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ARTICLE INFO ABSTRACT

Keywords: The mutual influence of chiral bioactive molecules and supramolecular assemblies is currently being studied in
Tryptophan stereoisomers many research fields, including medical-pharmaceutical applications. Model membranes of phospholipids, such
DPPC as the zwitterionic dipalmitoylphosphatidylcholine (DPPC) and the anionic dipalmitoylphosphatidylglycerol
]Z”IF)IZ-GFTIR (DPPG), interact with a variety of chiral compounds that include amino acids. In this work, the interaction of
ESR tryptophan enantiomers, L-Trp and D-Trp, on DPPC and DPPG bilayers was investigated by using differential

scanning calorimetry, attenuated total reflectance-Fourier transform infrared and spin-label electron spin reso-
nance spectroscopies as well as molecular docking simulations. The results show that Trp enantiomers slightly
perturb the bilayer thermotropic phase transitions. For both membranes, O atoms in the carbonyl groups have a
propensity to act as acceptors of a (weak) hydrogen bond. The Trp chiral forms also promote formation of
hydrogen bonds and/or hydration in the PO3 moiety of the phosphate group, especially for the DPPC bilayer. In
contrast, they interact more closely with the glycerol group of DPPG polar head. Only for DPPC bilayers, both
enantiomers increase the packing of the first hydrocarbon chain segments for temperatures through the gel state,
whereas they do not affect the lipid chain order and mobility in the fluid state. The results are consistent with a
Trp association in the upper region of the bilayers without permeation in the innermost hydrophobic region. The
findings suggest that neutral and anionic lipid bilayers are differently sensitive to amino acid chirality.

Molecular docking

1. Introduction

Inside the human body many fundamental biomolecules, such as
amino acids (AAs), sugars, lipids, and nucleotides are chiral, so that each
isomer cannot be superimposed on its mirror image. Chiral molecules
and their mirror counterparts are identified as enantiomers, labeled with
L- or D- depending on their ability to rotate the plane of polarized light.
In principle, apart from their optically active behavior, the two enan-
tiomers are physically and chemically identical molecular species when
considered in isolation. Nevertheless, biosystems interact with chiral
ligands in very specific ways. For example, an enzyme (or a protein)
usually has a binding pocket that matches more favorably, or even
exclusively, with only one enantiomer [1]. At the same time,
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stereospecificity has been reported in the interaction of lipid membranes
with chiral compounds [2-8]. It is worthy to note that the bioactivity of
the enantiomers of a given compound can be dramatically different,
causing dissimilar physiological and pharmaceutical effects, as it
famously occurred for the racemic drug thalidomide: while the D- form
was safe, its mirror image turned out to be teratogenic [9,10]. Stereo-
isomers of metabolites and AAs are also differently involved in many
biological processes, so that they can be considered for noninvasive
clinical diagnosis and biomarkers screening [11-16]. Moreover, the
process of AAs chiral inversion in various peptides seems related to the
development of many pathologies, including Alzheimer’s and Parkin-
son’s disease, and type II diabetes [17].

Among AAs, tryptophan (Trp) holds a prominent role in
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Fig. 1. Chemical structures of the neutral lipid dipalmitoylphosphatidylcholine
(DPPQ), the anionic lipid dipalmitoylphosphatidylglycerol (DPPG), and tryp-
tophan enantiomers (L- and D-Trp).

physiopathological processes. As precursor of serotonin, melatonin and
niacin (B3 vitamin), it participates indirectly to many metabolic and
cognitive functions, by affecting sleep, mood, and mental health
[18-20]. It is, therefore, of interest to investigate whether L-Trp and the
chiral counterpart D-Trp exert specific effects upon interacting with cell
membrane components, as well as with supramolecular lipid aggregates.
Several literature studies have characterized different aspects of
Trp/lipid membrane interactions, showing that this AA affects the
structure and dynamics of various model membranes [21-25]. However,
studies focusing on Trp chiral specificity are rather sparse. For instance,
lipid membranes of a single lipid species have been proposed to repre-
sent a platform for chiral recognition of AAs, including Trp [3].

The aim of this work is to explore how the molecular properties of
model lipid membranes change upon their interaction with Trp enan-
tiomers. For this purpose, fully hydrated bilayers composed by single
species of phospholipids were studied in buffer solution at physiological
pH in the absence and in the presence of L- and D-Trp. The lipids we used
are the neutral zwitterionic lipid dipalmitoylphosphatidylcholine
(DPPC) and the anionic lipid dipalmitoylphosphatidylglycerol (DPPG)
(Fig. 1), that are among the most abundant in cell membranes [26]. Both
are L-glycerophospholipids containing carbonyl ester C=0 groups and
bearing the same saturated aliphatic chains of sixteen C atoms, but with
different polar heads: that of DPPC has a dipole pointing from the O™ to
the N of the choline, whereas the polar head of DPPG has a negatively
charged O™ and the glycerol moiety. From a chemical standpoint, Trp
(Fig. 1) is an aromatic AA with amphiphilic character for the presence of
a hydrophobic indole ring in the side chain. At physiological pH it is
zwitterionic, with the a-amino group protonated (NH3; pK, = 9.39) and
the a-carboxylic acid group deprotonated (COO™; pK, = 2.38).

The effects of the binding of the L-Trp and D-Trp enantiomers on the
membrane properties were studied on a multiscale level by using dif-
ferential scanning calorimetry (DSC), attenuated total reflectance-
Fourier transform infrared (ATR-FTIR), and spin-label electron spin
resonance (ESR) spectroscopy of lipids spin-labeled at two different
carbon atom positions, Cy, along the chain (n-PCSL), to probe the first
acyl chain segments (4-PCSL), and the terminal methyl ends (14-PCSL)
of the bilayers. Experiments were complemented with molecular dock-
ing simulation to get insight into the molecular interactions of isolated
DPPC and DPPG phospholipids with Trp.

The overall results are consistent with the interaction of the two Trp
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forms with the polar/apolar interfaces of the membrane. The enantio-
meric specificity is weak and the observed effects appear to be modu-
lated by the nature of the lipid polar head (i.e., phosphatidylcholine
versus phosphatidylglycerol) and the physical state (i.e., gel versus
liquid-crystalline) of the lipid membranes.

2. Materials and methods
2.1. Materials

The synthetic lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-1'-rac-glycerol
(DPPG) were from Avanti Polar Lipids. The spin-labeled phosphatidyl-
cholines  (1-palmitoyl-2-stearoyl-(n-doxyl)-sn-glycero-3-phosphocho-
line, n-PCSL, n = 4 and 14) were synthesized as described in [27]. L-Trp,
D-Trp and Dulbecco’s phosphate-buffered saline (DPBS, 10 mM, pH 7.4)
were purchased from Sigma-Aldrich. All materials were used as ob-
tained, without further purification.

2.2. Sample preparation

Samples used in this study are model membranes in the form of
multilamellar lipid dispersions, known as liposomes, and hereafter
referred to as lipid bilayers, prepared according to the thin film hydra-
tion method [28]. DPPC and DPPG films were formed from lipid solu-
tions in chloroform or chloroform/methanol (2:1 v/v), and dried first
under a gentle nitrogen gas stream and then under vacuum overnight, to
ensure proper solvent removal. The dry lipid films were fully hydrated
either in DPBS or in DPBS containing 15 mol% of L-/D-Trp by heating at
50 °C, a value above the lipid bilayers main phase transition tempera-
ture, and vortexing until an opalescent bilayer suspension was obtained.
Solutions containing Trp were prepared by dilution from a concentrated
stock solution (35 mM) in DPBS at pH 7.4. Trp concentration was
determined by using a molar extinction coefficient of 5690 M! cm™ at
the optical absorption wavelength maximum, Amax = 278 nm [29]. For
all the experiments, the samples were left to incubate at T = 25 °C for
48 h before performing any measurement. This sample handling pro-
cedure, previously used in other similar studies to investigate the
adsorption of AAs on lipid bilayers (see, for instance [3]), does not affect
the integrity of the bilayers, as reproducible values of the optical density
at 400 nm (OD4qg ~ 2.0-2.5) were obtained before and after incubation.
The concentration of Trp enantiomers is typically that used to experi-
mentally investigate AAs/membrane interaction, as it produces appre-
ciable changes in the membranes without compromising their structure,
and the incubation time was chosen in order to reach an equilibrium in
the L-/D-Trp adsorption on lipid membranes [3]. Multilamellar lipid
bilayers were preferred over other lipid mesophases, such as large or
small unilamellar vesicles, for their stability over time and versatility of
experimental use, giving rise to defined and reproducible calorimetric
thermotropic phase transitions, EPR spectra and ATR-FTIR bands.

2.3. Differential scanning calorimetry (DSC)

For DSC measurements, DPPC and DPPG bilayers were prepared
either pure or with 15 mol% of L-/D-Trp, at the final lipid concentration
of 1.36 mM in 1 mL of DPBS at pH 7.4. DSC experiments were performed
on a VP-DSC MicroCalorimeter (MicroCal, Inc), having a cell volume of
0.52 mL and a temperature resolution of 0.1 °C. The thermograms were
collected on heating at a rate of 5 °C/h within the temperature range
20-50 °C. The data were analyzed by using the Origin software
(MicroCal). The excess heat capacity function, C,, was obtained after
solvent baseline subtraction, normalization by the lipid concentration,
and linear fitting of the baseline before and after the transitions. Phase
transition temperatures, T, and Ty, were determined as the values
corresponding to the maximum heat capacity, whereas enthalpies, AH,
and AH;y, were obtained by integrating the area under the
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Fig. 2. DSC thermograms for (A) DPPC and (B) DPPG bilayers, without (bottom line, black) and with L-Trp (middle line, red) or D-Trp (top line, blue) enantiomers,
hydrated in DPBS at pH 7.4. The curves are vertically shifted and a zoom of the region encompassing the DPPC main phase transition is provided to improve
visualization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

corresponding transition peaks in the thermal profile. Main transition
width at half height, ATy, 1,2, were also evaluated to assess the phase
transition cooperativity: an increase of ATy 1,2 corresponds to a
decrease in cooperativity.

2.4. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectroscopy

Temperature-dependent ATR-FTIR measurements on bilayers
without and with Trp at the final lipid concentration of 8.2 mM in
0.5 mL of DPBS at pH 7.4 were carried out on a Tensor II spectrometer
(Bruker Optics), equipped with a liquid nitrogen cooled mercury cad-
mium telluride detector and a BioATR II cell with a silicon crystal. The
cell was thermostated by a refrigerated circulator bath (Huber Ministat
125 Pilot One). The amount of 20 pL from the samples was incubated for
30 min at the starting temperature before data collection. IR spectra of
both the background (solvent) and the lipid suspension were collected
on heating in the temperature range 24-48 °C, with a temperature step
AT = 2 °C and equilibration time of 2 min. After measuring the signal
from the background, the cell was cleaned and filled with the lipid
sample. For both the solvent and the sample measurements, data from
120 scans were collected and averaged. Spectra were recorded in the
4000-900 cm ! wavenumber range with a 4 cm™ ! resolution. Post
zero-filling (4 points) was applied to improve spectral resolution. For
data analysis, raw data of original spectra were processed using the
OPUS 7.5 software package. Bandwidths were measured at 75 % of
height of the peak maximum from baseline corrected spectra. Peak
deconvolutions were carried out as described previously [30] with a
Pearson VII function by using the multiple peak fit module in the Origin
software.

2.5. Spin-label electron spin resonance (ESR) spectroscopy

ESR experiments were performed on samples prepared as described
above at the final lipid concentration of 50 mM in 200 pL DPBS at pH
7.4, and spin-labeled by codissolving the lipids with 1 mol% of the spin-
label. Spin-labeled bilayer suspensions were transferred into 100 pL
glass capillaries and immediately sealed. ESR spectra were acquired on a
Bruker ESP-300 spectrometer operating at 9 GHz with 100-kHz field
modulation, and equipped with a temperature controller ER 4111 VT as
well as a rectangular cavity ER 4201 TE;¢,, both from Bruker. Sample
capillaries were placed in a standard 4 mm quartz sample tube with light

silicone oil for thermal stability, and positioned in the center of the
cavity. ESR spectra were recorded well below saturation of the signal, at
a microwave power of 10 mW with 1-1.5 G, magnetic field modula-
tion amplitude, and multiple scans were accumulated to increase the
signal-to-noise ratio.

In any type of experiment, two independent measurements on newly
prepared samples were executed to test data reproducibility. The data
points are reported as mean + standard error, where the standard error
is the semidispersion of the data.

2.6. Molecular docking simulation

Molecular docking was carried out by using the software AutoDock
Vina version 1.2.3 [31], which allows one to perform the simultaneous
docking of multiple ligands. The structures of both L-Trp and D-Trp
enantiomers and of the two phospholipid molecules DPPC and DPPG
were taken from PubChem [32]. To reduce the number of degrees of
freedom in the molecular system, the last 14 C atoms in the acyl chain of
the phospholipid molecules were truncated, because Trp does not bind
to such region on the basis of our spectroscopic results and other
simulation techniques [33]. Full flexibility was allowed for the AA in
either chirality during the docking, as well as for the phospholipid
molecules. Two (or three in some initial test cases) molecules of either
DPPC or DPPG were docked to either Trp enantiomers in each in silico
experiment.

In the docking calculations, Trp was considered the host and the
phospholipid molecules of either species as guests. The AA was placed at
the center of a search volume of size 20 A x 20 A x 20 A, and the search
was performed with standard exhaustiveness [34]. This procedure was
repeated five times in each case, leading to an ensemble of different
docking complexes due to the inherent stochasticity in the search pro-
cess of AutoDock Vina, which is a Monte-Carlo iterated algorithm
combined with a gradient-based optimizer [35]. The eight most favor-
able docking poses were taken for each simulation run, after excluding
the complexes in which the two phospholipids formed a large angle (>
90°) with each other, as their direction is statistically expected to be
roughly parallel when their chains are inserted into the common
membrane core. The docking poses analyzed after this screening stage
differed from each other by 0.2-0.3 kcal/mol, which is within the limit
of accuracy expected for the scoring function of AutoDock Vina [31].
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Table 1

Temperature and enthalpy for the pre- (T, and AHp) and main (Ty, and AHy,)
phase transitions of DPPC and DPPG bilayers with and without L-/D-Trp hy-
drated in DPBS at pH 7.4. The width at half height of the main transition, ATy, 1,
2, is also reported. The error on temperature is + 0.1 °C and on enthalpy is 2 %.

T, (°C) AH, T (°C) AHp ATm,1/2 (°C)

(kcal/mol) (kcal/mol)
DPPC 34.8 1.3 41.4 8.3 0.12
+ L-Trp 34.9 2.2 41.4 10.3 0.09
+ D-Trp 34.8 1.6 41.4 8.6 0.08
DPPG 31.5 0.7 40.1 8.4 0.59
+ L-Trp 32.0 0.6 40.1 6.5 0.40
+ D-Trp 31.2 0.7 40.1 7.8 0.52

3. Results
3.1. Differential scanning calorimetry

DSC measurements provide information regarding the effect of Trp
enantiomers on the phase transitions of DPPC and DPPG bilayers.
Fig. 2A and B show, respectively, the DSC heating thermograms of DPPC
and DPPG model membranes, both pure and in the presence of either L-
or D-Trp.

From the thermal profiles are evident the two endothermic transi-
tions of DPPC and DPPG membranes. The first is the low-temperature
and low-energy pre-transition, arising from the conversion of the
lamellar gel phase Ly to the rippled gel phase Pg, occurring at Tp; the
second one is the high-temperature and high-energy main-transition,
corresponding to the conversion to the liquid-crystalline state L,
occurring at Tp,. The transition characteristics (i.e., temperatures, T, or
Tm, enthalpies, AH, or AHp, and main transition bandwidth, ATp,;,2)
(see Table 1) are consistent with literature data on DPPC and DPPG
samples investigated under experimental conditions similar to those
used in this study [36,37].

For DPPC bilayers, the temperature values of the pre- and the main
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transition remained unaltered with the addition of L- or D-Trp; in
contrast, the enthalpies of both transitions and the cooperativity of the
main-transition increased, and, therefore, ATy, 1,2 decreased, with the
presence of the two enantiomers, especially for L-Trp (Fig. 2A and
Table 1). This is consistent with cohesive lipid interactions and sharp-
ening of the gel-to-fluid phase transition promoted by Trp addition to
DPPC. Previous DSC data reported that L-Trp induced stabilization of the
DPPC chain packing by increasing Ty, and AHp,, whereas D-Trp left
almost unperturbed the membrane thermotropic phase behavior [3].
The discrepancy of these reports with our data could be ascribed to the
different experimental conditions used (i.e., type of lipid mesophases
and acquisition scan rates of the thermograms). For DPPG bilayers, with
respect to the pure anionic membrane, T}, is upshifted by 0.5 °C, AHy, is
decreased of about 2 % and AT,/ of about 0.2 °C in DPPG/L-Trp sam-
ple; the phase transition characteristics were less affected in
DPPG/D-Trp sample (Fig. 2B and Table 1). Therefore, at variance with
what observed for the neutral DPPC, in the anionic DPPG matrix the
presence of Trp enantiomers weakens the lipid interactions and makes
the main transitions more cooperative, particularly in the case of L-Trp.

The DSC findings indicate that the Trp enantiomers, upon interacting
with DPPC and DPPG bilayers, induce dissimilar small perturbations to
the thermotropic phase behaviors. Such a kind of small perturbations is
typical of external agents that act on the lipid surfaces without pene-
trating deeply in the hydrocarbon membrane region.

3.2. Attenuated total reflectance — Fourier transform infrared
spectroscopy

In order to explore the interaction between DPPC and DPPG mem-
branes with L-/D-Trp at the level of single molecular groups,
temperature-dependent ATR-FTIR spectra were collected between 4000
and 900 cm’l. In this wavenumber range, a number of spectral regions
assigned to vibrational modes of different functional groups of a lipid
molecule can be observed [38-40]. These include the vibration peaks of
the polar head groups PO; and N*(CHz)3 (the latter only for DPPC), of
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Fig. 3. Representative ATR-FTIR spectra of DPPC bilayers, pure and with Trp enantiomers at 24 °C (A-C-E) and 48 °C (B-D-F) hydrated in DPBS at pH 7.4. PO,
asymmetric band (A-B); ester carbonyl C—O stretching band (C-D); methylene CH, stretching band (E-F). The spectra are normalized at maximum intensity and
vertically shifted to improve visualization. DPPC (bottom line), DPPC+L-Trp (middle line), DPPC+D-Trp (top line). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Representative ATR-FTIR spectra of DPPG bilayers, pure and with Trp enantiomers hydrated in DPBS at pH 7.4 at 24 °C (A-C-E) and 48 °C (B-D-F). PO,
asymmetric band (A-B); ester carbonyl C=O stretching band (C-D); methylene CH, stretching band (E-F). The spectra are normalized at maximum intensity and
vertically shifted to improve visualization. DPPC (bottom line), DPPC+L-Trp (middle line), DPPC+D-Trp (top line). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

the interfacial ester C=0 groups, and of the hydrocarbon chains CH,
groups (Figs. 3 and 4). The position of the IR bands of the groups at the
polar region and at the polar/apolar interface of the bilayers is sensitive
to the formation of hydrogen bonds and/or Coulombic interactions. By
following the temperature-induced changes in the wavenumber of hy-
drocarbon CH; bands the lipid phase transitions can be monitored.

Fig. 3A-F show a selection of IR spectral regions of DPPC bilayers
without and with Trp enantiomers, at T = 24 °C (i.e., a temperature
T < Tp, in the gel state) and at T = 48 °C (i.e., a temperature T > Ty, in
the fluid state).

The lineshape of the absorbance between 1300 and 1140 cm™ of
pure DPPC and DPPC in the presence of Trp enantiomers at 24 °C
(Fig. 3A) shows several overlapping bands: the PO; asymmetric band at
ca. 1225cm™, the CH, wagging band progressions in the range
1300-1200 cm’}, that are typical of lipids in gel phase with all-trans
segments of polymethylene chains, and the CO- O- C asymmetric
stretch at 1170 em™ [38,40,41]. A small downshift of the vg(PO3) is
recorded with the addition of Trp, particularly for the chiral form D,
indicating that the AA promotes formation of hydrogen bonds with the
phosphate groups [38]. In accordance with our findings, a downshift of
the (PO3)qs peak position has been reported for DPPC bilayers inter-
acting with cysteine [42] and for pure bilayers of either PC or PG, as well
as for mixed PC/PG bilayers interacting with Trp [43]. For DPPC bi-
layers at 48 °C, was recorded a large band at ca. 1230 cm™ that is
slightly affected by the addition of the Trp stereoisomers (Fig. 3B). This
band is essentially due to the PO; asymmetric vibration peak [42,44],
since the CH, wagging band progressions disappear or are of very low
intensity for lipids in the fluid phase with trans-gauge chain isomers [38,
40,41]. A moderate increase up to about 4-5 em’! of Vas(PO3 ) was re-
ported for a variety of model PC membranes on increasing the temper-
ature [40,44,45].

The vibration peak of the NT(CH3)3 group of DPPC polar head
occurring in the region 900-940 cm™ (spectra not shown) did not
display significant differences in the presence of either L-Trp or D-Trp at

any temperature.

For DPPC bilayers at T < Ty, the broad band in the region between
1775 and 1700 cm’}, corresponding to the lipid carbonyl stretching vi-
bration of the ester C=0 group, splits at least into two major compo-
nents in the presence of the Trp enantiomers (Fig. 3C). The peaks around
1743 and 1730 cm™ were assigned to free, non-hydrogen-bonded (v¢—o)
and hydrogen-bonded (Vc—pesen1) carbonyl groups, respectively [39,46].
For T > Tm, the two components are already evident in the spectrum of
pure DPPC, and the addition of Trp in either chiral forms modulates
differently their relative intensities (Fig. 3D). The two components of the
C—=O vibration bands have been resolved by performing a deconvolu-
tion of the absorbance on the whole 1775-1770 em™ range, and quan-
tified by evaluating the area under the component bands. An illustration
of the C=0 bands deconvolution for DPPC in the absence and in the
presence of Trp isomers at 24 °C is given in Fig. S1, and the area ratio of
the hydrogen-bonded carbonyls to the free ones, A(Vc—0eest1)/A(Vc—0),
for the samples at 24 °C and 48 °C, is reported in Fig. S2. The area under
the curves is proportional to the population of hydrogen-bonded or free
C—=O0 groups, and the ratio A(Vc—peeer)/A(vc—0) is used to estimate the
fraction of the carbonyls involved in hydrogen-bonding [30,47]. The
hydrogen-bonded populations change in the order: DPPC
< (DPPC+D-Trp) < (DPPC+L-Trp) and are slightly higher in the
liquid-crystalline phase with respect to those in the gel phase (Fig. 3C-D,
Figs. §1-S2).

The region between 3000 and 2800 cm™ of the ATR-FTIR spectrum
of DPPC at 24 °C (Fig. 3E) is dominated by two peaks around 2850 and
2918 em’! assigned to symmetric, vs(CHy), and asymmetric, v,5(CHy),
methylene stretching vibrations, respectively [40]. These two peaks
shift toward higher wavenumbers on increasing temperature, first
moderately throughout the gel phase, and then more rapidly on crossing
the bilayer main phase transition. For DPPC at 48 °C, the positions of the
symmetric and asymmetric bands are around 2852 cm! and 2922 em™,
respectively (Fig. 3F). The upshift of the band positions on going from
low to high temperatures is indicative of higher conformational disorder



A. Guglielmelli et al.

Colloids and Surfaces B: Biointerfaces 224 (2023) 113216

65 65
S —=— DPPC = DPPG
_...:gn.,?é DPPC + L-Trp g:::!:,:__! . —e— DPPG + L-Trp
.- \ - T8 =@ —A— -
T DPPC + D-Trp| . | %§.q4., ~ DPPG+D-Trp
A 55 4
50 -
T 45 T T T
50 20 30 40 50

Temperature (°C)

Temperature (°C)

Fig. 5. (A) Temperature dependences of the outer hyperfine separation, 2A,ax, for 4-PCSL in bilayers of DPPC without (squares) and with either L-Trp (circles) or D-
Trp (triangles) hydrated in DPBS at pH 7.4. Inset: ESR spectra of 4-PCSL at 22 °C in DPPC; from top to bottom: lipid alone (black line), lipid with L-Trp (red line), lipid
with D-Trp (blue line). (B) As in (A) but for DPPG. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

and mobility of the DPPC hydrocarbon chains, for the presence of
trans/gauche conformers in the fluid phase. At the same time, an in-
crease in bandwidth of the CH; antisymmetric asymmetric stretching
modes is also observed with temperature increase, related to enhanced
motional rates and a larger number of conformational states of the acyl
chains in the fluid phase (see Fig. 3E-F). Similar upshifts of vs(CHs) and
variations of the bandwidths are usually reported at the main phase
transitions in model membranes of various lipid composition and hy-
dration level (either dry and rehydrated) [40,47,48]. Moreover, vs(CHs)
upshift with temperature increase are reported in lipid bilayers inter-
acting with AAs [42,43,49,50] and other ligands [51,52]. The two peak
positions, both in the gel and in the liquid state of DPPC, do not
significantly change with the addition of L- and D-Trp (Fig. 3E-F).

Apart from the vibration N*(CHs)s peak, the vibrational modes of
the same functional groups were analyzed in the case of the negatively
charged DPPG membrane without and with L-/D-Trp (Fig. 4A-F).

The contours of the absorbance for DPPG =+ L-/D-Trp in the
1300-1140 cm! region (Fig. 4 A-B) are characterized by the presence of
several bands, as occurred in the case of DPPC. The PO, asymmetric
stretching peak is at ca. 1201 cm™ for membranes in the gel phase at
24 °C, and is upshifted at ca. 1214 cm™ in the fluid phase at 48 °C
(Fig. 4B), in close accordance with literature data [39,53]. The bands do
not show appreciable differences upon the addition of Trp enantiomers,
at both T < Ty and T > Ty, (Fig. 4A-B). It is interesting to note that PG
bilayers undergo larger v(PO2),s upshift on increasing the temperature
with respect to PC bilayers, because the phosphate group is involved in
hydrogen-bonding with the glycerol hydroxyls of the polar head [39].

As in the case of DPPC, the ester C=O stretching bands of DPPG at
low (T < Tyy) and high (T > Ty,) temperature are rather large and are
mainly due to the superposition of unresolved free and hydrogen-
bonded carbonyl group components (Fig. 4C-D). The two populations
showed up in the presence of Trp enantiomers, with the hydrogen-
bonded one more clearly visible at 48 °C in any sample. These obser-
vations are also confirmed by the quantitative analysis of the curve
deconvolutions (see Figs. S1-S2). Indeed, it indicates that in DPPG bi-
layers the fractions of hydrogen-bonded populations change in the
order: DPPG < (DPPG+L-Trp) =~ (DPPG+D-Trp) (i.e., they increase to
the same extent in the presence of L- and D-Trp), and are higher in the
liquid-crystalline phase.

As the neutral DPPC and the anionic DPPG membrane have saturated
chains of the same length, the v;(CH2) and v45(CHy) stretching vibration
bands of DPPG chains (Fig. 4E-F) are located at the same wavenumbers

as for DPPC and the temperature increase led to a similar increase of the
band positions towards higher wavenumbers [45,52]. The Trp enan-
tiomers did not induce any significant change in the CH; stretching band
in terms of position and shape (see Fig. 4E-F).

The ATR-FTIR give indication that the Trp enantiomers interact
preferentially and differently with the head groups and the polar-apolar
interface of DPPC and DPPG bilayers mainly for temperature through
the gel state, whereas they leave unperturbed the hydrocarbon region of
the bilayers at any temperature.

3.3. Spin-label electron spin resonance spectroscopy

To get insight into the effects of Trp enantiomers at different depth in
the hydrophobic interior of the membrane, we performed temperature-
dependent ESR measurements of chain-labeled lipids inserted into the
membrane to probe the first acyl chain segments (by using 4-PCSL) and
the inner hydrocarbon region at the bilayer center (by using 14-PCSL).

In any sample (DPPC or DPPG, without or with Trp), the spectra of 4-
PCSL (Fig. S3) displayed a temperature-dependent decrease of the
spectral anisotropy, which is more accentuated on crossing the phase
transitions, particularly the main one. This is due to the temperature-
induced increased rotational mobility and loosened packing density of
the segmental lipid chains. The ESR spectra were quantitatively
analyzed by evaluating the outer hyperfine separation, 2Ap,,x, corre-
sponding to the separation between the low-field maximum and the
high-field minimum resonances (see inset to Fig. 5A). This parameter
reflects the amplitude and the rate of motion in all motional regimes of
the conventional ESR timescale [54]. The larger the anisotropy, the
greater the 2A,,x value and the higher the order due to the motional
restriction of the lipid chain.

For 4-PCSL in zwitterionic DPPC bilayers a similar increase of the
spectral anisotropy or 2Ap,qx is observed in the presence of both L- and D-
Trp for temperatures through the gel phase. This is evident in the ESR
spectra reported in Fig. S3, in the spectra at 22 °C reported in the inset to
Fig. 5 A, and in the plots of 2A,,x versus temperature in Fig. 5 A. The
ESR data indicate that both forms of the Trp enantiomers, upon inter-
acting with DPPC bilayers, promote a denser packing density and
motional restriction of the segmental lipid chains in the gel state,
without perturbing the zwitterionic DPPC bilayers in the liquid-
crystalline state. Furthermore, from the comparison of the plots in
Fig. 5 A, it is evident that both AA enantiomers make more evident the
pre-transition and upshift the main phase transition temperature, thus
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Fig. 6. Frequency of the contacts of the polar H atoms of both Trp enantiomers
with the two phospholipids DPPC and DPPG, as observed in molecular docking.
Contacts of both the NH amino group (black) and the NH (red) in the side
chain of Trp are reported, in interaction with two phospholipid molecules of
either DPPC (left) or DPPG (right). Contacts are divided into hydrogen bonds
with the CO groups, with the PO, group, electrostatic interactions with the
head group region (N"(CH3)3 moiety in DPPC, and two OH groups in DPPG; see
also Fig. 1), and contacts with the solvent (i.e., solvent-exposed polar H atoms
of Trp). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

stabilizing the membrane gel state.

For 4-PCSL in anionic DPPG bilayers, both L- and D-Trp induce slight
modifications in the temperature dependence of the spectral anisotropy
and in the value of 2An,« in the gel phase, and leave them almost un-
affected in the fluid phase (Figs. S3 and 5B).

The spectra of 14-PCSL in both DPPC and DPPG bilayers at any
temperature (Fig. S4) display a lower anisotropy compared to the cor-
responding spectra of 4-PCSL in the same lipid matrices. This is expected
when the nitroxide moiety probes the inner hydrocarbon regions char-
acterized by enhanced segmental lipid chain disorder and mobility,
relative to the first acyl chain segments probed by 4-PCSL. For DPPC/14-
PCSL and DPPG/14-PCSL, the extent of spectral anisotropy decreases
continuously on increasing the temperature from the gel to the liquid
crystalline phase where the spectra, because of the high degree of
motional narrowing, resemble almost isotropic triplets with differential
line broadening, as it normally occurs for an end-chain spin-labeled lipid
such as 14-PCSL. The spectra of 14-PCSLin the neutral and negatively
charged membranes are slightly affected by the addition of L- and D-Trp.

The spin-label ESR findings clearly indicate that the Trp enantiomers
affect differently and in an aspecific way the lipid bilayers as a function
of temperature: both L- and D-Trp increase the order of the upper chain
segments of DPPC in the gel state but not of DPPG; moreover, they do not
penetrate the inner hydrophobic zone of DPPC and DPPG bilayers at any
temperature.

3.4. Molecular docking simulation

Molecular docking was used to obtain indications at atomic detail
that complement our spectroscopic data and contribute to characterize
the interaction of the Trp enantiomers with DPPC and DPPG
membranes.

The in silico experiments showed that Trp has a tendency to bind two
phospholipid molecules at the same time, both in the interaction with
DPPC and DPPG. In fact, the AA tends to be sandwiched between two
phospholipid molecules, whereas the simultaneous docking of a third
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phospholipid resulted in the binding of such additional molecule to
either of the other two phospholipids already present (or both, in some
rare cases), with little or no interaction with the Trp. This finding is in
agreement with a previous study that explored the binding of Trp to
DPPC, where a 1:2 stoichiometry of interaction was hypothesized on the
basis of a lock-and-key model conceived solely on geometrical consid-
erations on the possible formation of hydrogen bonds [3].

In our computations, the binding affinity of Trp for DPPC was slightly
less favorable than for DPPG (up to —3.0 and —3.5 kcal/mol, respec-
tively). These values are in line with indications obtained by using
molecular dynamics simulations to estimate the energetic of transfer of
AAs from water to lipid interfaces [33], which yielded slightly more
favorable interfacial partitioning (—5.2 kcal/mol for DOPC). The bind-
ing energy values obtained in simulation are rather weak, but sufficient
to encourage the binding of Trp to the membranes, or at least the
dynamical transfer of a fraction of it from the aqueous medium. As
regards a possible difference between the two Trp enantiomers in the
binding, we did not observe any appreciable distinction, except a very
small tendency of L-Trp to bind with a more favorable affinity
(0.1-0.2 kcal/mol) and slightly closer to the lipid/water interface
compared to D-Trp. Therefore, we combined the results obtained for
both enantiomers, to increase the statistical significance of our data in
the subsequent analysis.

Fig. 6 shows the distribution of the atomic contacts observed be-
tween polar hydrogens of both Trp enantiomers (i.e., the contacts
involving both the NH3 amino group and the NH moiety in the side
chain of Trp, see Fig. 1A) and either DPPC or DPPG. In terms of mo-
lecular interactions, these contacts consist of hydrogen bonds formed
with the CO group and with the PO3 group (that are equally present in
the two phospholipid species), and electrostatic interactions with the
polar head region of either DPPC or DPPG, which include the possibility
of forming hydrogen bonds with the two OH groups of DPPG (Fig. 1), or
favorable Coulombic interactions with the charged N1(CH3)s moiety of
the choline at the surface extremity of DPPC. Furthermore, it was
assumed that solvent-exposed hydrogen bond donors of Trp not found in
any contact with the phospholipids would tend to coordinate water
molecules and, therefore, were counted as contacts with the solvent. The
hydrogen bonds formed in all cases were very weak, as it could be
deduced by the little favorable binding energy of Trp towards both DPPC
and DPPG (see discussion above), and by their suboptimal geometry
found in the docking (data not shown).

Our data on the atomic contacts formed by Trp, reported in Fig. 6,
show that the AA inserts deeper in the DPPC membrane compared to
DPPG. For both phospholipid species there is an appreciable amount of
weak hydrogen bonds formed with the CO groups and with the PO3
group, in agreement with our experimental ATR-FTIR data. The largest
difference was observed in the contacts with the upper surface region of
the two phospholipids, and it is driven by the larger conformational
flexibility and the possibility of accepting hydrogen bonds for the OH
moieties of the glycerol head group of DPPG, at variance with DPPC that
does not possess such moieties in the head group.

The contacts of Trp with solvent are also more frequent when the AA
is bound to DPPG compared to DPPC. It is also clear from the data that
Trp forms a larger number of contacts with its NHf amino group rather
than with its side chain NH group, as a consequence of the higher
number of H atoms in the former that are able to be simultaneously
involved in hydrogen bond interactions with the phospholipid
molecules.

4. Discussion and conclusions

This work helps to shed light on the molecular mechanisms that
regulate the interaction between model membranes and Trp enantio-
mers. On the whole, our experimental and computational results indi-
cate that L- and D-Trp interact with neutral DPPC and anionic DPPG
bilayers and affects their molecular properties, such as the thermotropic



A. Guglielmelli et al.

i
i

Colloids and Surfaces B: Biointerfaces 224 (2023) 113216

DPPG
OH o] OH
A
OH —Nt OH
— /o - — /O -
O=P:-0 O=P:0

By e

Fig. 7. Schematic representation of the interactions of Trp with DPPC (left) and DPPG (right). The different vertical location of Trp in the two lipid matrices is

also shown.

phase behavior, hydrogen bond formation, and chain packing density.
Both Trp enantiomers slightly affect the bilayer phase transition char-
acteristics, producing variations mainly in the enthalpy values. Their
presence also induces alterations of the IR spectra related to molecular
groups located at the lipid surfaces and at the polar/apolar region,
promoting hydrogen bonds formation and possibly (weak) electrostatic
interactions. Furthermore, for temperatures in the gel state, the Trp
chiral forms perturb the order and mobility of the upper hydrocarbon
region of DPPC but not that of DPPG bilayers. In contrast, in any sample,
they do not perturb the inner hydrocarbon region of both bilayers at any
temperature.

The most likely explanation of the overall results is that L- and D-Trp
associate at the polar head and at the interfacial regions of the mem-
branes, without penetrating deeply in the hydrocarbon core of the lipid
bilayers. This is a behavior also occurring for other small ligands and
drugs previously investigated by us, such as resveratrol, ibuprofen and
warfarin [55-57] as well as by other authors, such as flavonol glycosides
[30] or statine and various prodrugs [45,52]. All these ligands bind on
the surface of a variety of lipid membranes and induce slight variations
in the membrane properties without compromising their integrity. In the
case of Trp, our results are in close agreement with a number of studies
that claim this AA localizes in the interfacial region of lipid bilayers [21,
23,33]. It has been reported that the preference of Trp to locate in the
complex interfacial environment of dry and rehydrated membranes af-
fects the hydrogen-bonds network and the interactions at the lipid head
groups [43,49]. Further, both experiment and simulations suggested
that tryptophan resides near the glycerol linkage of the DOPC lipid,
where it is likely stabilized by multiple electrostatic and
hydrogen-bonding interactions in the near-surface region of the mem-
brane [23]. It is also worthy of note that Trp in membrane proteins is
located preferentially at the lipid membrane interface [58,59], thus fa-
voring protein insertion and anchoring. The location of Trp in lipid
membranes proposed on the basis of our data may be due to a balance
among hydrophobic effects that repel it from the surrounding water,
electrostatic interactions that favor its insertion in the hydrated head
group region, and cohesive repulsion of the lipid hydrocarbon chains
that keeps the AA out of the hydrocarbon core.

As surface-adsorbing molecules, the influence of Trp on the mem-
brane is more evident for temperatures in which the lipids are in the gel
state, where the area per polar head is lower, and negligible in the
liquid-crystalline state. The different type of the lipid polar heads, i.e.,
PC versus PG, plays a role in modulating the location of Trp in the lipid
membranes. In fact, Trp in DPPG bilayers maintains a more superficial
association favored by contacts with the OH glycerol groups of the polar
head, whereas in DPPC it penetrates deeper and it mainly interacts with
the interfacial region, promoting denser packing of the first acyl chain
segments. This is also the main distinction found in simulation for the
binding of Trp to each membrane: a higher propensity for hydrogen
bond with the phosphate group in DPPC and a preference in the for-
mation of interactions with the glycerol group in DPPG. The different
sites of association and interactions, established by Trp in the two

membranes, are also reflected in the slight enthalpy changes reported by
our DSC measurements. Indeed, the higher AH values relative to pure
DPPC indicate a Trp-induced stabilization of the lipid matrix. Such a
stabilization is also evidenced in the increased order of the upper hy-
drocarbon chains detected with spin-label ESR (Fig. 5 A). The lower AH
values relative to pure DPPG suggest that the AA, by interacting mainly
with the membrane surface regions, likely promotes a looser intermo-
lecular packing of the polar heads. In Fig. 7 is shown a scheme of the
favored interactions of Trp with the zwitterionic DPPC and anionic
DPPG bilayers, illustrating also the different vertical location of the AA
in the membranes.

It is also interesting to observe that our simulation clearly indicates
that the binding of this AA takes place in a region that includes the chiral
center of the two phospholipid species. Therefore, this observation
indirectly suggests the potential source of enantioselectivity in the
binding observed for DPPC membranes with L-Trp versus D-Trp [3],
although the molecular details of such preferences are still not clear.

In conclusion, our results contribute to a better understanding of the
interaction between chiral biomolecules and the occurrence of stereo-
specific effects. Further study will be devoted to investigate the role of
membrane composition complexity in chiral recognition of active bio-
molecules, such as AAs. Such studies can also pave the way for
biomedical and pharmaceutical applications where the separation,
asymmetric recognition, and detection of chiral biomarkers and drugs
are desirable.
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