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Vibrational Fourier-transform infrared (FTIR) spectroscopy aided with molecular dynamics (MD) simulations is
used for studying the interaction of several reactive aldehydes (RAs), nonanal (NA), 2-nonenal (NE), 4-hydroxy-
2-nonenal (HNE) and 4-oxo-2-nonenal (ONE), with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
bilayer. The results obtained by the combination of these two techniques, supported also by electron para-
magnetic resonance (EPR) spectroscopy, show that NA has the strongest stabilization in the bilayer, followed by
less stabilized NE, HNE and ONE. We also revealed that HNE readily makes hydrogen bonds to carbonyl groups

of POPC (but not to phosphate groups), in contrast to other RAs which are hydrogen bond acceptors and do not
make hydrogen bonds with lipids. A combination of FTIR spectroscopy and MD simulations is sensitive to small
chemical changes in the structures of RAs, thus making it a valuable tool for studying the weak interactions
between compounds inserted to phospholipid bilayers.

1. Introduction

Reactive aldehydes (RAs), such as 4-hydroxy-2-nonenal (HNE)
(Esterbauer et al., 1991) and 4-oxo-2-nonenal (ONE) (Seon Hwa et al.,
2001), are constantly formed during oxidative stress (Catala, 2009)
inside cellular membranes as a consequence of peroxidation of different
polyunsaturated fatty acids (Yin et al., 2011). Due to their chemical
structure, RAs easily react with neighboring lipids (Guichardant et al.,
1998) and membrane proteins (Zarkovi¢ et al., 2013) which leads to
various irreversible covalent modifications of cellular membrane
building matter. In normal physiological conditions inside living or-
ganisms, RAs are transported from the cellular membranes to the cy-
tosol, where they are efficiently metabolized by glutathione-S-trans-
ferase and present no further harm to the organism (Catala, 2009). Low
concentrations of covalently modified proteins are usually removed by
the cellular proteasomal system and are not harmful in normal phy-
siological conditions. However, if the concentration of modified pro-
teins is too high, the removal of modified proteins is not efficient and
this can lead to severe consequences and dangerous diseases (Grune and
Davies, 2003).

In our previous work, we have analyzed the behavior of RAs with
the principal aim of studying their reactivity to model peptides (Skulj
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et al., 2019) and lipids (Vazdar et al., 2017) in organic solvents as well
as exploring the effect of chemically modified lipids on biophysical
properties of phospholipid bilayers with embedded proteins (Jovanovic¢
et al., 2015). We have also studied the behavior of HNE in lipid bilayers
by using molecular dynamics (MD) simulations and fluorescence spec-
troscopy where we have found out that HNE is relatively weakly sta-
bilized in membranes and that transfer of HNE across cellular mem-
branes occurs on a microsecond timescale, suggesting its active role in
cell signaling pathway (Vazdar et al., 2012a). However, the molecular
picture how RAs interact with individual phospholipid molecules is still
missing. In order to examine this in more details, we employed vibra-
tional Fourier-transform infrared spectroscopy (FTIR) which has been
proven to be a suitable, probe-free choice for examining different mo-
lecular interactions in phospholipid bilayers (Fringeli and Giinthard,
1981; Lewis and McElhaney, 2013; Tamm and Tatulian, 1997; Tatulian,
2003), in combination with MD simulations which are essential for
characterization of the interactions in the bilayers at the atomistic level
(Feller, 2000; Moradi et al., 2019; Tieleman et al., 1997). In addition,
supporting experiments using electron paramagnetic resonance (EPR)
spectroscopy useful in liposome characterization (Mirosavljevi¢ et al.,
2014; Mirosavljevi¢ and Noethig-Laslo, 2008) were also performed.
Until today, FTIR has been successfully used in studying lipid phase
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Fig. 1. Structures of reactive aldehydes, POPC and EPR spin probe 5-DSPC.
Hydrogen bond donor groups (blue) and hydrogen bond acceptor groups (red)
are shown for reactive aldehydes and POPC.

transition behavior in various lipid mixtures (Cieslik-Boczula et al.,
2012; Ku¢ et al., 2015; Lewis et al., 1996; Mannock et al., 2006; éegota
et al., 2015a, 2015b; Veiga et al., 1999), and also for identification of
hydrogen bonding patterns with polar groups of lipids, in particular
phosphate and carbonyl groups (Casal et al., 1987; Choi and Swanson,
1995; Désormeaux et al., 1992; Diaz et al., 2003; Grdadolnik and Hadzi,
1993; Gruenbaum and Skinner, 2011). However, to the best of our
knowledge, FTIR spectroscopy has not been used so far to system-
atically study intermolecular interactions of a series of chemically dif-
ferent RAs with phospholipid bilayers.

In this work, we focus on the molecular fingerprint of the interac-
tion of different RAs, in particular nonanal (NA), 2-nonenal (NE), 4-
hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal (ONE) (Fig. 1), with 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers. These
aldehydes were strategically chosen to study primarily the influence of
polar groups of RAs with the polar phosphate and carbonyl groups of
POPC bilayer. This is achieved by slowly increasing the complexity of
RA polar part, at the same time keeping hydrophobic interactions of RA
with the bilayer similar due to equally long RA hydrocarbon tails. We
combine experimental spectroscopic data with molecular dynamics si-
mulations with the aim of elucidating whether the small structural
changes of RAs are sufficiently large to be observed and quantified by
the combination of the described techniques.

2. Methods
2.1. Chemicals

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was pur-
chased from Sigma Aldrich (= 95%). Reactive aldehydes (RAs) nonanal
(NA) and trans-2-nonenal (NE) were purchased from Sigma Aldrich
(95% and 97% purity, respectively). NE was additionally purified by
column chromatography using pethroleum ether: ethyl acetate = 10:1
as eluent. 4-hydroxynonenal (HNE) and 4-oxononenal (ONE) were
prepared according to known literature procedures (Soulere et al.,
2007; Zimmermann et al., 2017). Phosphate buffer (PB) of ionic
strength 0.1 M and pH 7.4 was prepared from Na,HPO, (Alfa Aesar =
99.0% purity) and NaHPO, (Fluka, = 99.0% purity). 1-palmitoyl-2-
stearoyl-(5-doxyl)-sn-glycerol-3-phosphocholine (5-DSPC, = 99.0%
purity) was purchased from Avanti Polar Lipids Inc. Chloroform (CHCl3,
p-a., stabilized with ethanol) and deuterium oxide (D50, 99% atom D)
were obtained from, respectively, Lachner and Aldrich.

Chemistry and Physics of Lipids 225 (2019) 104793

Tetrachloroethene (C-Cly, spectroscopic grade) was purchased from
Acros Organics. All chemicals (except for NE) were used as received.

2.2. FTIR spectroscopy - preparation, spectra acquisition and spectral
analysis of hydrated multilamellar supported lipid bilayers

Two sets of hydrated lipid films were prepared i) pure POPC and ii)
POPC in the presence of RAs. In the former set, 10 mg of POPC was
dissolved in 100 pL of CHCls. In the latter, 10 mg of POPC was dissolved
in 100 puL. of CHCl; along with RA (m=0.2 mg). In such prepared so-
lutions the molar ratio between the components was n(POPC):n
(RA) = 10:1. Pure POPC lipids are measured in the liquid crystalline
phase at T = 37 °C, as well as films of POPC + RAs where we assume
that the film remains in the same phase due to relatively small con-
centration of added RA (Kim et al., 2013; Marinov and Dufourc, 1996).
From each sample set 15-20 pL of lipid solution in CHCI; was taken and
placed on one CaF, or BaF, window. After CHCl; evaporation at am-
bient temperature, the lipid film was formed. Residual traces of CHCl;
were removed by placing the windows with the samples in a tube ex-
posed to the N, current for about 5 min. After CHCl; was completely
removed (checked by collecting the spectra of dry lipid films), the films
were hydrated with D,O as follows: a spacer of thickness d = 6 um was
fixed to the window with the film by using about 8 uL of D,O. On the
other window about 16 pL of D,O was dropped. The windows were
carefully assembled in a way that the entrance of air in a cell was
prevented. The assembled cell was placed in a Harrick's temperature-
controlled demountable liquid cell carrier. Additionally, RAs were
dissolved in C,Cl4 (c=0.02 mol dm ~3) in order to obtain FTIR spectrum
of a single RA molecule surrounded with an inert nonpolar solvent.

FTIR spectra of hydrated lipid films were measured on an ABB
Bomem MB102 spectrometer, equipped with Csl optics and DTGS de-
tector. The assembled cell was heated from ambient temperature
(T = 25 °C) to desired temperature (T = 37 °C) during 5 min; the system
was held on T = 37°C at least 5min before the spectral acquisition
started. Temperature was regulated by the refrigerated/heated circu-
lator (Julabo, F12-ED). All spectra were collected with nominal re-
solution of 2 cm ™!, 20 scans and at T = 37 °C. Before taking the sample
spectra, a background spectrum was recorded at the same conditions
and automatically subtracted from the former in order to get atmo-
sphere-free sample spectra.

In order to determine the position of a particular RA incorporated
within a lipid bilayer, two spectral ranges are considered to be the most
informative: i) carbonyl stretching (vC = 0) region in which both POPC
and RAs absorb and ii) the region in which antisymmetric stretching of
phosphate groups (v,sPO> ") appears (Lewis and McElhaney, 2013).
Both spectral regions (i: 1850-1400 cm ™! and ii: 1350-1000 cm™ ')
were analyzed after a baseline correction in two ways: a) as raw
spectra; b) as second derivative spectra. The latter was obtained after
smoothing the raw spectra by the Savitzky-Golay procedure using
Spectragryph v1.2.10 (Menges, 2018). Derivative spectroscopy (Wong
and Mantsch, 1988) was employed because unambiguous determina-
tion of the position of carbonyl groups in raw FTIR spectra of RAs was
partly prevented. In particular, an extensive overlap of the bands ori-
ginated from the same functional groups (C=0O) in different molecules
(POPC and RAs) seriously disabled the determination of their position.
Moreover, in pure POPC the C=0 group make hydrogen bond (HB)
with water so it is necessary to assume that one very strong band de-
tected in this spectral range should be decomposed in minimally two
bands: one attributed to the stretching of non-HB C=0 group and an-
other to the HB C=0 group (Casal and Mantsch, 1984).

The same analogy is applied for the stretching of phosphate moi-
eties. Since PO, functional groups are strong HB acceptors, the ana-
lysis of this spectral range could provide an information about possible
intermolecular interactions between polar head of POPC and RAs de-
pending on the ability of the latter to form HB with the POPC phosphate
group. Regarding the stretching of PO, moieties, the antisymmetric



D. Bakarié, et al.

stretch is much more HB sensitive than the symmetric one which
usually absorbs at about 1085 cm?t (Hull et al., 2005). Therefore, the
single band assigned as v,PO,~ with a maximum at about 1220 cm?,
can be decomposed into two bands: one as non-HB PO, "~ group and
another as HB PO, group (Petrus et al., 2015).

As far as D50 is concerned, it is used as a hydrating agent in order to
avoid overlapping §(HOH) band with »(C=0) band. It is assumed that
during short time of hydration (several minutes needed for spectra
acquisition), substitution of D by H atoms from either POPC or RAs is
neglected (Pawlikowska-Pawlega et al., 2014).

2.3. EPR spectroscopy — preparation, spectra acquisition and spectral
analysis of spin labeled unilamellar liposomes

In the first sample 10 mg of POPC was dissolved in 100 pl of CHCl5.
In all other samples 10 mg of POPC and RAs (m=0.2 mg) were mixed
up in 100 pl CHCl3 in ratio n(POPC):n(RAs) = 10:1. 5-DSPC probe was
added as a solution in CHCl; in 0.1 mol% to all samples. The mixture
was evaporated using a rotary evaporator and the resulting thin film
was rehydrated using 100 pl of PB solution (0.1 M, pH 7.4). The ob-
tained liposome dispersion was mechanically extruded through a
200 nm polycarbonate membrane (Whatman) about 150 times at room
temperature.

EPR measurements were performed on X-band Varian E-109 spec-
trometer (10 GHz) equipped with a Bruker ER 041 XG microwave
bridge and ER 4111 VT temperature unit. The data was collected at
T = 37 °C using the supplied software (Morse, 1987). Spin labeled ve-
sicles were measured in glass capillaries (inner diameter of 1 mm) ap-
plying the following instrumental setup: microwave power of 10 mW,
modulation amplitude of 0.1 mT, modulation frequency of 100 kHz and
scan range of 10 mT.

The order parameter S of the studied bilayers was calculated using
EPR parameters An,x (mT) and A, (mT), employing the following
expression (Marsh, 1981).

A — Api
S = M x 0.5396
Amax + 2Amin

2.4. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed for POPC
lipid bilayers containing 128 lipids arranged in two symmetrical leaflets
with added 12 reactive aldehydes evenly distributed between the
leaflets (NA, NE, HNE and ONE, Fig. 1) which roughly corresponds to
the experimental ratio of n(POPC):n(RA) = 10:1 used in FTIR and EPR
measurements. POPC lipids and RAs were described with SLipids force
field (Jambeck and Lyubartsev, 2012a, 2012b, 2012c). All missing
bonding and non-bonding parameters of RAs were updated with com-
patible CHARMMS36 parameters (Klauda et al., 2010) when needed.
Atomic charges for RAs were calculated by the Merz-Singh-Kollman
scheme (Singh and Kollman, 1984) which consists of B3LYP/6-31 G(d)
geometry optimization, subsequent single point ESP charge calculation
using B3LYP/cc-pVTZ method and a final atomic charge refinement
with the RESP method (Bayly et al., 1993). All systems were solvated in
a unit cell with ca. 11,000 TIP3P water (Jorgensen et al., 1983) mo-
lecules resulting in the size of approximately 6.5 X 6.5x12.0 nm. 3D
periodic boundary conditions were employed with long-range electro-
static interactions beyond the non-bonded cut-off of 1 nm using par-
ticle-mesh Ewald procedure (Essmann et al., 1995) with a Fourier
spacing of 0.12nm. In all simulations, a semi-isotropic pressure cou-
pling using Parrinello-Rahman algorithm (Parrinello and Rahman,
1981) was independently used in the directions parallel and perpen-
dicular to the bilayer normal, maintaining pressure of 1bar with a
coupling constant of 10 ps~ . All simulations were performed at 37 °C
(310K), the human body temperature often used in MD simulations of
biological membranes, and controlled with the Nose-Hoover
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thermostat (Nosé, 1984) independently for the lipid and water sub-
systems using a coupling constant of 0.5 ps~*. Bond lengths within the
simulated molecules were constrained using the LINCS (Hess et al.,
1997), whereas water bond lengths were kept constant employing the
SETTLE method (Miyamoto and Kollman, 1992). Equations of motion
were integrated using the leap-frog algorithm with a time step of 2 fs.
Lipid bilayer membranes were initially equilibrated until a constant
area per lipid was obtained (i. e. at least for 10 ns), followed with 200 ns
of production used for analysis in unbiased simulations.

In order to calculate potential of mean force (PMF) for RAs across
the POPC bilayer, we generated a set of initial configurations by pulling
a center of mass of a single RA of interest along the bilayer z-axis from
the final position obtained in unbiased MD simulations independently
to water phase and to the bilayer center with the rate of 0.001 nm ps !
and a harmonic restraint with a force constant of 1000 kJ mol ™! nm™2,
In this way, a set of 36 simulations with 0.1 nm spacing between them
was generated, ranging from the bilayer center to the distance of 3.5 nm
from the bilayer center in the water phase. Using the described set of
initial configurations, we performed a series of 20 ns umbrella sampling
simulations using a harmonic umbrella potential of 1000 kJ mol™ nm™,
First 1ns was was discarded from the further analysis. Potential of
mean forces were estimated from the biased distributions using the
weighted histogram analysis method (WHAM) (Hub et al., 2010). The
error bars in PMFs were calculated using the Bayesian bootstrap ana-
lysis with 100 bootstraps (Hub et al., 2010). MD simulations were
performed with the GROMACS program package, version 5.1.4
(Abraham et al., 2015).

3. Results
3.1. FTIR spectra

A dominant spectral signature in raw spectra of hydrated multi-
lamellar POPC bilayers in the carbonyl stretching region (1850-
1400 cm ™ ') (Fig. 2a) is the stretching of carbonyl groups of POPC
(# = 1737 cm ™}, indicated as v(C= Opopc) in further text). Second de-
rivative spectra of POPC bilayer reveals two maxima of v(C= Opopc) at
1743 cm ™t and 1731 cm ™! (Fig. 2b) attributed to the stretching of non-
hydrogen-bonded (non-HB, v(C = Opopc.non-up)) and hydrogen-bonded
(HB, v(C=Opopc.is)) POPC carbonyl groups with interfacial water.
Since the former band is more intense than the latter, there are more
non-HB than HB C=0 groups, indicating that water is not completely
involved in hydrogen bonding with POPC carbonyl groups.

In raw spectra of POPC + RAs hydrated multilamellar bilayers
(C=O0popc) band appears at 7 =1735 cm~!  (POPC + NA),
#=1733cm ™' (POPC + NE), # =1738cm™' (POPC + HNE) and
7 =1735cm ™! (POPC + ONE). A small displacement to the low wa-
venumber region in POPC + NA, POPC + NE and POPC + ONE, as well
as small displacement to the high-wavenumber region in POPC + HNE,
occurs due to the change in the abundance of HB and non-HB C=0
groups of POPC with water and RA depending on the nature of studied
RA and its equilibrium position in the bilayer (Ryu et al., 2010). Im-
portantly, due to the structure of studied RAs (Fig. 1), only HNE can
serve as hydrogen bond donor to carbonyl groups with its — OH group,
whereas other aldehydes are exclusively hydrogen bond acceptors
(Fig. 1). The detailed analysis of the bands originated from carbonyl
stretching of RAs in POPC + RAs system differs for various RAs and will
be discussed in the following sections.

In raw spectra of POPC + NA hydrated multilamellar bilayers the
band »(C = Ona) generated by NA is not observed. This is not surprising
since a single NA molecule (measured in C,Cl,) produces this signal at
1731 ecm ™! which is largely overlapped with v(C=Opopc) found at
1737 cm ™! (Fig. 2a). Second derivative spectrum reveals two maxima
of at 1744cm ™! and 1732cm™! (Fig. 2b), both of them attributed to
POPC, in particular the I/(CZOPOPC-non-HB) and I/(C:Opopc_HB) which
look similar to neat POPC indicating no difference in hydrogen bonding
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Fig. 2. Normalized FTIR spectra of hydrated multilamellar bilayers of POPC and POPC + RAs (NA, NE, HNE, ONE) obtained at 37 °C in spectral range 1850-1400
em ™1 a) raw spectra; b) second derivative spectra. FTIR spectra of RAs dissolved in C,Cl, are presented with dotted lines.

to water between these two systems. However, a very small displace-
ment of v(C = Opopcup) to higher wavenumbers in comparison with
neat POPC bilayers is accompanied with the intensity gain of the signal
at 1732 cm ™!, suggesting that v(C=0Oy,) is hidden beneath it. There-
fore, we can conclude that v(C=0ya) of NA in POPC is not changed
compared to C,Cly, suggesting that carbonyl group of NA is located in
the environment similar to nonpolar C,Cly.

In POPC + NE system very weak bands at 1701 cm ™~ and
1697 cm ™! are attributed to the v(C=0) band of NE (Fig. 2a, see the
augmented inset labeled with * and indicated as v(C=Oyg)). Since
1(C=Oyg) of a single NE molecule absorbs at 1699 cm ™! in C,Cl,, it
follows that in POPC bilayers NE molecules are located in two slightly
different arrangements — in one C=0 bond of NE is shortened (1701
cm™ 1) and another one in which this bond is elongated (1697 cm™ b
resulting from weak hydrogen bonding to interfacial water. Almost
equal and very weak intensity of these bands, as well as the same dis-
placement from the »(C=Oyg) band of a single NE molecule
(+2cm™") implies an almost equal proportion of NE located in two
different arrangements. A more detailed second derivative spectrum
(Fig. 1b) demonstrates that the intensity of HB signal of 2(C = Opopc.1p)
dominates (at 1731 cm 1) in contrast to the non-HB v(C = Opopc.non.ip)
(at 1744 cm™ 1), which differs from the neat POPC where signal from
non-HB C=0 groups dominates. Therefore, it seems that NE induces
rearrangement of water and resulting in stronger hydrogen bonding
between POPC carbonyl groups and interfacial water compared to neat
POPC.

In POPC + HNE, a distinct band at 1685 cm ™' in raw spectra ap-
pears due to v(C=0) of HNE (Fig. 2a, indicated as v(C = Oyng)) and
can be clearly identified. In comparison with the spectrum of HNE in
C,Cl, 7 = 1700 cm ™ ') this band is displaced by 15cm ™! to low wa-
venumber region, implying that C=0 group in HNE participates in
strong hydrogen bonding as hydrogen bond acceptor, either to inter-
facial water or another hydrogen bond donor. Since the hydrogen
bonding to water occurs also for other RAs which are hydrogen bond
acceptors and do not show a significant effect on the v(C = Ogra)
stretching (see results for other RAs), it follows that the elongation of
C=0 bond is mainly due to interaction with another HNE molecule in
the bilayer. However, hydroxyl —OH group of HNE, which is a part of
the n delocalized system (Fig. 1), serves as a hydrogen bond donor
towards POPC carbonyl group as well which in turn results in the in-
tramolecular charge distribution in HNE leading to the slight elongation
of C=0 bond. A second derivative spectrum (Fig. 2b) suggests a de-
crease in the proportion of a HB C=0 groups of POPC, v(C = Opopc.1p)
(1730cm™ 1) at the expense of non-HB groups, v(C=Opopc.non-tp)
(1743 cm™ 1), indicating that water around POPC carbonyl group is
expelled and replaced by HNE which seems to be not as optimal HB
donor as water. Interestingly, this is different to the behavior of NE

1

which induces stronger binding of POPC carbonyl groups to interfacial
water. Finally, an additional signature in second derivative spectra is
observed at 1(C=Oypyg) at 1688 cm ™! and corresponds to the band
observed in raw spectra at 1685 cm ™! attributed to hydrogen bonding
to POPC carbonyl groups.

In the raw spectra of POPC + ONE, (C=0) of ONE produces a
weak band at 1689 cm ™! and a very weak band at 1701 cm ™ (Fig. 2a,
indicated as v(C=Ogyg)). As ONE molecule possesses two carbonyl
groups (aldehyde and keto group, Fig. 1), it is possible that these groups
produce different signals in spectra. Both of them are displaced to the
low wavenumber region in comparison with a single ONE molecule in
CyCly (1703 em ™ 1), suggesting that C=0 and HC= O bonds of ONE in
POPC are elongated and participate in hydrogen bonding to sur-
rounding water. More details are revealed from the second derivative
spectrum (Figure 2b) - in addition to signatures of a non-HB,
v(C=O0popcnon-us) (1744 cm™ 1) and HB, v(C=Opopce) (1730 cm™ 1)
carbonyl groups of POPC which look similar to neat POPC and show no
difference in hydrogen bonding to water, v(C=Oqng) band appears at
1690 cm ™! (comparable to v(C=Opng) band at 1689 cm ™! in the raw
spectrum) with a weak low frequency shift, additionally confirming
that ONE participates in weak hydrogen bonding to interfacial water.

Raw spectra of hydrated multilamellar POPC and POPC + RAs in
the spectral range 1350-1000 cm ~ ' exhibit several maxima of more or
less overlapped bands. In contrast to carbonyl stretching which is pre-
sent in both POPC and RAs, the most informative signal is the one
originated from antisymmetric stretching of phosphate moieties of
POPC (v,sPO,") which maximum is commonly found at around
1232cm ™! (Lewis and McFElhaney, 2013). This band is party un-
resolved due to the signals from the wagging of — CH,— groups (Lewis
and McElhaney, 2013), as well as from the bending od D,O (at ca.
1210cm™ Y (Pawlikowska-Pawlega et al., 2014). Additional bands
observed in spectral range 1350-1000 cm ™' are due to the symmetric
stretching of phosphate groups (vsymPO2~ at about 1085 em™ 1) and
symmetric (v, C-O appears at about 1070 cm™!,) and antisymmetric
stretching (v,sC-O appears at about 1170 cm™! of POPC C-O groups.
The latter three bands are considered to be insignificant in the eluci-
dation of the interaction pattern made by lipid molecules (Lewis and
McElhaney, 2007) so the discussion will be limited only to v,sPO, ™.

Band maximum of v,PO,~ in raw FTIR spectra appears at:
1237cm™! (POPC), 1236cm™! (POPC + NA), 1235 cm™ !
(POPC + NE), 1238 cm~! (POPC + HNE) and 1235 cm™!
(POPC + ONE), (Fig. 3a). In comparison with pure POPC, the presence
of NA, NE and ONE slightly displaces the maxima to the lower wave-
number region, whereas HNE is placed in the opposite direction, but
also by a very small amount (=1 cm™). This indicates the ability of
HNE to act as a hydrogen bond donor using —OH group, with phos-
phate moiety acting as hydrogen bond acceptor similar to hydrogen
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Fig. 3. Normalized FTIR spectra of hydrated multilamellar bilayers of POPC and POPC + RAs (NA, NE, HNE, ONE) in the spectral range 1350-1000 cm ™ ': a) raw

spectra; b) second derivative spectra.

bonding to POPC carbonyl groups. However, in contrast to carbonyl
stretching, the detailed examination of second derivative spectra
(Fig. 3b) reveals only very small variations in the positions of non-HB
and a HB phosphate groups and far less details as compared to the
carbonyl stretching region (Fig. 2b). Non-HB v,,PO,~ band appears at:
1246cm™"' (POPC), 1245cm~' (POPC+ NA), 1245 cm™!
(POPC + NE), 1246 cm~! (POPC + HNE) and 1245 cm™!
(POPC + ONE); HB v, PO,~ band appears at: 1234cm™! (POPC),
1234cm™! (POPC + NA), 1233 cm™! (POPC + NE), 1234 cm™!
(POPC + HNE) and 1233 cm ™! (POPC + ONE), suggesting weaker in-
teractions between RAs and POPC phosphate group. Moreover, the in-
tensity of non-HB 1v,,PO,~ bands is stronger than intensity of HB v,
PO, "~ bands in all systems, indicating that POPC phosphate group does
not participate in hydrogen bonding in a large amount in contrast to
POPC carbonyl group where the changes in the second derivative
spectra are more pronounced.

3.2. EPR spectra

EPR spectra of hydrated unilamellar POPC and POPC + RAs lipo-
somes recorded at T = 37 °C are presented in Fig. 4.

Values of the hyperfine splitting parameters 2A,,.x and 2A,,;, were
determined from the raw spectra (Fig. 4). The analysis of the order
parameter S shows that the largest disordering effect and in turn in-
crease of lipid fluidity is the most pronounced for NA, whereas the ef-
fect for other aldehydes is smaller and roughly similar (Table 1). The
relative change of the order parameter S for insertion of NA is

POPC+HNE

POPC+NA

2Amax

T T T T T T T T T v T
326 328 330 332 334 336
Magnetic field / mT

Fig. 4. EPR spectra of POPC and POPC + RAs (NA, NE, HNE, ONE) unilamellar
liposomes labeled with 5-DSPC spin probe.

comparable to the effect of DOPE adducts with ONE (Jovanovic et al.,
2015) and fatty acids (Malingriaux et al., 2013). The increase of bilayer
fluidity around the spatial position of 5-DSPC probe is the highest when
NA is inserted, indicating that its residence time is the largest in the
vicinity of the spin probe. The change in order parameter for other RAs
is smaller and no large increase in bilayer fluidity in the vicinity of the
5-DSPC probe is observed.

3.3. Molecular dynamics simulations

Number density profiles for all studied RAs embedded in DOPC
bilayer are shown in Fig. 5.

First, we see that the overall arrangement of phospholipid head-
groups (shown as number densities of central atoms in choline, phos-
phate and carbonyl group in POPC) and water density distribution is
almost identical in all systems as expected for relatively small con-
centration of RAs studied in this work. Importantly, the water density is
significantly higher around phosphate groups (at distances of ca. 2 nm
from the bilayer center) as compared to water density around carbonyl
groups (at distances of ca. 1.5nm from the bilayer center) demon-
strating that phosphate groups are better solvated than carbonyl
groups. Analysis of distribution of RAs in the bilayers reveals that NA
has the largest density in the bilayer center, followed by NE, ONE and
finally HNE (Fig. 5 a-d). On the other hand, HNE has the largest
number density maximum which is located near phospholipid head-
groups (Fig. 5¢), followed by ONE, and NE and NA. Although these
results are quite informative and are related to lipophilicity of studied
RAs, it is not possible to connect it directly to relative stability of RAs in
bilayer relative to water, since a small amount of HNE and ONE is found
outside the bilayer in the water phase (Figs. 5¢c and 5d). Importantly, all
studied RAs are inserted quite deep in the membrane, with the max-
imum number density just below POPC carbonyl groups (Fig. 5). The
distribution of aldehydes is symmetric after 200 ns, as expected in the
equilibrium. Due to the relatively low concentration of RAs (10 lipids:1
RA which results in only 12 lipids per 128 lipids in the bilayer in our
MD simulations) we did not notice any flip flop event during 200 ns of
MD simulations which would yield an asymmetric bilayer. However, we
also do not expect that the difference in distribution of RAs between the
leaflets would lead to different interactions with POPC. Within our
setup, it is almost impossible to notice any difference in binding of RAs
to POPC which is mainly of local character and is not influenced by
global RA concentration.

In order to check for the relative stability of RAs in the bilayer, we
performed free energy calculations using umbrella sampling. The ob-
tained free energy profiles are shown in Fig. 6.

Based on the presented data, we see that stabilization of NA vs. bulk
is ca. -6kcalmol~?, followed by NE (ca. -4kcal mol™ 1), HNE (ca.
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Table 1

Chemistry and Physics of Lipids 225 (2019) 104793

Values of the hyperfine splitting parameters 2A,,,x and 2A,;, (in mT) for hydrated unilamellar liposomes of POPC and POPC + RAs and order parameter S calculated
from it. Ratio S/Sy is expressed in a way that S, was set to be 100, whereas other order parameters Sy is are expressed relative to this value.

POPC POPC + NA POPC + NE POPC + HNE POPC + ONE
2Amin 1.953 = 0.021 1.970 = 0.020 1.963 = 0.015 1.975 = 0.007 1.977 *= 0.006
2A max 4.833 + 0.021 4.773 * 0.021 4.823 + 0.021 4.825 + 0.007 4.857 + 0.040
N 0.534 + 0.003 0.521 + 0.003 0.529 + 0.004 0.526 + 0.001 0.529 + 0.004
Sx/So 100 97.6 = 0.6 99.2 = 0.8 98.6 = 0.2 99.2 = 0.8

-3.5kcal mol ~') and finally ONE (ca. -2.5 kcal mol™1). In addition, we
can also estimate the energy needed for flip flop of RAs, i. e. free energy
needed for RAs to cross from one leaflet to another. Flip-flop free en-
ergy barrier is the smallest for NA (ca. 0.5 kcal mol %), followed by NE
(ca. 1 kcal mol ™ '), ONE (ca 1.5 kcal mol ~*) and the largest for HNE (ca.
2kcal mol™1). The present results for stabilization of HNE are com-
parable to previous studies (where stabilization of HNE with respect to
water phase was ca. 4kcalmol™'), but flip flop barrier for HNE has
been calculated to be significantly higher, around 6 kcal mol ~* (Vazdar
et al., 2012b). However, in the previous study free energy profiles have
been calculated using only a single HNE inserted in the membrane,
whereas in this work we have a finite concentration of HNE in the
membrane in the ratio of n(POPC):n(RA) = 10:1. The difference in
calculated flip-flop barriers suggest that the flip-flop barrier is de-
creasing when RAs are present in the bilayer in a finite concentration
due to their mutual interaction.

Free energy calculations show that the most lipophilic RA is NA, as
can be expected from its structure where only one carbonyl group is
present together with a fully saturated carbon chain. NE has also only
one polar group, but is slightly less lipophilic due to one double bond in
the carbon chain. HNE and ONE have two polar groups, but HNE is
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Fig. 6. Free energy profiles for translocation of NA (black), NE (red), HNE
(blue) and ONE (green) across POPC bilayer.
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Fig. 7. Radial distribution functions (RDFs) for interaction between oxygen
atoms in aldehyde group of NA (black and grey) and NE (red and light red),
hydroxyl group of HNE (blue and light blue) and keto group of ONE (green and
light green) vs corresponding oxygen atom in carbonyl group of POPC and
phosphate group of POPC, respectively.

more lipophilic due to ability to make hydrogen bonds to carbonyl and
phosphate POPC groups in contrast to ONE. The ability of HNE to act as
a hydrogen bond donor is also reflected in the largest flip-flop barrier in
the series, since the breaking of hydrogen bonds and translocation to
the other leaflet has an additional energy penalty. The equilibrium
position of all RAs center of mass is in the region of 1.0-1.2 nm from the
bilayer center, just below POPC carbonyl groups (see Fig. 5). Ad-
ditionally, MD simulations reveal another interesting fact — namely, the
insertion of RAs from water to the phospholipid bilayers is not a
spontaneous process and the free energy barrier for lipid insertion as-
sumes values of 0.5-1.0 kcal mol ™!, with the largest barrier observed
for ONE.

Finally, we analyze the hydrogen bonding pattern between polar
groups of RAs, in particular the aldehyde group of NA, NE, hydroxyl
group of HNE and keto group of ONE (Fig. 1), with POPC phosphate
and carbonyl groups. The radial distribution functions (RDFs) of RA
polar groups vs oxygen atom in carbonyl group of POPC and oxygen
atoms in phosphate group of POPC, respectively, are presented in Fig. 7.

We see that HNE makes hydrogen bonds to POPC carbonyl and
phosphate groups since the first RDF maximum is sharp and located at
the distance between two corresponding oxygen atoms of ca 0.25 nm.
Interestingly, the hydrogen bond towards carbonyl group is stronger
than to phosphate as witnessed by an increased maximum in the cor-
responding RDF (Fig. 7). This is not intuitively anticipated, since the
charge of oxygen atoms in phosphate groups is more negative than the
corresponding charge on oxygen atoms in carbonyl groups. Therefore, a
stronger electrostatic interaction between positively charged hydrogen
atom in —OH group of HNE and oxygen atoms from POPC phosphate
groups is expected. However, since POPC carbonyl groups are located
deeper in the bilayer than phosphate groups, they are surrounded with
less water allowing them to create hydrogen bonds to HNE which itself
is located closer to POPC carbonyl than POPC phosphate groups
(Fig. 5). This is an interesting phenomenon, showing that a balance of
hydrogen bonding to water and HNE depends not only to the electro-
static interaction between HNE and polar lipid groups (and which
should be stronger for POPC phosphate group), but also depends on the
degree of solvation of polar lipid groups.

In the case of other RAs, they do not make hydrogen bonds to POPC
as witnessed by the first RDF maximum which is found at distances
larger than 0.35nm between the corresponding oxygen atoms. Also,
polar groups are more frequently found closer to carbonyl group than
phosphate group as indicated by the larger first maximum in RDFs,
being around 4 for interaction with POPC carbonyl and around 1 for
interaction with POPC phosphate groups, which is expected due to their
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equilibrium position in the bilayer.
4. Discussion and conclusions

In this work, we studied behavior of a series of reactive aldehydes
with POPC (Fig. 1), one of the most common phospholipids found in
cellular membranes (van Meer et al., 2008), using FTIR spectroscopic
experiments assisted with molecular dynamics simulations. Since the
oxidative damage results from subsequent reactions of embedded RAs
with surrounding lipids/proteins (Schaur, 2003), it is important to
understand what occurs prior to the reactions themselves, i.e., how RAs
are distributed in the membrane heterogeneous environment. In par-
ticular, we are interested in finding whether relatively small changes in
the RA structure used in this work influence local phospholipid beha-
vior and whether these differences can be monitored by FTIR spectro-
scopic experiments supplemented with the atomistic data.

With the intention of understanding the molecular details of the
described interactions, we first employed FTIR spectroscopic measure-
ments of RAs in POPC with the special emphasis to carbonyl stretching
of POPC and RAs, as well as phosphate stretching of POPC. In the case
of NA, the FTIR experimental results show that NA has carbonyl
stretching spectra similar to single NA molecule in nonpolar C,Cly
suggesting that NA is located in a similar nonpolar environment in the
POPC bilayer. This is also evident in the EPR spectra which shows the
largest increase in fluidity of POPC bilayer at the position of 5-DSPC
probe when NA is added (Fig. 1) due to the largest residence time of NA
around the probe disturbing native bilayer environment. These results
are in excellent agreement with molecular dynamics simulations and
free energy calculations which are showing that NA is the most lipo-
philic RA in the series, with the stabilization energy of ca -6 kcal mol ~?,
and the lowest flip-flop barrier of ca. 0.5 kcal mol ~* indicating frequent
flip-flop events which are the reason for the largest increase in bilayer
fluidity around the EPR spin probe.

Upon going to NE, the FTIR data describing carbonyl stretching of
NE, and in particular the second derivative analysis of the FTIR spectra
of POPC carbonyl groups, shows that NE is located in two slightly dif-
ferent polar environments. A significant ratio of NE is bound to inter-
facial water and is therefore located closer to the membrane interface
than NA, as indicated by the equilibrium position of NE (Fig. 6). These
results are also supported by EPR measurements, which show that the
disorder resulting from NE insertion is not as large as in the case of NA
and it is relatively similar to neat POPC. The experimental results are
corroborated by MD simulations which show that NE is less stable than
NA in the bilayer, assuming value of ca. -4 kcalmol ™! with slightly
increased flip-flop barrier than NA, being ca. 1 kcal mol >,

Going further in the series, the results show that HNE, as the only
hydrogen bond donor of all studied RAs (Fig. 1), makes hydrogen
bonding with available hydrogen bond acceptors (such as water, an-
other HNE molecule or POPC carbonyl group). This is witnessed by a
low frequency shift of v(C = Oyyng) band of about 15 cm ™! in com-
parison to single HNE in nonpolar C,Cl, and a high frequency shift of
1(C = Opopc) band of 1cm™! (Fig. 2). This occurs mainly due to the
interaction of HNE molecules between themselves, but a substantial
portion of HNE species nevertheless make hydrogen bonds with car-
bonyl and phosphate groups of POPC (Fig. 7). It is interesting, however,
that hydrogen bond is significantly stronger upon interaction of HNE
with less electronegative carbonyl group of POPC than more electro-
negative phosphate group of POPC, as HNE is more closely situated
being to POPC carbonyl groups in the bilayer. A detailed analysis of
second derivative spectra of carbonyl stretching also shows that ratio of
hydrogen bonded C=0 groups of POPC is decreased at the expense of
non-hydrogen bonded groups showing that HNE is replacing water
around POPC carbonyl groups, but is not as efficient as a hydrogen
bonding donor compared to water. Additionally, the phosphate
stretching v,sPO, ™ also shows a slight high-frequency shift, in contrast
to other studied RAs. The effect of HNE insertion is also somewhat
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visible in the EPR spectra, with order parameter S being slightly lower
compared to NE, but within the error bar (Fig. 4). MD simulation data
show that HNE is not as strongly stabilized in the membrane as NE
(with the slightly higher stabilization energy of ca. -3.5kcal mol ™ 1).
However, the largest differences compared to other RAs are visible in
the flip-flop free energy of HNE, assuming values of ca. 2kcal mol ™7,
which is larger than other values of the investigated series. This in-
crease in flip-flop energy can be attributed to the energy penalty needed
for breaking the hydrogen bonds between —OH group in HNE with
carbonyl and/or phosphate groups of POPC.

As a final example in the series, ONE has two carbonyl groups via
which it can interact which is visible in the FTIR spectra as two separate
signals participating in hydrogen bonding to surrounding water. In the
EPR spectra, the order parameter is the largest in the series (together
with NE), showing the lowest influence on the disorder of the bilayer
and bilayer fluidity when ONE is inserted is almost not changed com-
pared to neat POPC. This data was confirmed as well with MD simu-
lations, where we observe that ONE is stabilized by ca. -2.5 kcal mol !
(Fig. 6) and does not participate in hydrogen bonding to carbonyl and
phosphate groups of POPC. Interestingly, the free energy barrier for
entrance of ONE to the POPC bilayer is around 1 kcal mol? (Fig. 6),
which is slightly higher compared to other studied RAs, due to presence
of two carbonyl groups which cannot get stabilized by the hydrogen
bonding to phosphate and carbonyl POPC groups upon insertion into
the bilayer.

In conclusion, we described by a combination of spectroscopic
techniques and molecular dynamics simulations the detailed interac-
tions between different RAs and POPC phospholipid bilayers. It is im-
portant to note that by using FTIR spectroscopy with atomistic data, the
level of molecular details which can be extracted and analyzed is far
superior when compared to FTIR spectroscopy or MD simulations alone.
We demonstrated that even minute changes in the structures of reactive
aldehydes (Fig. 1) leave the unique molecular fingerprint which can be
monitored by vibrational spectroscopy and analyzed with the help of
molecular dynamics simulations. In particular, we showed that car-
bonyl group of POPC is an excellent probe for studying interactions
with compounds where hydrogen bonding is essential, such as reactive
aldehydes studied in this work. Although phosphate group is also a
possible target for FTIR analysis, it was shown by second order FTIR
analysis that it is not as sensitive as carbonyl group for hydrogen
bonding monitoring of RAs, due to the fact that RAs make more hy-
drogen bonds with POPC carbonyl group than POPC phosphate group.
Incidentally, we do not expect any qualitative changes in the interac-
tions of RAs with lipid when POPC is in the liquid crystalline phase. In
contrast to measurements around lipid melting point T,, (which are
frequently used in other IR and DSC temperature studies where sig-
nificant changes in the spectra is routinely observed) the differences in
the aldehyde IR signal with temperature are expected to be very small
and hard to be detected.

Finally, we should mention that systems studied in this work are a
benchmark for future combined experimental/atomistic characteriza-
tion of more realistic lipid bilayers under oxidative stress. In particular,
we plan to use reactive lipids, such as phosphoethanolamine (PE) to-
gether with embedded peptides/proteins, which can both react with
different reactive aldehydes leading to deleterious changes of the
phospholipid structure with important consequences on stability of
biological membranes. Moreover, we should also stress that in realistic
bilayers, POPC (or any other constitutive lipids) are prone to oxidation
themselves by ambient free radicals, resulting in variously oxidized li-
pids. This will have an effect on the interactions of RAs with the
modified lipids, which can be quite different from the interaction of RAs
with intact lipids. Altogether, we believe that the presented combina-
tion of the experimental techniques and molecular dynamics simula-
tions represents a promising tool for studying oxidative stress at the
molecular level in the future.
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