and dipole potential of monolayers of
PC and, at a molecular level, by means of FTIR spectroscopy
in dry and hydrated films of the amino acids interacting with
lipids. In addition, structural, energetic, spectroscopic, and
physical (dipole moments) properties of both Arg (in its canonic
and zwitterionic forms) and of its BAEE derivative (canonic
andcationic forms)werestudied theoreticallyat theDFT(B3LYP)/
6-31+G(d,p) level.
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Materials and Methods

Chemicals. Dimyristoyl phosphatidylcholine (DMPC) and
dioleoyl phosphatidylcholine (DOPC) were obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL) and used as received.
The purity of lipids was checked by thin layer chromatography
using a chloroform:methanol:water mixture as running solvent.
Arg and BAEE were obtained from Sigma-Aldrich (Saint Louis,
MO). Chloroform and KCl were analytical grade. Water was
Milli-Q quality.

Dipole Potential Measurements. Dipole potentials (ΨD)
were determined in lipid monolayers formed at the air-water
interphase at saturation. Aliquots of chloroform solutions of the
two lipids tested were spread on a clean water surface or aqueous
solutions with Arg or BAEE at different concentrations and left
to reach constant pressures, until no changes were observed with
further additions of the lipids. At this saturation condition, lipids
in the monolayer are in equilibrium with lipids in the
subphase.15-17

Under these conditions, the values of interfacial potential
(Vsurf) were determined through a high impedance circuit, by
means of an Am ionizing electrode (R-emissor) placed on the
monolayer and a reference electrode immersed in the aqueous
subphase (KCl 1 mM) using the following expression: Vsurf )
VAg/AgCl - Vgrd ) Vsolution - Vgrd, where VAg/AgCl is the potential
of the reference electrode and Vgrd is the potential of the shield
covering the ionizing electrode.

Temperature was set at the values indicated in each assay
(mostly, 18 and 28 °C) and measured with a calibrated
thermocouple immersed in the subphase and maintained within
(0.5 °C.

The ΨD of the monolayer was evaluated as ΨD ) Vsurf -
Vlip, where Vsurf is the potential of the clean surface (without
lipids) and Vlip is the potential after the monolayer formation.
ΨD is related with the area (A) according to ΨD ) µ⊥/Aεoε,
where µ⊥ is the average component of the lipid molecular dipole
moment including membrane-associated water molecules per-
pendicular to the plane of the membrane; εo is the permittivity
of free space; and ε is the local dielectric constant.18

Zeta Potential Measurements. Zeta potentials were deter-
mined by measuring the electrophoretic mobility of multila-
mellar liposomes (MLVs) in a Zeta-Meter System 3.0 equip-
ment, at 18 ( 2 °C. The voltage was fixed at 75 V.

MLVs were prepared by dispersing the dry lipid films in Arg
or BAEE solutions with KCl 1 mM, above the transition
temperatures of the lipids (Tm DMPC ) 24 °C; Tm DOPC )
-5 °C), for 60 min. In another series of experiments, liposomes
were prepared by dispersing the lipids in a KCl aqueous solution,
and different concentrations of Arg or BAEE (5-20 mM) were
added to the liposome dispersion and incubated for 1 h above
the phase transition temperature of both lipids (ca. 35 °C). Then,
the liposome samples were cooled to 18 °C and transferred to
the measuring cell. Measures were done at 18 °C for a total
lipid concentration of 52 µM.

A total of 20 measurements were carried for each liposome
batch. Data reported are the average of the measurements done
for each condition with at least three different batches of
liposomes. The pH of the solution of Arg and BAEE liposomes
were controlled before and after the zeta potential measurements.
No important variations were found.

FTIR Measurements. Spectra of the solid state samples were
obtained for the compounds dispersed in KBr pellets, at a
relative humidity (RH) of 33-35%.

For spectra determination in solutions, lipids were dispersed
in Arg and BAEE D2O solutions.

The water content of the dry lipid films was estimated as
RH by means of the spectral parameter defined as the ratio of
the integral absorbance of the ν1,3OH band of water, centered
near 3400 cm-1, and that of the C-H stretching region
(3000-2750 cm-1), after baseline correction, in consonance with
Pohle et al.19 For fully hydrated lipid samples, 3-5 mg of the
dried sample was mixed with 30-50 µL of D2O by vigorously
vortexing at temperatures above the transition temperature of
the lipids (see above). The dispersion was then squeezed
between two AgCl windows, used as an optical substrate.

A FTIR Nicolet TM 380 spectrophotometer, provided with
a DTGS detector and a KBr beamsplitter, was used. A total of
64 scans were co-added for solid samples and of 320 scans for
hydrated samples, in both cases with 2 cm-1 resolution. A
number of different samples (no less than three) were processed
to obtain a standard deviation below the resolution of the
equipment. Whenever necessary, Fourier self-deconvolution was
applied to estimate the frequencies of the component bands
(band narrowing factors: 1.6-2.2), followed by curve fitting to
obtain band widths and intensities.

Calculations. The theoretical calculations were based on
density functional theory (DFT)20,21 and performed with the
Gaussian 03 package,22 using the Becke-style three-parameter
with the Lee-Yang-Parr correlation functional (B3LYP)23-25

and the 6-31+G (d,p) Pople-type basis set.26,27 The simulations
were carried out both in vacuum and taking into account solvent
(water) effects by using the polarized continuum model,
PCM,28-33 at the same level of theory.

Results and Discussion

To determine the protonated states of Arg and BAEE in the
investigated environments (dry solid state, D2O solution, and
in interaction with dry and hydrated lipids), B3LYP/6-
31+G(d,p) calculations were performed on canonic and ionic
forms of these two species. Besides minimum energy structures,
energies, and IR spectra, the total dipole moments for each
species were obtained (Table 1; Figure 1). For Arg, zwitterionic
forms where the protonated groups are the guanidyl (zwitterion
I) and the R-amino group (zwitterion II) were considered. The
calculations in vacuum predicted both zwitterionic forms to
converge to different canonic forms (see Figure 1). While
zwitterion I has converged to the most stable canonic form, the

TABLE 1: DFT (B3LYP)/6-31+G(d,p) Zero-Point Corrected Total (E0) and Relative (∆E0) Energies and Dipole Moments (µ)
for Canonic and Ionic Relevant Forms of Arg and BAEE in Vacuum and Water Solution

E0/hartree ∆E0/(kJ mol-1) µ/Debye

molecule form vacuum water vacuum water vacuum water

Arg canonic -606.3778 -606.4297 0 0 8.43 12.59
zwitterion I a -606.4080 a 56.9 a 20.07
zwitterion II -606.3712 -606.3937 17.2 94.5 6.40 14.09

BAEE canonic -1029.2752 -1029.2964 1080.4 1206.9 5.16 7.25
cation -1029.6867 -1029.7561 0 0 10.35 13.53

a During the gas-phase optimization, the zwitterionic form of Arg converged to the canonical one.
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optimization of zwitterion II has led to a canonic conformer
energetically less favorable by ca. 17 kJ mol-1 (see Table 1).
On the other hand, the calculations in water (PCM method)
predicted the guanidinium zwitterionic form (I) to be consider-
ably more stable than the R-ammonium form (II) [E(II-I) )
37.7 kJ mol-1; see Table 1]. This is in accordance with the well-
known higher basicity of the guanidyl moiety (the pKa values
of the polyfunctional Arg amino acid are 2.1, 9.0, and 12.5 for
the acid, amino, and guanidyl moieties, respectively).34 In the
case of BAEE, the two forms investigated are analogous of those
considered for Arg, i.e., the canonical form and the cationic
species with the charge located in the guanidyl moiety. The
importance of the guanidyl protonated species for the present
study was not just stressed by our own calculations but also by
the quite recent work of Im et al.,35 which reports that the
zwitterionic form of Arg with a protonated guanidyl moiety (I)
is more stable than the canonical form even when solvated by
just a few water molecules. One can then confidently state that
in all environments investigated in the present study in both
Arg and BAEE the guanidyl group is protonated.

The zeta potentials of DMPC and DOPC liposomes prepared
in water, at 18 °C, show a shift to negative values when titrated
in the presence of increasing concentrations of Arg after their
incubation above the phase transition temperature. Identical

results were obtained when the liposomes were prepared in Arg
solutions of similar concentrations and measured at the same
temperature (see Materials and Methods), as shown in Figure
2.

The pH of the systems was controlled before and after the
measurements. No buffer was added to avoid interferences in
the surface charge adsorption measures. In this condition, it is
interesting to note that the same shift was observed in liposomes
in the fluid state and with those in the gel state after their
incubation above the phase transition temperature. Moreover,
it is important to notice that even for the two unbuffered
solutions, Arg and BAEE, they caused qualitative opposite shifts
of the zeta potential.

In Figure 2, one can observe that the same protocol, using
BAEE, produces a zeta potential shift to positive values. In
addition, it should also be stressed that, in this latter case, the
change in the zeta potential is observed at much lower
concentrations. The shift to negative zeta potential, observed
when Arg is inserted in membranes, suggests that Arg is facing
the carboxylate group to the water phase. In turn, this allows
concluding that the Arg guanidyl moiety should be oriented
toward the membrane hydrophobic core. On the other hand, in
the case of BAEE, it is not difficult to determine the position
of the guadinyl moiety because the shift of zeta potential to net
positive charge indicates that it is facing the water phase.

The fact that both Arg and BAEE are able to insert in the
lipid interphase of both DMPC and DOPC monolayers is clearly
revealed by the observed decrease in the membrane dipole
potential they induce (Figure 3). However, BAEE promotes a
much larger decrease than Arg for similar concentrations. For
example, when the compounds are inserted in the lipid inter-
phase of DMPC at a 20 mM substrate concentration, the induced
decrease in the dipole potential is ca. 300 mV for BAEE and
only ca. 50 mV for Arg. Even at concentrations as high as 100
mM the decrease induced by Arg (ca. 110 mV; data not shown)
is smaller than that produced by a 20 mM BAEE concentration.
In summary, the decrease in the dipole potential induced by
BAEE in condensed monolayers of DMPC is ca. 6-fold higher
than that obtained for a similar concentration of Arg. On the

Figure 1. Schematic drawings of Arg and BAEE in the charge states
studied, showing the orientation of the total dipole moments.

Figure 2. Effect of Arg and BAEE on the zeta potential (�) of DMPC
and DOPC liposome, at 18 °C. DMPC (0)/DOPC (4) Liposomes
prepared by dispersing a dry film in Arg or BAEE solutions of the
indicated concentrations, at a temperature above the phase transition.
DMPC (9)/DOPC (2) Liposomes prepared in water and incubated at
ca. 35 °C in solutions of Arg or BAEE of the indicated concentrations.
Lines are only added to visualize the trend.
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other hand, the effect of BAEE insertion in DOPC monolayers
was found to be only 2-fold larger with respect to Arg (see
Figure 3).

The larger decrease in the dipole potential induced by BAEE,
compared to Arg, can be explained partially by the higher
affinity of the hydrophobic benzoyl and ethyl groups for the
membrane phase, which allows an easier insertion of these
species. In addition, the picture derived from zeta potentials
indicates that the guanidyl moiety of BAEE is exposed to the
water phase. Therefore, the dipole moment of BAEE opposes
the base dipole potential of the lipid (which is positive inside
the membrane), thus explaining the drastic decrease in the dipole
potential it induces for both DMPC and DOPC compared to
that resulting from the interaction of the lipids with Arg.

On the other hand, in the case of Arg, the positively charged
guanidyl moiety seems to be located in the membrane, with all
probability at the interphase, counteracting both the phosphate
and carbonyl dipoles of the lipids. Indeed, if the orientation of
the guanidyl moiety was toward the hydrocarbon core of the
lipids, there would be two crucial points which would be difficult
to understand. First, how could the positive charge of that moiety
to be stabilized in the positively charged region of the lipid?
Second, if this was true, then the dipole moment of Arg would
be oriented in the same direction as the base dipole moment of
the membrane, and thus the dipole potential should increase,
which is inconsistent with the observations (see Figure 3).

The smaller reduction in the dipole potential of the mem-
branes caused by the insertion of Arg (compared to that due to
BAEE insertion) and the simultaneous negative zeta potential
of the Arg-interacting membrane seem in fact to be easily
explained as follows: the insertion of the guanidyl group at the
interphase, where it can interact with the phosphate and carbonyl
groups of the lipid, leads to a decrease of the dipole moment,
which, however, is less effective than in the case of BAEE
because in the case of Arg the carboxylate groups are oriented
toward the membrane surface leading to compensate partially
the effect due to the guanidyl groups. In turn, as already
mentioned, the projection of the carboxylate groups toward the
membrane surface leads to a resulting negative zeta potential,
as observed experimentally (see Figure 2).

In principle, different types of interactions can be established
between phospholipids and Arg or BAEE. For example, the
guanidyl and amine (in both Arg and BAEE) and the carboxylic
(in Arg) or carbonyl (in BAEE) groups can be expected to
establish important interactions with both the membrane and

solvent (all of them can potentially participate in H-bonds).
These groups can also be expected to play a major role in
stabilizing the crystalline phases of the compounds. Being very
sensitive to local changes, in particular felt by polar groups, IR
spectroscopy appears as a powerful technique to get some insight
on these interactions and, then, provide additional information
on the mode of insertion of the two compounds in the
membrane.

Figure 4 highlights the 1800-1500 cm-1 region of the FTIR
spectra of Arg and BAEE in their dry neat solid state (A, B),
50:50 D2O solution (C, D), and in DMPC aqueous (D2O)
dispersion (E, F). The bands in this spectral region shall be
assigned to the coupled δNH/CN in-plane vibrations of the
guanidyl moiety, deformational bands of the R-amino group,
and stretching modes of carboxylate (in Arg; -COO-) or
carbonyl (in BAEE; -CdOEster/Amide) groups.

The spectrum of Arg in the solid state (33% RH) in the
considered spectral region shows three main bands (Figure 4A),
centered at 1680, 1622, and 1558 cm-1, and a shoulder visible
in the higher frequency wing of the 1680 cm-1 band. In the
same spectral range, the spectrum of neat solid BAEE (Figure
4B) shows a profile similar to that of Arg, with the main bands
at 1735, 1652, and 1537 cm-1. According to the calculations,
the spectral feature with maximum contribution of the δNH/
CN mode of the guanidyl moiety in Arg and BAEE should
correspond, respectively, to the bands at 1622 and 1652 cm-1

(see also Table 2). The relative positions of the bands due to
this mode can be expected to serve as sensitive spectroscopic
probes of the state of the guanidyl moiety in the different
environments studied, the observed frequency shifts being
correlated with changes in the strength of the H-bond interac-
tions in which the guanidyl moieties are involved or polarity
of the local chemical environment.36,37 The remaining bands
observed in the studied spectral region are due to R-amino
deformational vibrations and antisymmetric carboxylate (for
Arg) or carbonyl (BAEE) stretching vibrations. These latter shall
be ascribed to the higher frequency bands in each molecule
(bands at 1680 and 1735 cm-1, for Arg and BAEE, respectively).

The IR spectrum of Arg in solution (50:50 D2O/methanol;
Figure 4C) exhibits two main bands: a wide composed band,
located at higher frequency (band center at 1642 cm-1), and a
well-defined band, at a lower frequency (1560 cm-1). The band’s
components obtained after deconvolution are located at 1688,
1638, and 1558 cm-1. The corresponding spectrum of BAEE
presents three bands (Figure 4D), centered at 1733, 1645, and
1540 cm-1. After deconvolution, the central band appears to
be composed of two bands, at 1625 and 1686 cm-1.

It is well-known38-40 that, except in very special cases, the
so-called improper H-bonds,41 H-bonding leads to a frequency
decrease of the stretching vibration of the proton-donor group
and simultaneous increase of its bending modes (both in-plane
and out-of-plane). A reduction in the stretching frequency upon
H-bonding is also expected for a carbonyl (carboxylic ester,
BAEE, or acid, Arg) taking part in an H-bond as an acceptor.37,39

On the other hand, direct comparison of the absolute frequencies
(instead of band shifts) is only meaningful if the species which
are being compared are closely related structurally because the
absolute frequencies are determined not just by force constants
but also by the oscillator reduced masses. In the present case,
however, comparison of absolute frequencies can be made safely
because of the close structural resemblance of Arg and BAEE,
in particular, in what concerns their guanidyl fragment.

The differences between the absolute frequencies of the δNH/
CN mode for Arg and BAEE in aqueous solution are much

Figure 3. Effect of Arg and BAEE (20 mM) on the dipole potential
of DMPC and DOPC monolayers.
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lower (1638 vs 1625 cm-1) than those between Arg and BAEE
in the solid and the aqueous solution (1622 vs 1638 cm-1 for
Arg and 1652 vs 1625 cm-1 for BAEE), indicating that in
aqueous solution the guanidyl moiety of the two compounds is
in quite similar environments, as expected. Very interestingly,
in the dry neat Arg the guanidyl group appears to take part in
weaker H-bonds (observed frequency: 1622 cm-1; see Table 2)
than those existing in solution (1638 cm-1), whereas the opposite
situation seems to occur in BAEE, where the δNH/CN mode
gives rise to a higher frequency band (1652 cm-1) than in
solution (1625 cm-1).

Let one now look to what happens when Arg and BAEE are
transferred to hydrated lipids. The spectrum of Arg dispersed
in DMPC lipid in the hydrated state (Figure 4E) shows the band

ascribable to the δNH/CN mode at 1614 cm-1, partially
overlapping another band at lower frequency (1580 cm-1).
Under the same conditions, BAEE gives rise to a most intense
band at 1628 cm-1, corresponding to a component at ca. 1629
cm-1 in the deconvoluted spectra (Figure 4F), which is
ascribable to the δNH/CN vibration. Thus, it has a direct
correspondence with the band at 1614 cm-1 observed in the
spectrum of Arg dispersed in DMPC lipid in hydrated state (see
Table 2).

There are two main conclusions that can be extracted from
these results: first, the frequency of the guanidyl δNH/CN
vibration decreases for Arg on going from aqueous solution to
hydrated DMPC environment; second, this change is nearly
absent for BAEE.

Figure 4. FTIR spectra of Arg and BAEE in: dry solid state (A, B), aqueous solution (C, D), and DMPC aqueous dispersion (E, F). RH: relative
humidity.
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The considerably different observed shifts in the guanidyl
δNH/CN frequency in Arg on going from aqueous solution to
hydrated lipid clearly reveal that the stabilization of Arg in a
membrane implies the insertion of the guanidyl moiety of this
compound in different environments.

The IR bands due to the vibrations of the guanidyl moiety in
BAEE (δNH/CN) show a shift to lower frequencies from dry
neat solid (1652 cm-1) to aqueous solution (1625 cm-1) and a
subsequent increase from the aqueous solution to the dry lipid
environment (1638 cm-1). Thus, when BAEE goes from dry
solid to an aqueous solution the strong intermolecular H-bonds
that the guanidyl moiety establishes in the crystal are replaced
by weaker bonds where the guanidyl moiety acts as a proton-
donor and water molecules as proton-acceptors. When BAEE
goes from the aqueous solution to the dry lipid environment,
the increase in frequency denotes the re-establishment of strong
intermolecular H-bonds involving the guanidyl moiety, which
are of similar strength of those existing in the crystal.

The negligible variation, within the experimental resolution,
of the frequency for BAEE on going from aqueous solution to
hydrated lipid (1625 cm-1 in aqueous solution and 1628 cm-1

in hydrated lipids) clearly reveals that the stabilization of BAEE
in a membrane implies the insertion of the guanidyl moiety in
a similar environment, i.e., water.

This is in total accordance with the data extracted from zeta
potential measurements that indicate that in BAEE the guanidyl
groups are essentially exposed to the water phase. On the other
hand, in the crystal of Arg the intermolecular H-bonds in which
the guanidyl moiety is involved are considerably weaker than
those present in the crystal of BAEE since the band due to the
δNH/CN vibrations absorbs at much lower frequencies (1622
cm-1 for Arg vs 1652 cm-1 for BAEE). As was already pointed
out, the guanidyl-water H-bonds in aqueous solution are of
comparable strength, as expected (the observed frequencies of
the δNH/CN band are 1639 cm-1 for Arg vs 1625 cm-1 for
BAEE). Very interestingly, the position of the IR band due to
the δNH/CN vibrations of the guanidyl moiety of Arg in dry
lipids (1658 cm-1) indicates that the interaction in which this
group is involved is even stronger under these conditions than
in aqueous solutions. This result is in consonance with the zeta
and dipolar potential measurements, which indicate that in the
lipid environment the guanidyl moiety of Arg would be facing
the phosphate groups, to which they can form strong well-
oriented H-bonds. In agreement with this explanation, the
frequency of the δNH/CN reduces (1614 cm-1) in going from
the dry lipid environment to the hydrated lipid environment,
where water molecules located in the nonpolar part of the
membrane can compete with the phosphate groups and establish
weaker less-specific H-bonds with the guanidyl moiety of Arg.
It is also clear from these IR data that the trend shown by Arg
to interact with the lipid head groups is particularly relevant

since when Arg is mixed with hydrated lipids the band due to
the δNH/CN vibrations of the guanidyl moiety appears at the
lowest frequency value among all studied systems (1614 cm-1).
This indicates that the Arg guanidyl-water interaction in
hydrated lipids is much more strongly disturbed by the presence
of the lipid head groups than in the case of BAEE under the
same conditions (compare the frequency of the δNH/CN band
in both cases: 1614 cm-1 for Arg vs 1628 cm-1 for BAEE).

Conclusions

The DFT(B3LYP)/6-31+G(d,p) calculations indicated that
the most stable forms for Arg and BAEE in the presence of
water or in strongly polar media (as in the crystalline state) are
protonated in the guanidyl moiety, which is in consonance with
the experimental data obtained from FTIR and dipole and zeta
potential measurements for the compounds in the neat solid state,
aqueous solution, and dry and hydrated lipids.

The theoretical calculations also indicated that the most stable
cation of BAEE and the most stable zwitterion of Arg should
give rise to H-bond sensitive IR bands due to the δNH/CN
guanidyl group in the 1700-1500 cm-1 range. The relative
positions of these bands for BAEE and Arg in the different
environments studied could successfully be correlated with the
data obtained from both zeta and dipole potential regarding the
insertion place and orientation of the two molecules in the lipids.
In addition, it also provides some clues regarding the relative
strengths of the H-bond interactions involving the guanidyl
group in the crystals of the two compounds. Then:

(i) These H-bonds in dry solid Arg are found to be
considerably weaker than in BAEE but of comparable strength
when the two compounds were dissolved in an aqueous solution;
in Arg, the H-bonds in solution are stronger than in the crystal,
whereas the opposite occurs for BAEE.

(ii) For BAEE in a lipid environment, the observed decrease
in the δNH/CN frequency compared to the neat crystalline state
and aqueous solution is consistent with the guanidyl groups of
BAEE in the hydrated lipid environment being essentially
exposed to the water phase. The reduction of the δNH/CN
frequency in going from the aqueous solution to the lipid
environment suggests the relevance of geometric constraints
imposed by the lipid to the access of water molecules to the
guanidyl group of Arg, which is in agreement with the guanidyl
group of Arg being placed mainly in the lipid headgroups’
region, as deduced from zeta and dipole measurements.

(iii) For Arg in a dry lipid environment, the well-oriented
guanidyl-phosphate interactions reflect the establishment of
strong H-bonds between these two moieties and consequent
increase of the frequency associated with the δNH/CN vibration.

(iv) The picture derived from zeta potentials indicates that
the guanidyl moiety of BAEE is exposed to the water phase.
Therefore, the dipole moment of BAEE opposes the base dipole
potential of the lipid (which is positive inside the membrane),
thus explaining the drastic decrease in the dipole potential it
induces for both DMPC and DOPC compared to that resulting
from the interaction of the lipids with Arg.

Congruently with the IR results, zeta and dipole potential
measurements provided direct evidence that Arg orients in a
lipid interphase of PC bilayers with the negative carboxylate
group (-COO-) toward the aqueous phase, whereas the
positively charged guanidyl moiety is oriented toward the lipid
phase. On the other hand, the guanidyl group in BAEE is
oriented in the opposite way, facing the water phase, while the
hydrophobic benzoyl and ethyl groups are inserted into the
membrane phase.

TABLE 2: Assignment of the IR Band Due to the δNH/CN
Mode of the Guanidyl Moiety of Arg and BAEE in Dry and
Hydrated States and Mixed with Dry and Hydrated PC
Lipids

wavenumber/cm-1

sample Arg BAEE

dry solid 1622.0 ( 0.22a 1652.0 ( 0.28
aqueous solution 1638.3 ( 0.66 1625.0 ( 0.32
mixed with dry lipids 1658.2 ( 0.28 1638.0 ( 0.12
mixed with hydrated lipids 1614.1 ( 0.81 1627.5 ( 0.40

a Uncertainties are standard deviations of at least three different
samples (see Materials and Methods section).
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