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Abstract

The embedding of caffeate methyl ester, the flavonoids luteolin and quercetin, as well
as the o-phenanthroline and neocuproine in a liquid disordered lipid bilayer has been
studied through extensive atomistic calculations. The location and the orientation of
these bio-active antioxidants are explained and analyzed. While the two
phenanthrolines strongly associate with the lipid tail region, the other three
compounds are rather found among the head groups. The simulations showcase
conformational changes of the flavonoids. Through the use of a hybrid Quantum
Mechanics — Molecular Mechanics scheme and supported by a profound
benchmarking of the electronic excited state method for these compounds, the
influence of the anisotropic environment on the compounds’ optical properties is
analyzed. Influences of surrounding water molecules and of the polar parts of the

lipids on the transition dipole moments and excited state dipole moments are weighted



with respect to a change in conformation. The current study highlights the importance
of the mapping of molecular interactions in model membranes and pinpoints
properties which can be biomedically used to discriminate and detect different lipid

environments.

Introduction

Plant- origin foods like fruit, vegetables and beverages like tea, as well as red wine
contain polyphenolic compounds like flavonoids that are associated with health
maintenance and the prevention of chronic and degenerative diseases!*3.The
Mediterranean diet is based in olive oil, a source of fatty acids, and in addition rich in
fruits and vegetables. Olive oil contains a number of phenolic compounds which are
responsible for its stability to oxidative rancidity. Many of these components such as
e.g. tyrosol, hydroxytyrosol, oleuropein, caffeic acid, flavonoids are regarded as
strong antioxidants and radical scavengers'-*>.

Flavonoids form a large group of more than 6000 phenolic compounds differing in the
number of hydroxyl groups attached to their benzo-y-pyrone ring complex. They are
found in several species of the plant kingdom, and are known to possess strong
antioxidant activity’"”-%°. A number of flavonoids belonging to the flavone, flavonol,
flavanone, and flavan-3-ol subclasses protect cellular DNA from H20:2-induced

10.ILI2 T addition, the use of flavonoids as natural metal

single-strand breaks
chelators should be favored as pharmaceutical cytoprotectives against other synthetic
metal-ion chelators which may present some problems of toxicity.

The five molecules to be studied here and a series of similar substances belonging to
the above categories are known to protect the cell from the detrimental oxidation
effect of free iron ions by impeding the Fenton reaction!*. Aspects of underlying
protection mechanism have been investigated by biochemistry methods developed by

several groups, see!> 141516

and references there. Experimental biochemistry studies
demonstrated that cytoprotection against H2O2-induced cellular DNA damage was
achieved after pre-incubation of the cells with specific Fe- or Cu- ion chelators able to
penetrate in the cell membrane'-!”-!8, The five antioxidant dyes that were chosen in
this work were under incubation with cell cultures hindering single strand DNA

breakage from hydrogen peroxide in presence of iron and/or copper ions!'®. They are



all small planar amphiphilic bidental metal —ion chelators displaying an extensive
conjugated double bond system amenable to theoretical and experimental
spectroscopic studies and detection. The above common features, as well as their cell
membrane affinity, are all found to be related to the mechanism of the above of the
cell DNA protection.

It was further observed that effective protection was based on the ability of the
compound to (i) reach the intracellular space and, (ii) chelate intracellular “labile”
iron. However, the molecular mechanism underlying the health keeping effects of the
cell still remains unknown. The membrane interaction of the chelating sites of small
dyes as a link to their known experimental antioxidant activity will be studied in this
work.

The chelating ability of the antioxidants of the present work was verified previously
for different systems!2%2!, Characteristic is the protective ability from DNA damage
of the 1,10-phenanthroline (oPhen) chelator against its non-chelating isomer 1,7-
phenanthroline that provided no protection®>!3. A totally different system, hydroxy
tyrosol (3,4-dihydroxyphenylethanol) with two adjacent chelating phenolic hydroxyls,
but not Tyrosol, was able to protect cells in culture from H20:2-induced of single

1,23, 24

strand breaks formation in nuclear DNA as was shown in and references there.

The flavonoids Luteolin (Luteo) and Quercetin (Querc) possess a couple of possible
bidental chelating sites consisting of adjacent phenolic or mixed phenolic-ketonic
pairs of oxygen atoms easily discerned in Figure 1. One phenolic chelating site and
molecular flexibility similar to flavonoids is shared by the smaller molecule of the
methyl caffeate ester (Caffest). The molecules of o-Phenanthroline (oPhen) and the
Neocuproine (Neocu) possess also bidental chelating sites based instead on two
adjacent nitrogen atoms, Figure 1. The active electron pairs of the chelating oxygen
or nitrogen extremities of the above species are important as they can act as polar
extensions attracted by the membrane zwitterionic headgroup and/ or the water

molecules associated to it.
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Figure 1. a: The flavonoids luteolin (Luteo) to the left and quercetin (Querc) in the middle
are depicted in this figure with the smaller molecule of caffeate methyl ester (Caffest) seen to
the right. The phenolic-aromatic A- and catechol B- outer rings of the two flavonoid
molecules are separated from the middle pyrone C- ring. The planar surface formed by the
combination of the A-and the pyrone C- rings will be referred further as pyrone complex. b:
The two phenanthrolines, o-phenanthroline (oPhen) in the left and neocuproine (Neocu) to the

right.

Relevant studies of similar antioxidants show that the prominent properties in
common of the above mentioned groups of substances is their membrane affinity, the
chelating ability as well as the planarity due to an extensive conjugated double bond
system.

The bidental chelator caffeic acid derivatives are particularly active as cytoprotectives
due to their small size and the affinity to the cell membrane. However, the caffeic acid
itself, which is negatively charged at neutral pH, was largely ineffective, even at
relatively high concentrations, although able to chelate iron®*?%, Caffeate methyl ester
(Caffest) on the other hand, that is one of the targets of the present work, displayed
increased protective ability with the carboxyl group neutralized by esterification, thus
easier penetrating plasma membrane.

A systematic presentation of the energies and the structural parameters for different
iron- complexes of several flavonoids can be found in?’. In particular the optical

properties of free quercetin and its iron adducts were computed using Density
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Functional Theory (DFT) methods. The changes of optical absorption of the quercetin
molecule by the metal-ion complexation were also identified, explained and compared
with experimental data?’,

Lipid membranes are fundamental components of life as they conditionally separate
and/or bring in contact the cell to the immediate environment allowing only specific
functions of life to occur related chiefly with the exchange of matter and energy.
Their functionality is regulated by their phase, either solid (So), liquid ordered (Lo) or
liquid disordered (L4). Most of the parameters determining the phase of the model
membranes such the lateral diffusion coefficient Dz and the order parameter of the
alkyl chains <Y20(#)> can be derived using Molecular Dynamics (MD) simulations
(Table S1). Standard thickness and the area per lipids literature data®® can also be used
to assess the phase of model membranes MD computation results.

The phase of the model membranes depends on the composition, either only a single
lipid or a lipid in mixture usually with cholesterol facilitating the formation of the Lo
phase, and the temperature. In particular, Ploeg and Berendsen?® have early correlated
the dynamics of increased bilayer order to the collective tilt of the acyl chains as the
model membrane comes in to the gel So phase.

High resolution Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)
methods and two-dimensional polarization-enhancement methods improving over the
years have been used for studying flavonoid-model membranes interaction (See*’ and
references therein). For example '"H NMR techniques and pulsed field-gradient NMR
measurements were used® to investigate the properties of four flavonoids with
different number of phenolic hydroxyls per molecule in 1-Palmitoyl-2-
oleoylphosphatidylcholine (POPC) model membrane. The relation between
hydrophobicity and membrane localization/orientation, as well as measurements of
the lateral diffusion coefficients of the membrane lipids were obtained in that work.
The four flavonoids were shown to be distributed differently inside the lipid core
along the membrane normal depending on the number of hydroxyl groups with a
maximum probability at the lipid/water interface for those with most hydroxyls.

There is still a question where certain flavonoids are located in a membrane®!. In that
study the effects of flavonoids, isoflavonoids, and their metabolites on membrane
fluidity is investigated using large unilamellar vesicles (LUVs) as the membrane
model. It was further postulated that the studied flavonoid species were preferentially

confined in the hydrophobic core where they increase the fluidity in the membranes.
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In the present work it is on the contrary certified that the flavonoids Luteo and Querc
not only avoid the hydrophobic core but they are instead firmly in contact with the
hydrophobic edge of the headgroup interacting with the water content of the
hydrophilic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) model membrane
zone. In the current paper, it is not our aim to evaluate the flavonoid load on the
membrane fluididity. Instead, the influence of the membrane environment on the
behavior and the properties of a single flavonoid molecule is investigated.

The optical properties of the five probes embedded in Ls model membranes are
studied in this report. MD simulations and hybrid Quantum and Molecular
Mechanics (QM/MM) calculations of the molecules in the lipid bilayer consisting of
DPPC/water are evaluated and tested.

The choice of DPPC as a model membrane at 323K (50 °C) was made to enable a
calculation in Ld phase while maintaining the saturated tails of phosphatidylcholine
(PC) lipid. PC lipids are the most abundant lipids in mammalian cell membranes>?
and are known as the simplest cell membrane models. We used saturated lipids for
simplicity, in order to focus on lipid type defined by lipid head group and avoid a
discussion on the spurious influence of unsaturated parts eventually present in the
tails. The results in the current work can furtheron be compared to other studies which
have been performed in similar conditions and which focus on the influence of the
membrane on the probe’s conformation, position and orientation*-34,

The overall planarity conditions of the more flexible Caffest and the flavonoids are
estimated against the potential they are sensing in the environment, isotropic (gas
phase) or membrane embedding. Hybrid QM/MM calculations are employed to
understand how they perform with respect to two different optical spectroscopies,
one- and two-photon absorption, OPA and TPA, respectively. The OPA spectra are
based on linear response calculations, while the non-linear TPA spectra relate to the
first residue of the quadratic response function. This methodology of the optical
properties has been validated for several dyes embedded in both solid phase DPPC
and liquid crystalline 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) model
membranes>>36-37:38,

A promising start for a theoretical investigation disentangling the above kind of cell
protection mechanism from H202-induced single-strand DNA damage would be to
study first the chelating dyes in membrane environment. These active chromophores

can be used as non-invasive probes revealing information about the environment: due
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to their specific locations and orientations in the membrane, the interaction of the
surrounding biological material changes and influences the (non-) linear absorption
spectra.

The current manuscript is constructed as follows. After an overview of the
computational details of the current study, the results are given. The position and
orientation of the probes in the membrane is investigated by means of MD
calculations. Special attention is paid to the transition dipole moments in these
compounds, which are responsible for their optical response in a supported lipid
bilayer membrane. Hybrid QM/MM calculations are performed and provide the
opportunity to discuss the use of these molecules in optical experiments. The
influence of the molecular conformation on the spectra and of the environment on the
linear and non-linear optical properties of the molecules is investigated. Finally, the

conclusions of this work are concisely given.

Computation Details

All the MD calculations have been performed with the GROMACS simulation
package®®. The parameters describing the simulation conditions and the energy
minimization are shown in the files md.mdp and em.mdp, respectively, in the SI. A
pre-equilibrated lipid bilayer has been considered as a model membrane, made of 50
DPPC molecules per layer, solvated in 3205 water molecules and neutralized with a
physiological concentration of counter ions. One probe molecule per simulation was
added initially to solvent layer (water) on the top of the simulation box, not
interacting with the membrane, parallel to the membrane/ water interface.

For all five probe molecules studied here, the partial charges in vacuum were obtained
with the FElectrostatic Potential (ESP) scheme implemented in the Gaussian09
program along with the B3LYP functional and cc-pVDZ basis set?*41:4243  This
charge description has been chosen since it provides an accurate model for the
simulation of lipid bilayer systems. Both the lipids and the probe molecules were
modeled by a GROMOS 43al-s3 force field*, while water was taken into
consideration via the SPC/E model. The time step for the integration of the equation
of motion was 2 fs, all-bonds constraints were kept with the LINCS algorithm®.
Coulombic and van der Waals interactions were treated explicitly to 1.4 nm, further,

the Particle Mesh Ewald (PME) method was applied for electrostatic interactions.



An orthorhombic box of 56.859 x 56.068 x 68.574 A3 has been considered for the
probes in the DPPC—water bilayer. To maintain the L4 phase, the simulations have
been performed in the canonical NPT ensemble at 323 K wusing the
Parrinello-Rahman barostat (semi-isotropic, 1 bar, with a time constant of 5 ps and
compressibility 4.5 x 107 bar ') and Nosé-Hoover thermostat*” *8, We performed the
simulations for ~240 and ~370 ns, enough for the probes to enter the membrane
aliphatic zone and obtain a reasonable equilibrium period used in the properties’
computations.

In the next step, the MD simulations were further used to obtain the OPA and the
TPA spectra both in vacuum and embedded in the DPPC model membrane. For each
of the five probes, 40 uncorrelated, evenly distributed snapshots were extracted from
the equilibrated MD simulations to obtain the input for the QM/MM calculations
within the electrostatic embedding method implemented in the Dalton2016 package of
programs®. In this scheme, the system is divided into two parts, in which the probe is
described at the Time-Dependent Density Functional Theory (TDDFT) level of
theory. We extracted by a cylindrical cutoff of 1.2 nm the lipids around the probes
and used a corresponding semispherical cutoff for the solvent. The same QM part of
the computation was repeated for vacuum conditions by disregarding the electrostatic
MM potential. The optical properties of the four lowest excited states of the dyes have
been considered for the OPA and the-TPA spectra computations using the CAM-
B3LYP functional and Dunning’s cc-pVDZ basis set*.

The two-photon transition amplitudes can be identified with the residues of a
quadratic response function. The two-photon transition matrix elements along with
the two-photon transition probability are in principle connected with the imaginary
part of the second hyper-polarizability>!-3.

A useful property for fluorescent microscopy is the cross section sigma of the two-
photon TPA absorption, o7r4, measured in Goeppert-Mayer units (1 GM = 10" cm*

/photon), and computed as*,

87 a’ h/2x (1)
Orpq = 6—4 o’ 5%;/1

where a is the fine constant, /25 is the reduced Planck constant A-bar, e the

elementary charge and w is the OPA excitation energy. The TPA transfer probability

67,, is computed as>> 3:
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The intermediate energies (w;) of the intermediate states (i) for the transitions from
the ground (0) to the excited (f) state must be considered in the two photon matrices
S-S, which are given as:

s-% {(OIﬂaliXilﬂﬂlﬁ N <0|ﬂﬁ|i><i|ﬂa|f>} 3)

0, —w,/2 0, —w,/2

The absorption cross sections are evaluated assuming a monochromatic light source

that is either linearly or circularly polarized.

Results

The MD simulations start with one probe molecule solvated in the water zone ca 4 nm
from the middle of the membrane. During the simulation process the distance of the
drug molecule from the middle of the membrane is monitored. Although all five
simulations started from the same position of the same leaflet the traces of Caffest and
Querc were separated in Figure 2 and Figure S1 avoiding curve crowding in the same
plot. All five drugs entered the membrane within the first 70-100 ns, passing quickly
through the headgroup and stayed predominantly in at the vicinity of the lipid-
core/headgroup interface. It was found that after certain simulation time shown in
Table S2, the probes were able to reach equilibrium in the studied DPPC/water/drug
environment. Equilibration in the present context means that the probes stay in
average at the same location of the membrane for the rest of the simulation,
incorporated in the aliphatic zone of the membrane. During the equilibrium stage the
orientation of the small probes was reasonably fluctuating allowing their orientation
average computation. Figure S2 shows the fluctuation of the Caffest during the MD
simulations representing the behavior of the five studied dyes, assessing the beneficial
time window out of the total MD simulation period shown in Table S2. In a time
window beyond 300 ns, it can be seen that Neocu permeates to the other membrane
leaflet. When the time window would be extended, it is logical to obtain two
symmetrical densities for this molecule in both symmetrical leaflets. As the oPhen
probe is smaller than Neocu and with respect to the identical lipophilic body, it is
tempting to say that for oPhen a leaflet flip is also expected when the MD run is

extended. However, in Neocu the polar nitrogen tips are shielded by the lipophilic

9



methyl groups, which is not true for oPhen. Also, as we proved in previous works on
azobenzene and cyanine derivatives, the tails of the inserted probes have a profound
influence on the position and orientation: it was found that they can have a pulling as
well as pushing effect®>*. Within the limits of the here reported calculations and the
used time windows, the difference between the two probes might thus be attributed to
the extra methyl groups present which pull dynamically the Neocu towards the middle

of the membrane.

MD Simulations of Antioxidants in DPPC Membrane

All five antioxidant probes entered the membrane within the first 100 ns of ca. 340 ns
MD simulations and remained close to the lipid core/headgroup interface (Figure 2
and S2). Luteo and Caffest were found outermost in the membrane, with their center
of masses at ca. 1.2 nm away from the membrane center. We remark that these results
are obtained by dynamical computations and are not the result of Gibbs free energy
calculations, which can for instance be obtained by the z-constraint method®* >3,
which has been used in the past to shed light upon the affinity of probes for different
membranes>®. The oPhen chelator can be found innermost of all the concerned probes
(0.7 nm). The values of the structural and dynamics parameters, the average
thickness, the area per lipid, the lateral diffusion constant and the order parameter
shown in the supporting information (Figure S3 and S4) are representative for the Lqd
phase of DPPC membrane. Therefore it is most easily permeable for drugs and
indeed, we observed that Neocu due to the extra lipophilicity of the two methyl-group
substituents (but not the somewhat smaller oPhen) freely permeated to the opposite
leaflet (Figure S1). There it equilibrated again under the headgroup region,
symmetrically at the same position as in the original leaflet.

The preferential interaction with the lipid membrane supports the possibility of
antioxidant membrane penetration, which is necessary for its antioxidant effect!’,
though we did not observe any reemerging of a probe back into water region (Figure
S1). The penetration can be achieved either passively or with an active penetration
mechanism. In case of e.g. Caffeic acid and its esters, it could be hindered by their
hydrophilic character’’. But for hydrophobic molecules, the permeation can happen
via accumulation of these molecules in the membrane and changing the membrane

properties, e.g. lower the phase transition temperature as observed with Querc!, or
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directly increase membrane fluidity®!. In conclusion, all studied probes stayed in the
lipid membrane for the whole simulation time and we can further describe the lipid

effect on their behavior.
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Figure 2. All drug densities’ histogram in the DPPC membrane framework. The density
profiles of all the main parts of the bilayer/ water/ drug system are shown along the Z-axis
perpendicular to membrane surface. Avoiding curve crowding in the figure the MD
simulation of Caffest and Querc simulations started from the opposite edge of the

symmetrical membrane.

Structure vs. Membrane/ Probe Interaction

While phenanthrolines are fully rigid molecules, flavonoids consist of two planar
aromatic- ring units connected with a hybrid single/double bond. The assignment of
force field parameters made this bond rotatable (Figure 3), as was observed for Luteo,
while Querc rotation was hindered by a phenolic hydroxyl group.

In Figure 3 is shown the distribution of the intramolecular pyrone/ catechol dihedral
angle of Querc. It does not change sign throughout the entire MD simulation, while
the dihedral angle for Luteo oscillates about zero degrees. The dihedral angle of
Querc spans over all conformations in the 0 to 180 degrees range, with a maximum at
78 degrees, indicating a dominating non-planar conformation with the two aromatic

rings of the molecule nearly perpendicular. On the contrary, Luteo conformation
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alternate between dihedral angles +/-54 and +/-67 degrees, allowing statistically the
planar conformation. Assuming standard normal distribution, eq. (S3), the dihedral
angle plot in Figure 3 can be interpreted as following: the probability for Querc to
obtain 90 degrees in the interval 0 to 180 degrees is 0.804 or about 80% while the
probability of Luteo to obtain an angle of +/- 60 degrees in the interval -180 to 180 is
0.587 or ca 59 %.

The distorted conformation of the two flavonoids is also obvious in the DPPC model
membrane framework depicted in the snapshots of Figure S5. We are aware, that later
QM calculations showed the preference to planar conformation with ca 6.2 kcal/mol
barrier (Figure S6A) and the calculated optical properties could be affected, but we
believe that the nature of antioxidant-membrane interactions remained intact.
Furthermore the greater rotation barrier by ca 2.1 kcal/mol for Querc vs. Luteo about
the 90 degrees dihedral angle is in agreement with the easier passage of Luteo about
the planar configuration compared to Querc shown in Figure 3.

One should distinguish the physical meaning of the QM barrier computation of Figure
S6A from the MD computation in Figure 3. The first describes the energy that the
static molecule would acquire for the chosen input angles. On the contrary, Figure 3
simulates the dynamics occurring for a system in “real” conditions under the influence
of thermal motion and in connection to the interaction of the molecule with the
membrane environment.

We computed the OPA transitions of Querc and Luteo for the 0 and 90 degrees
conformers. As can be seen in Table S7 the S1 and S2 excitations of Luteo are
degenerated for 0°, while they are rather clearly separated for 90°. Notice that the
strongly allowed S1 peak for Querc blue shifts with more than 25 nm when the angle
is changed from 0 to 90°. These data give also another proof of our statement: the
longer the conjugated double bond system the smaller the transition frequency. It is
indeed seen that all the 0 degrees (planar conformation) transitions are smaller in

frequency.
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Figure 3. a: The time variation of the intramolecular dihedral angle between the pyrone
double A-, C-ring with respect to the catechol B-ring of the Luteo and Querc flavonoids in the
membrane environment. b: The corresponding dihedral-angle distribution is seen to the right

with the presentation of the Querc molecular structure depicted in the inset.

The plots in Figure 3 show clearly the different conformational dynamics of the two
flavonoids in the membrane environment. The extra phenolic hydroxyl -O(12)-H(25)
(see indexing of the Querc in Figure S6B) in the pyrone C-ring of quercetin, inset in
Figure 3, makes the difference in the behavior of the probes, since the phenyl ring B is
sterically hindered to make a full rotation.

Important information about the average orientation of the Flavonoid molecules is
additionally obtained by considering the normal to the greater pyrone rings of the
molecules in Figure 4. The pyrone plane normal of Luteo display a broad probability
distribution between 30 to 80 degrees and a sharper distribution centered about 55 to
60 degrees is valid for Querc. These angles of the pyrone normal correspond to an
average tilt of 45 degrees with respect to the membrane plane. This behavior for this
sizable planar part of the molecules is obvious in Figure S5 that visualizes also the
reason for that. It shows that this way is enhanced the possibility that as many as
possible of the pyrone hydroxyls interact with the lipid-core /headgroup interface. The
smaller catechol ring is simultaneously tilt and enters as tightly as possible inside the
headgroup to obtain greatest interaction of its hydroxyls with the polar parts of the
headgroup. In fact, the sharper distribution of the normal to the pyrone in Querc in
Figure 4 agrees to the discussed already inability of Querc to oscillate about the planar
geometry, see in Figure 3. Therefore it obtains only limited conformations in contrast

to Luteo that obtains a wider repertoire of conformations about the planar geometry.
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The interaction of Caffest with the polar headgroup can alternatively comprise the
oxygen atoms in the two opposite tips of the molecule. The cumulative Radial
Distribution Function (RDF) of the water oxygen confined in the headgroup from the
oxygen atom O(1) at the ester tip of Caffest and the phenolic O(4) at the aromatic tip
is shown in Figure S7B. It is clearly seen that the Caffest molecule is in average
oriented with the aromatic part toward the lipid core. Furthermore, the zwitterionic
polar headgroup is not affecting significantly the orientation of Caffest in the
membrane. The radial distributions for the phosphate =PO4~> group or the amino-
group -N(Met)s" closest to the above two tips O(1) and O(4) of Caffest are smaller
compared to the water abundance in the neighborhood of the Caffest molecule,

Figure S7C.

Finally, from Figure 2, it follows that the amount of water in the neighborhood of the
probes is the largest in the case of Caffest and the flavonoids. Especially for oPhen,

the influence is rather limited.

Molecular Orientation vs. Photoselection

Figure 4 shows the tdm/ DIR and the DIR/ ARN (Aromatic-Ring- Normal.) angle
distributions for the Caffest and the two flavonoids. The local director, further DIR, is
the inner —Z-direction of the membrane and is oriented perpendicular to the
membrane surface. The tdm vector of Caffest is in average parallel to the aromatic-
ring-plane. The tdm of the flavonoids lies on the pyrone plane and the tdm vector on
the rigid phenanthrolines is parallel to the line between the two nitrogen atoms, Figure
S8. The orientation of the tdm of the Caffest and the two flavonoid probes in the

molecular frame, were obtained from Table S3.
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Figure 4. Combined distribution of the angle between the tdm vector (green arrow) and its
normal with respect to the local director, i.e. the inner -Z-direction (further DIR) of the
membrane a. The tdm/ DIR angle distribution for the Caffest probe (brown trace). Favonoids:
b. The Luteo tdm/ DIR angle distribution (magenta trace) and c¢. The Querc tdm/ DIR angle
distribution (red trace). Superimposed plot of the tdm/ DIR distribution for the above three
drugs, Caffeast, and the two flavonoids is depicted in Figure-S9.

The excitation of a fluorescent sample of the dyes is achieved using linearly polarized
light and a consequence of that is that the emission of fluorophores is anisotropic (see
Ref.®® and references therein). Therefore the most efficient photoselection in
randomly oriented samples occurs for dyes that are aligned with their transition dipole
moment (tdm) parallel to the polarization vector.

Comparison with experimental fluorescence photoselection intensity requires
determination of the ensemble average of the cosine square of the angle between the
tdm and the electric field vector®. The fluorescence photoselection intensity
computation method is described in the supplement and presented in Table 1. The
distribution P() data of angle 3 for each drug depicted in Figure 4 were used in the
<cos*(9 )> computation.

Fluorescent molecules with long tails are easily oriented and hindered to rotate even
in rather fluid membrane environment improving the photoselection intensity by

adjusting the direction of the electromagnetic irradiation®**®, For the smaller sized
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molecules of the present work it was further assumed that the rotational correlation
times of the probes is not much smaller than the fluorescence lifetime?®.

Except for Caffest, all the other probes oriented here also with their tdm
approximately parallel to the membrane surface (Figure 4), with high photoselections
induced by excitation beam perpendicular to the membrane surface (Table 1).

On the other hand Caffest is a smaller molecule, consisting of a single aromatic ring
with two hydroxyl groups, restricting its orientation to one narrow peak, circa parallel
to lipid tails. It can be seen that the Caffest molecule is in average oriented with the
aromatic part toward the lipid core (Figure S7B).

The flavonoids contain two conjugated aromatic ring systems in relative motion to
each other (Figure 3). They align instead perpendicular to the membrane —core/
headgroup interface with a more restricted motions than the phenanthrolines (Figure
4, Table 1). The flat geometry of these molecules is ideal for confining themselves
among the acyl chains without disturbing sterically the rather significant order of the
lipids close to the headgroup (Figure S4 and S5).

The normal to the aromatic rings of the Caffest probe display a wide probability
preference about 80 to 120 degrees with respect to the DIR, Figure 4.

Table 1. Efficiency of the fluorescence photoselection intensity for the five antioxidant drugs
of the present work calculated for angle $ between the transition dipole moment (tdm) and the
inner membrane normal (DIR). The direction of the electric field vector of the linearly

polarized incoming irradiation beam is indicated in the left column.

Electric field vector direction

ffest | Lut Ph N
of the beam Caffest | Luteo | Querc | oPhen | Neocu

probability

1 to membrane/ || to DIR
0.52 0.14 0.19 0.21 0.23

probability

|| to membrane/ 1 to DIR
0.48 0.86 0.81 0.79 0.77

Benchmarking

Before the QM/ MM calculations of the five probes in DPPC, six Time Dependent
Density Functional Theory (TDDFT)® functionals were benchmarked against the
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higher order Algebraic Diagrammatic Construction (ADC) of the polarization
propagator ADC(2)-s, and ADC(3) methodologies®'.

The assessment of the appropriate density functional with two representative dyes,
Caffest and Luteo, in this work was based on the data of Table S4 and settled in Table
2. The single point TDDFT computations with B3LYP*: 42, CAM-B3LYP*°, LC-
wPBE®, ®B97XD*% and M062X% functionals were performed in vacuum with the
cc-pVDZ basis set. The excited state energies of oPhen in vacuum were also

benchmarked by the ab-initio ADC methods as seen in Table S4.

Table 2. Electronic transition data of two of the molecules representing two of the chemical
groups of this work, the methyl caffeate ester (Caffest) and luteolin (Luteo) for the

flavonoids. All the shown computations were performed in vacuum with the cc-pVDZ basis

set.
caffeate methyl ester (Caffest) in | Luteolin (Luteo)
S0 —» Absorption from SO
CAM-B3LYP ADC(2) ADC(3) CAM-B3LYP ADC(2) ADC(3)
sl 283 (0.64) 281(0.61) | 276(0.27) 297 (0.40) 315 (0.00) 296 (0.40)
H— L H—L H—L H— L H-5 —>L H—L
N 256 (0.03) 263(0.07) | 268 (0.47) 281 (0.00) 302 (0.29) 274 (0.06)
H—L+1 H— L+1 H— L H-4 —»> L H—L H-1—>L
83 250 (0.00) 262 (0.00) | 237 (0.00) 272 (0.12) 281 (0.18) -
H-2—L+1 H-3—L+1 H-3—L H-1—>1L H-1—>L
54 212 (0.43) - - 261 (0.01) _ -
H-1—L H-2 > L

The TDDFT CAM-B3LYP functional computation shows rather good agreement in
the transition energy and the oscillatory strength with the ADC(3) result of the first
excited state of Caffest. The M062X and the ®B97XD TDDFT functionals of Table 2
show also a comparable agreement to the ADC(2) as the CAM-B3LYP methods. The
ADC(2) result for the first excited state of Caffest comprises a reasonably good
agreement with the CAM-B3LYP computation, too. The latter was therefore selected
for further spectral investigation. The current study lies in line with previously
published lipid membrane studies of similar systems®, in which this long-range
corrected functional was also preferred. From Table 2, the transitions to the first
excited state in the TDDFT of Caffest benchmarking are all occurring between
HOMO to LUMO frontier orbitals. Also for Luteo, the first excited state has a HOMO
to LUMO assignment, which is confirmed by the higher order ADC calculations.
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One and Two Photon Spectroscopy

The OPA spectra of the relatively small dyes in the present work fall in the UV region
of the electromagnetic spectrum. However, the reduction of the irradiation frequency
to its half in the TPA spectroscopy moves the absorption to the (infra—) red region of
the electromagnetic spectrum. The advantage of using TPA spectroscopy in a
biological environment is two-fold: the use of two IR photons is less harmful to the
cell while the three -dimensional resolution of the confocal microscopy is enhanced
and the penetration depth is increased*®.

The global OPA and the TPA spectra of the probes shown in Figure 5 is the simulated
superimposition of the 40 uncorrelated snapshots using two different approaches. In
the first one, the selected molecular structures of the probes taken from the MD
simulation have been subjected to the QM treatments without their lipid environment
(VAC, in blue), while in the second one (EMB, in red) the lipid membrane
environment was taken into account through an electrostatic QM/MM hybrid
computation. The results of the two approaches were further compared and analyzed
to assess the effects of the environment on the energetics, transition dipole moments
and oscillator strengths or TPA strengths of the probes.

The global OPA bands in Figure 5 appear in the UV region, while the TPA spectra,
regularly less energetic with wavelength from 543 to 717 nm, belong to the visible
region of the electromagnetic radiation. Both OPA and TPA involve rather broad
transition bands and while the OPA bands have approximately equal total width in
VAC and EMB conditions, the EMB TPA are generally broader than in VAC. In both
the OPA and the TPA area the EMB runs have greater intensity than the VAC spectra.
In addition, the DPPC membrane seems to enhance the OPA spectra of o-Phen, and
the TPA spectra of Luteo, Neocu, and Querc. From all compounds considered here,
the o-Phen probe is located the closest to the membrane center, and its ground to
excited state dipole moment is therefore the least influenced by the polar groups,
which are located at the edges of the membrane. For the other three probes, the
transition state dipole moments in between the excited states are more enhanced by
the neighboring polar groups. This is emerging the most for Luteo, whose distance to
the water layer is the closest.

The appearance of the OPA spectra with a width from 67 nm to 139 nm from Neocu

to Caffest, is in general less complex than the TPA spectra, Figure 5. The most
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complex OPA spectrum is the Caffest in VAC with a double top at 322 and 353 nm
and two shoulders at 272 and 400 nm. The other molecules exhibit single OPA bands
from 263 in Neocu to and 300 nm in oPhen in the VAC with small closely related
EMB bands. Also the EMB band of the Caffest is single at 363 nm.

Table S5 in the Supplement depicts all the OPA and TPA transitions in detail.

Making use of the number of snapshots, we focus on the two allowed OPA transitions
with the outer lying highest and lowest energy. They can be considered as
representatives of the MM environment causing substantial shifts in the optical
wavelengths and the optical properties in general. The discrimination of the effect of
the membrane environment on the probes can be observed in the OPA and TPA
transition impulses that were convoluted with Gaussian lineshapes and superimposed

simulating the spectral bands in Figure 5.

OPA Spectra

The OPA transitions are first displayed and discussed. The TPA spectra based on the
OPA energies are further computed, displayed and evaluated. By considering the
same frame of the outliers in VAC and in EMB conditions (Table S6) the difference
in the properties of both the above OPA and TPA spectra can be associated to either
the electrostatic interactions with the membrane or to the outlier conformation.

As seen with fluorescent probes like DPH embedded in DPPC, water can affect the
transition frequencies and might lead to a red shift’’. This effect of the headgroup
water is observed in all but one (Querc) OPA spectra of the five dyes in the present

work in embedded conditions compared to the vacuum (See Table 3).
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Figure 5. Superimposed OPA (a) and TPA (b) impulse global spectra and their Gaussian
convolutions of the 40 MD time frames. The computations were performed either in vacuum

(blue lines) or in the membrane environment (red lines), see text for details.

In Table 3 the wavelengths and the oscillator strengths of the OPA transitions are
depicted for the outliers of Caffest and the two flavonoids. The so-called A-overlap
parameter of Peach et al.% is given as well. Transitions which exhibit A-values which
are smaller than 0.4 are expected to display charge transfer character. In general, for
the calculations in which the embedding is taken into account, the A-overlap in the
table decreases, while its values stay consistently larger than the above critical value.
Only for the EMB cases of both flavonoids, a slightly smaller value than 0.5 is found.
Using orbital depictions in Figure 6, the possible charge-transfer character can be
visualized through the involved occupied and virtual frontier orbitals. For Querc, the

latter (virtual) ones seem to obtain a charge excess in the “higher right” catechol B-

21



ring, while the previous (occupied) ones exhibit strong contributions from the “lower
left” A-, C- ring pyrone complex. Regular localized transitions for Neocu and Caffest

are shown in Figure S10A and S10D respectively.

Table 3. Optical properties of the methyl caffeate ester (Caffest) and the flavonoid (Luteo,
Querc) outliers identified in the OPA spectra. Wavelengths are given in nm, the magnitudes
of dipole moments in Debye (Db) units and the TPA cross sections sigma of the two-photon
absorption in GM units®. The probes are considered both embedded in the electrostatic QM/
MM DPPC model membrane environment (EMB) and in absence of the lipid environment
(VAC). In parentheses is the oscillator strength of the strongest transition component and in
brackets the A—overlap parameters of Peach et al.”. Also the TPA related excited state dipole
moments (edm) S1,1 and the excited states transition state dipole moments (tdm) S1,2 are

presented in the same table™.

Caffest
VAC
TPA -
FRAME | sigma/ $0,0/Db | S1,1/Db | s1,2/Db A/nm Transition 5051
/ Db
GM
low FRQ 6.21 6.74 3.27 3.44 534.3 (0.12) 1.51[0.67]
H>L
high FRQ 12.3 3.51 5.89 0.546 319.4 (0.22) 1.54[0.61]
H>L
EMB
low FRQ 11.1 8.72 4.24 2.38 572.8 (0.13) 1.58[0.61]
H>L
high FRQ 16.0 453 6.73 0.680 309.4 (0.21) 1.52 [0.57]
H>L
FLAVONOIDS'
Luteo
VAC
TPA Transition?
FRAME i 0,0 s1,1 1,2 A
sigma/ /nm $0—>S2/ Db
GM
low FRQ 7.35 1.81 1.94 0.419 276.5 (0.14) 1.54 [0.66]
H>L, H-1> L
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. 266.8 (0.08)
high FR 0.457 ) . . . .
gh FRQ 2.42 2.424 0.434 Mot oL H3 sl 0.91 [0.57]
EMB
low FRQ 31.9 9.38 1.60 1.32 301.2 (0.25) 1.98 [0.49]
H>L
high FRQ 0.830 8.01 2.30 0.136 267.3(0.17) 1.44[0.61]
H>L+1, H> L+2, H-1
>L
Querc
VAC
TPA Transition?
FRAME i D 1,1/D 1,2/D
sigma/ S0,0/ Db $1,1/Db | S1,2/ Db A/nm 50_552/Db
GM
low FRQ 1.33 5.892 1.638 0.478 320';) S.lO) 1.13 [0.67]
. 0.0912 . .
high FRQ 8.317 2.605 0.412 280|-S|)£(|)_ 12) 1.20 [0.61]
EMB
low FRQ 3.95 7.82 1.60 1.52 331.2(0.13) 1.22 [0.47]
H>L, H >L+1
high FRQ 0.890 9.19 2.37 0.164 269.0 (0.13) 1.17 [0.67]
H-1>L, H-2>L+1

"The first non dark-transitions of the Flavonoids Luteo and Querc were the SO — S2.

H-2

2 2
5%°

%
> =

L+1

é5%
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Figure 6. Demonstration of the EMB Querc SO — S2 OPA outlier “charge-transfer”
transitions based on the molecular geometry of the corresponding high and low frequency
snapshots. a: High frequency 269 nm HOMO-2 — LUMO+1. b: Low frequency 331 nm
HOMO — LUMO+I.

An outstanding difference from 1.8 to 9.4 Db between VAC and EMB simulations is
observed in Table 3 between the ground state dipole moment in the Luteo probe for
the low frequency outliers. This is an effect of the interaction of the Luteo with the
headgroup water, Figure 7, where this molecule is seen to attract strongest than any of
the other probes the water molecules. On the contrary, phenanthrolines display a
reduced ability to approach efficiently the polar (water) zone of the membrane.

Also, the difference between the high to low frequency wavelength of the EMB
Caffest outliers between 309 nm to 573 nm is unique among the other molecules. This
difference is only a conformation dependent effect as also the VAC high and low
frequency outliers give comparable wavelength difference values, Figure 8a.

These cases concern the most flexible of the probes, the Caffest and the flavonoids in
particular. On the contrary, the rigidity of the Neocu probe is one reason why the
differences between the molecular properties in VAC or EMB conditions are rather
insignificant, Table S8. Furthermore, Neocu is confined mostly away from the
headgroup due to higher lipid affinity. The high hydrophobicity of the Neocu probe is
the reason that molecular properties in EMB is almost the same to those of VAC as it
is found quite deep in the membrane, away from the headgroup region. The high
frequency outlier properties of Neocu are similar for oPhen because it is also less
amenable to deformation than the other three probes. The low frequency oPhen
outlier, however, shows a significant difference in the properties with or without the

membrane environment. This depiction of the outlier shows that the more exposed
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than for Neocu, nitrogen atoms of oPhen are amenable to electrostatic interaction with
the polar headgroup. Both the low and high frequency outlier of oPhen reside closer
to the headgroup with the nitrogen tips oriented towards the headgroup compared to
Neocu whose position and orientation are the opposite. In particular also the low
frequency outlier of oPhen shows one of the nitrogen tips of the molecule well inside

the headgroup and the Neocu clearly further away from the headgroup (Figure S5).

5 T T T T
Caffest =———
Luteo — = 4
4 Querc = == = ""_
oPhen s
neocu s

FUmber

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.
r (nm)

Figure 7. The short-range polar interaction of the dyes to the headgroup water of the DPPC

bilayer. The Luteo molecule seems to attract the greatest number of water molecules.

The extra environmental sensitivity of the low frequency outliers compared to the
high frequency ones is also true for the flavonoids and Caffest phenolic molecules.
They possess several polar extremities in the form of oxo-groups and phenolic
hydroxyls. In particular the low frequency outliers of these groups show red shift
indicating that the reorganization of the molecular structure is also important for the
reduced electronic gap of the excited states due to deformations which result from
membrane-probe interaction.

As seen in the spectrum of the Caffest in Figure 8a the low frequency EMB outlier
has the double red shift compared to the shift of the high frequency outlier. This

difference can be attributed to the extreme twist of the esterified tail of the molecule
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of the low frequency outlier seen in Figure S5, depicting the Caffest in the membrane
framework. Both the esterified and the phenolic oxygen extremes of the flexible
Caffest molecule are occasionally in the position to interact with the polar headgroup
groups and the headgroup water. The increased length of the frontier m-orbitals of the
probe leads to low transition energy while the extreme steric and electrostatic
exposure of this low frequency outlier to the electrostatic environment results to
greater shift of the embedded case.

Allowed SO — S1 OPA transitions were observed for the Caffest while the flavonoids
showed only strong SO — S2 transitions instead (Table 3). The phenanthrolines
displayed stronger OPA transitions only to the higher SO — S3 or S4 excited states
Figure S11. The analyses for Caffest and the Flavonoids are given here, while the

ones for the phenanthrolines can be found in SI (Table S8).

The One Photon Absorption (OPA) spectra of the Caffest outliers are shown in Figure
8a and the corresponding two flavonoids’ Luteo and Querc spectra are shown in
Figure 8b and 8c, respectively. Red shift is observed in the OPA spectra for the
Caffest and the Luteo probes when embedded in the lipid membrane compared to
VAC, while the Querc probe is the only species that shows a significant blue shift of
the high frequency outlier in EMB conditions. This is due to the hindrance of the
rotation around the pyrone-catechol junction (see Figure S5 and S6) along with the
discussions there) and the subsequent inability of the Querc species to obtain an
overall planar configuration with a fully extended conjugated double-bond system
throughout the molecule. As indicated in Figure S6B, an extra hydroxyl —O(12)H(25)
can indeed be seen which hinders the intramolecular dihedral angle. The motional
dynamics of the molecules in the membrane environment was necessary to reveal the
exceptional behavior of Querc. The frontier w-orbitals involved in the OPA transitions
of the idealized planar conformers of the two flavonoids shown in Figure S12A do not

show any particular difference that could explain the unique blue shift of Querc.
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Figure 8. Gaussian convolution of the OPA transition impulses Half Width at Half Height
(HWHH) 33.30 nm for (a) Caffest, (b) Luteo and (c) Querc.

a) Caffest SO— S1 transitions. The lowest frequency frame had wavelength 4 = 573 nm and
the highest frequency frame had wavelength A = 309 nm (see as well Table 3). The flavonoids
S0 — S2 transitions for Luteo in b) with lowest transition energy frame at A = 301 nm and a
highest transition energy frame wavelength 4 = 267 nm. In ¢) Querc with lowest energy
transition of-frame wavelength 4 = 331 nm and the frame with the highest energy transition

had wavelength 1 =269 nm.

The OPA outlying frame SO—S1 transition bands of Caffest involve only HOMO to
LUMO orbitals as shown in Figure S10D in the supplement. However, the OPA
spectra of Caffest in Figure 8a are rather complicated: the convolutions incorporate
also the weaker but still allowed transitions of the outliers, which involve higher lying
excited states. As a consequence of these secondary transitions, the structure of the
outlier bands is altered.

Accordingly, from Figure 8, it can be seen that the EMB probe displays a 50 nm red
shift in the low frequency outliers compared to the VAC. For the high frequency
outliers, the red shift is still visible although it diminishes now to one half of the
previous value. These values differ from the ones of Table 3, where data about
individual lines are given, as Figure 8 is rather a Gaussian weighted convolution.

The transitions of the low frequency outliers display a spread of 210-250 nm. In

particular the low frequency of Caffest outlier in VAC in Figure 8a, obtains a bump at
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about 317 nm, in the region of the high frequency area. This is an indication that the
low frequency outlier conformation has also a secondary high- frequency transition
component. The conformation reliance of the bump is reinforced by the appearance of
the same bump in the low frequency EMB outlier, where it is a bit broader and split. It
proves the effect of the membrane environment on the molecular conformation.

As see in Figure 8a the high frequency OPA Caffest spectrum in vacuum contains at
least one of the peaks of the Methyl Caffeate of Wang et al.%” around at 213 and 300
nm. For example the band at the 300 nm present in our panoramic OPA absorption
spectrum in Figure 5 is also identically present at the high frequency outlier of Figure

8a, which in addition has a shoulder at ca 250 nm.

Compared to the Caffest OPA spectra with the relatively sharp and well defined
transitions (Figure 8a) the spectra of flavonoids are more diffuse with significant
superimposition of the low with the high frequency outliers (see Figure 8b and 8c)
for Luteo and Querc. It depends on the flexible structure of the relatively sizable
flavonoid molecules, and on the nature of the allowed S2 state transition compared to
the S1 in Caffest.

A significant red shift of 24 nm from the VAC to the EMB probe for the low
frequency outlier of Luteo was observed compared to the much smaller 6 nm red shift
of the high frequency outlier in Figure 8b. The low frequency shift is a consequence
of the interaction of Luteo with the headgroup water layer enabling a conformation
change which extends the conjugated double bond system (see Figure-S5). As seen in
the radial distribution functions given in Figure 7, Luteo is the probe that interacts the
strongest with the headgroup water among all the five probes of this work. However,
the most distorted conformers of the flavonoids appear to be the ones in the high
frequency frames (Figure S5), where the distortion of the molecule from planarity
shortens the conjugated double bond system.

Two main transitions of the UV spectrum of Luteolin at 356 and 264 nm are reported
in fig. 2 of Dong et al.®®. In our work the panoramic Luteo OPA fluorescent spectrum
of our Figure 5 consists in a single band at ca 270 nm, while the vacuum OPA
snapshot in Figure 8b contains a low and a high frequency top between 260 and 275
nm, which agrees with the article of Dong et al., while the 356 top of that article is

absent from our spectra.
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The low frequency outlier of Querc obtains also a significant red shift of 22 nm
(Figure 8c). In addition a blue shifted shoulder by almost the double wavelength of
42 nm appears in the low frequency outlier in VAC. In contrast to all the other red
shifted bands of Caffest and flavonoids, a unique, significant, 17 nm blue shift for the
high frequency outlier of Querc can be observed from the VAC to the EMB
environment.

The panoramic OPA spectra of Querc in Figure 5 display a broad absorption band at
ca 300 nm. However, in our Figure 8c snapshots in vacuum two separate bands at 270
and 320 nm are displayed. As depicted in fig. 2 of the work by Zhou and Tang®’,
quercetin showed two absorption bands in the UV. The first in the 300-400 nm range
and the second in the 240-280 nm range representing the cinnamoyl system (B and C
rings) and the benzoyl system (A and C rings), respectively. In particular Quercetin
shows two bands at 280 and 330 nm in very good agreement with the low and high

frequency snapshots of the OPA fluorescent absorption in our work.

From Figure 2 in Xu et al.”’ the absorption peaks of o-phenanthroline are found at 229
and 264 nm. The panoramic OPA fluorescence spectra of oPhen in our Figure 5 and
in particular the VAC or EMB snapshots in Figure S11 show instead a broad band at

ca 250 to 330 nm, reaching the higher wavelength edge of the experimental result.

TPA Spectra

The background data for the TPA cross section computations by eq. (3) are the
excited states dipole moments (edm) and the transition states dipole moments (tdm).
Considering the ground to excited state dipole moments which give rise to the OPA
spectra, it was also important to determine the S1 excited state dipole moments and
the transition dipole moments for the S1 — S2 transitions.

We focus here on the computed values for Caffest and the flavonoids. The edm
<S1|uS1> and the tdm <S2|u|S1> for the S1 — S2 transitions of the outliers of the
OPA spectra for Caffest are shown in Figure 9. In general, the membrane
environment in the realm of the headgroup affects the edm and the tdm of Caffest in
the opposite way since from VAC to EMB conditions the first one increases while the
second one decreases. The high frequency outlier shows the exception, displaying

instead a slightly increased tdm value from VAC to EMB conditions. Compared to the
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location of the probe among the lipid tails in the other snapshots, this outlier is located
close to the polar water layer (see Figure S7B and S7C). The effect points at the
importance of the environment. The molecule here is oriented ‘up right’, i.e.
perpendicular to membrane surface, which enables an interaction of the water
molecules along the orientation of the tdm.

The edm and tdm of the OPA outliers of the two flavonoids (see Figure 8) are
displayed in Figure 9. As the Caffest, both flavonoids are always confined in the
realm of the headgroup interacting strongly with the polar lipid-core/ headgroup
interface. Their behavior is therefore similar as they are both flexible and they also
contain active polar phenolic oxygen atoms. The edm of the first excited state of both
molecules decreases slightly in the EMB condition compared to VAC. This is
opposite to the Caffest, which is smaller, not amenable to major reorganization. The
largest difference of the excited state dipole moments of the two groups however is
the much greater span of the Caffest, ca. 7 Db, compared to the ca. 2.5 Db of the
flavonoids. The tdm between S1 and S2 of the high frequency outliers for both the
Luteo and the Querc probes is decreasing in EMB conditions as was also observed in
the Caffest. On the contrary the tdm of the low frequency outliers of the flavonoids is
instead increased by means of the interaction with the polar membrane headgroup, a

trend opposite to Caffest.
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Figure 9. The magnitudes of the excited state dipole moments (edm) and transition dipole
moments (tdm) of the two most outlying frames (outliers) of the Caffest and the two
flavonoids in EMB environment or in VAC. The numbers in parenthesis in the abscissa label
in nm the wavelengths of the outliers. The ordinate denotes the magnitudes of the matrix
elements of the dipole moment in Debye’s (Db). The lines are drawn to guide the eye.

a) Caffest: The Low Frequency outlier (573) and the High Frequency outlier (309) of Caffest,
respectively, correspond with the molecular snapshots in Figure S2. The purple curve (+)
depicts the edm (S1|p|S1) of the first excited states while green curve (x) depicts the tdm
(S2|u/S1) between the two excited states 2 to 1.

b) Flavonoids: Low Frequency outliers (L 301, Q 331) and the high frequency outliers (L
267, Q 269) outliers, respectively, for Luteo (L) and Querc (Q). The purple (+) and the blue
curves (squares) depict the edm (S1|u/S1), while green (%) and the orange curves (squares)

depict the tdm (S2|u/S1) of the probes.

Conclusions

The position and orientation of five anti-oxidant organic molecules embedded in a
DPPC membrane at room temperature are investigated using extended Molecular
Dynamics calculations, including lateral diffusion constant D, area per lipid, average
thickness. Their response to incident light is investigated and their use in fluorescent
microscopy is evaluated. By means of hybrid quantum mechanics — molecular

mechanics (QM/MM) calculations, the one- (OPA) and two-(TPA) photon absorption
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spectra of these molecules are investigated and the influence of the membrane on the
spectra is discussed.

The spectroscopic properties of two flavonoids, luteolin and quercetin, are very
similar concerning the OPA and TPA transitions, despite a few significant
differences. The at first sight small difference of the extra phenolic hydroxy- group of
the pyrone ring in quercetin, which is missing in luteolin, results in the existence of
two different conformations of the latter. On the contrary due to the steric hindrance
of the extra hydroxyl which prevents a rotation around the pyrone/catechol junction,
the quercetin probe is found to stabilize in the membrane with the above two planar
sections twisted by a ca. 90 degrees dihedral angle. As a consequence, among the here
presented molecules, quercetin is the only one which gives a blue shifted OPA
spectrum in a membrane environment. The computational analysis of the
conformation of this molecule shows that the conjugated double bond system cannot
extend on the entire molecular body.

The caffeate methyl ester and the flavonoids remain close to the lipid-core/headgroup
interface. In contrast to the phenanthrolines which reside closer to the membrane
center, caffeate methyl ester and the flavonoids interact strongly with the water
content of the polar head group. Luteolin is the most hydrophilic molecule among the
five probes.

The current study demonstrates the influence of the environment on embedded anti-
oxidants of particular kind like flavonoids. Throughout the calculation of the (non-)
linear optical properties of the five molecules, the impact of the anisotropic
environment on the ground- to excited state transition dipole moments and the state
dipole moments is visualized. This influence can be attributed to inherent
conformational changes of the molecules along the molecular dynamics process
modulating the local environment. To analyze spectroscopic experiments in biological
environments, it is therefore of utmost importance to carefully examine the position
and orientation of the molecular probes.

The here presented work is a first step to investigate the embedding of transition metal
complexes (work in process) and further multiscale modeling studies are needed to
get insight in their time-dependent properties in biological membranes. In the longer
term, the current study can therefore shed light on changing membrane properties like

softness or fluidity.
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The present methodology enables one to study the involvement of the cell membrane
in the cell protection from strong oxidation agents like hydrogen peroxide in presence
of naturally occurring traces of labile iron and/or copper ions. It can reveal the
mechanism allowing for certain antioxidant drugs to penetrate cell membrane and
chelate metal ions isolating them from the nucleus and preventing DNA damage and
cell death. Numerous natural compounds chemically related to the five dyes studied
here, are known to prevent oxidative stress related diseases. Oxidative damage can
lead e.g. to formation of AD-specific pathological B-amyloid plaques to elderly
people that lose part of the natural antioxidant resistance. Our method can help current
pharmaceutical developments of improved antioxidants, including hybrid molecules
[71, 72], very important for treatment of neurodegenerative disorders, cancer,

atherosclerotic vascular diseases etc.

Supporting Information

The Supplementary Information (SI) part describes the Molecular Dynamics (MD)
simulations conditions highlighting the general properties of the DPPC membrane
such as: thermodynamic Phase, Area per Lipid, Order Parameter and Lateral
Diffusion constant of the lipids. The probe/ headgroup interaction was visualized by
choosing certain characteristic snapshots of the MD trajectories relating the molecular
orientation to photoselection. The rotation barrier of the intramolecular dihedral
rotation angle between the constituent planar parts of the two flavonoids was
determined interpreting their observed different behavior in the MD simulations.
Radial Distribution Functions (RDF’s) were constructed measuring the Caffest and
the Flavonoids approach range to the headgroup water molecules and to the polar
parts of the headgroup. Finally, part of the computations data of the two

Phenanthrolines was outlined.
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