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The distribution of 1H-pyrrolo[3,2-h]quinoline (PQ), 11H-dipyrido[2,3-a]carbazole (PC) and 7-azaindole (7AI)
at a water/membrane interface has been investigated by molecular dynamics (MD) simulations. The MD
study focused on favorable binding sites of the azaaromatic probes across a dipalmitoylphosphatidylcholine
(DPPC) bilayer. Our simulations show that PQ and PC are preferably accommodated at the hydrocarbon core
of the bilayer below the glycerol moiety. In addition, it is found that the hydrophobic aromatic parts of the
probes are located inside a more ordered region of DPPC, consisting of hydrophobic lipid chains. In contrast
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Molecular dynamics simulation to PQ and PC, 7Al is characterized by a broad distribution between a DPPC interface and water, so that the
Lipid bilayer three preferable binding sites are found across a water/membrane interface. It is found that in the sequence

7AI-PQ-PC, due to the increase of the number of aromatic rings and, hence, the hydrophobic character of the
probes, the depth of the probe localization is gradually shifted deeper inside the hydrocarbon core of the
bilayer. We found that the probe-lipid hydrogen-bonding contributes weakly to the favorable localizations of
the azaaromatic probes inside the DPPC bilayer, so that the probe localization is mainly driven by
electrostatic dipole-dipole and van der Waals interactions.
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1. Indroduction

Azaaromatic compounds composed of pyrrole, indole, and quino-
line moieties reveal an interesting phenomenon of solvent-catalyzed
excited-state tautomerization [1]. The electronic excitation in such
systems induces remarkable and cooperative acid-base changes,
occurring on opposite parts of an electronically excited chromophore.
These changes introduce a driving force for proton translocation
between spatially-separated hydrogen bond donor (D) and acceptor
(A) groups. Despite of favorable energetics, such phototautomeriza-
tion cannot, however, occur directly due to an unfavorable D-A spatial
separation. On the other hand, in the presence of some appropriate
protic solvents, bifunctional hydrogen hydrogen bond D-A com-
pounds are able to form cyclic intermolecular H-bonded complexes, in
which solvent molecules act as wires connecting the D-A centers. In
such H-bonded solute-solvent complexes, solvent-assisted excited-
state proton transfer becomes possible. Fig. 1 shows the molecular
structure of representative examples of bifunctional D-A azaaromatics
which reveal H-bond-mediated tautomerization in the excited-state
[2-10]: 1H-pyrrolo[3,2-h]quinoline (PQ) and 11H-dipyrido[2,3-a]
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carbazole (PC). 7-Azaindole (7AI), one of the best known examples
of bifunctional compounds which show solvent-assisted tautomeriza-
tion [11,12], is also included.

One of the most remarkable features of the formation of a cyclic H-
bonded solute-solvent complex is the appearance of an additional,
red-shifted fluorescence band in the emission spectra recorded in
alcohol and water solutions. This emission has been attributed to the
fluorescence of a tautomeric form, first reported by Kasha and
coworkers for 7Al in alcohol complexes [11,12]. It has also been
reported for several other hydrogen-bonded host-guest systems [13].
Other well-documented examples of solvent-assisted proton transfer
systems include 3-hydroxyisoquinoline [14] and 7-hydroxyquinolines
[15-21]. The hydrogen-bond-controlled excited-state behavior has
also been observed for 2-(2-pyridyl) indoles in alcohols [22-24].

The proton transfer photoreactivity of bifunctional D-A azaaro-
matic compounds, such as PQ and 7Al, has been found to be strongly
dependent on the stoichiometry, structure and length of the
hydrogen-bonded bridge [6-10,13,25,26]. Therefore, upon electronic
excitation azaaromatic compounds of this series reveal remarkable
sensitivity to the presence of protic impurities, such as alcohols or
water [27-29]. The hydrogen-bonding-dependent photophysics
makes these compounds very promising candidates for fluorescent
probes and sensors of water content and penetration depth of water
molecules in biomembranes or micelles [20,21,30,31]. The tuning of
signaling features of such probes is predominantly connected to cyclic
hydrogen-bonding with a single protic molecule, resulting in the
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Fig. 1. Structure of 1H-pyrrolo[3,2-h]quinoline (PQ), 11H-dipyrido[2,3-a]carbazole (PC)
and 7-azaindole (7AI).

appearance of a second long-wavelength band in the emission
spectrum. Therefore, specific hydrogen bonding may switch the
fluorescence behavior of these systems between the single and
double emission band regimes. The operating principle of such “off-
on” fluorescence signaling is schematically shown in Fig. 2. In addition
to solvent-assisted proton transfer systems, interesting examples of
fluorescent probes are provided by compounds which reveal an
intramolecular excited-state proton transfer (ESIPT) reaction [32,33].
The detailed knowledge of a favorable location of a fluorescent probe
inside a membrane is, therefore, important for designing new
compounds while exploring structural and dynamic properties at
specific depths within a membrane [34-36].

Molecular dynamics (MD) simulations are widely used to examine
processes of location and distribution of small hydrophobic/hydro-
philic solutes in phospholipid bilayers with atomic details [37-39].
This approach has also been frequently employed to study biosorption
and permeation of biologically relevant drug molecules across cell
membranes [40,41]. These theoretical approaches have proven to be
very powerful in determining, with atomic resolution, the partitioning
behavior of solutes inside membranes that are often difficult to study
experimentally. In addition, MD simulations have been used as a
supplementary tool for experimental, mainly fluorescence and NMR,
studies of the distribution and orientation of aromatic hydrocarbon
probes in various lipid environments. Recently, the combination of
solid-state 2H NMR spectroscopy and MD methods has been used to
determine the alignment and localization of pyrene in 1-palmitoyl-2-
oleoyl-phosphatidylcholine (POPC) [42] and DPPC [43] bilayers. 1,6-
Diphenyl-1,3,5-hexatriene (DPH) has often been applied as a fluor-
escent probe for studying, using both spectroscopy and MD methods
[44,45], rotational and lateral diffusion processes in lipid bilayers. A
number of other studies have employed a variety of biased simulation
techniques to calculate the partitioning behavior of probes inside
model membranes. Furthermore, constraint-based MD studies have
been carried out to examine the diffusion and partition processes of a
series of small solutes across DPPC bilayers [46]. Lidocaine penetration
into a dimyristoylphosphatidylcholine (DMPC) bilayer has recently
been studied by computer simulations [47]. Among other MD
methods, an umbrella sampling technique has been used to
investigate the distribution of a volatile anesthetic, halothane, in
dioleoylphosphatidylcholine (DOPC) bilayers, derived from free-
energy profile calculations [48,49].

As a first step toward experimental investigating the partitioning
behavior of PQ and PC inside a model lipid membrane, we have
performed a set of unbiased all-atom MD simulations, designed to
provide insight into the distribution and favorable binding sites of the
probe molecules within a DPPC bilayer. The main goal of our MD study
was to rationalize the distribution of the azaaromatic compounds (Fig.
1) in a model lipid bilayer. These findings help us to understand which
regions within a lipid bilayer are most favored by the probes. 7AI was
used as a structurally similar probe for which a number of well-
documented experimental studies are available [50-53]. It has been
demonstrated that tryptophan and indole probes distribute preferen-
tially to the lipid-water interface of membranes, so that the probes are
found to be in easy contact with water [50-53]. The diversity of

chemical properties, in particular relative hydrophobicity and mole-
cular dipole moment, suggest that, among PQ, PC and 7Al, their
partitioning and favorable location inside membranes is expected to
differ significantly. The MD simulations allow us to explore the most
favorable binding sites for these probes within a DPPC bilayer.
Preferable hydrogen bonding of the probes with interfacial water
was also studied as a function of the probe location across the bilayer.
In the following sections we will briefly describe the MD simulation
methodology. Simulation results on the distribution of PQ, PC and 7AlI
molecules in the DPPC bilayer will be analyzed and compared with
available experimental and theoretical results for structurally similar
azaaromatic probes, consisting of pyrrole and pyridine moieties.
Possible applications of these fluorescent molecules for studying the
structural properties of lipid bilayers and in monitoring the water
content in membranes will be discussed.

2. System setup and MD simulation details

A simulated lipid bilayer consists of 128 dipalmitoylphosphatidyl-
choline (DPPC) lipids (64 per leaflet) surrounded by 4310 water
molecules. A lipid-to-water ratio is about 1:33, so that a bilayer is
simulated in the fully hydrated state. In the case of DPPC molecules, all
carbon atoms of methylene and methyl groups with non-polar
hydrogens are treated as united atoms. A MD force force-field and
an initial configuration of a hydrated DPPC bilayer was taken from ref
[54]. The Simple Point Charge (SPC) model [55] was used for water.
The force-field used for the azaaromatic molecules was parameterized
according to the equilibrium DFT-optimized structure and electronic
charges [7]. This force-field was previously adopted to the GROMOS96
force-field and it is tested to reproduce hydrogen bonding behavior of
these compounds in bulk water and in mixed n-hexane/water
solutions, as described in our previous study [7]. The distribution of
azaaromatic probes within a model membrane was modeled for a
lipid bilayer, existing in the biorelevant liquid crystalline phase, so that
the simulation temperature was chosen as 323 K. At the beginning of
MD simulations, the whole system was pre-equilibrated for 2 ns at the
constant number of particles, constant pressure, P=1 atm, and the
constant temperature, T=323 K (NPT ensemble). Three-dimensional
periodic boundary conditions were applied with the z axis lying along
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Fig. 2. Operating principle of “off-on” fluorescence signaling by solvent-assisted
excited-state proton transfer.
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a direction normal to the bilayer. The pressure was controlled semi-
isotropically, so that the x-y and z sizes of the simulation box were
allowed to fluctuate independently from each other, keeping the total
pressure constant. Thus, membrane area and thickness were therefore
free to adjust under the NPT condition. The reference temperature and
pressure were kept constant using a weak coupling scheme [56] with
coupling constant of 7,=0.1 ps for temperature coupling and 7.=1.0 ps
for pressure coupling. Electrostatic interactions were simulated with
the particle mesh Ewald (PME) [57] approach using the long-range
cutoff of 1.8 nm. The cutoff distance of Lennard-Jones interactions was
also equal to 1.8 nm. This MD setup has been demonstrated to be
optimal for the simulations of the equilibrium properties of a DPPC
bilayer [58]. All bond lengths in DPPC and the solute molecules were
kept constant using the LINCS routine [59]. The integration time step
was 2 fs. The MD simulations were carried out using GROMACS set of
programs, version 3.0 [60].

3. Results and discussion
3.1. Bilayer structure

One of the most important structural parameters which describe
packing of phospholipid molecules within a bilayer is the surface area
per one lipid molecule. This parameter characterizes the bilayer
structure and, therefore, it is commonly used to ensure that an
adequate bilayer model and force force-fields are employed in MD
simulations. In the case of our MD simulations of a fully hydrated DPPC
bilayer in pure water at T=323 K, we estimated the average value of the
surface area per lipid to be equal to 64+1 A? per one molecule. The
calculated area agrees well with the experimental value of 62.9 A2 for a
liquid crystalline DPPC bilayer [37]. In addition, the MD results for all
major structural and dynamics properties of a pure DPPC membrane
are also found to be fully consistent with previous MD studies for the
same bilayer in the liquid crystalline phase [61]. Due to a low
concentration, the influence of the probes on the overall structure of
the membrane is found to be small. This conclusion is confirmed by the
analysis of regular bilayer properties evaluated for a pure DPPC bilayer
and for the bilayer in the presence of the azaaromatic probes. In the
presence of the probes, the surface area per lipid is found to be only
slightly increased to 65+1 A2 Such behavior is consistent with early
experimental works in which much higher concentrations of probes of
similar chemical nature, indole and tryptophan, have been used. The
presence of these probes has been shown to cause only minor
structural changes in the lipid bilayers [50].

3.2. Probe distribution at a water/bilayer interface

To gain insight into the partitioning behavior and distribution of
PQ, PC and 7AI across the DPPC bilayer, eight molecules of each probe
were initially added, in a random fashion, into aqueous solution at the
vicinity of the bilayer interface (four probes per each bilayer leaflet).
Series of MD equilibration runs of the studied probe/bilayer systems
were performed. After that, the process of the probe distribution
between aqueous solution at neutral pH and the lipid membrane was
studied by the MD simulations. This type of simulations reproduces
the passive thermally-driven diffusion of the probes in the periodic
simulation box. The initial configuration of a PQ/DPPC system
containing eight PQ molecules is shown in Fig. 3.

The MD simulations demonstrate that, during the first 10 ns, a
significant fraction of the probes tend to diffuse from aqueous solution
into the polar interfacial region of the DPPC bilayer. The distribution of
the PQ molecules at the end of the 20 ns simulation is presented in the
middle of Fig. 3. Further analysis of time evolution of the PQ/DPPC
system shows that when the probe molecules reach the headgroup
region of the membrane, the diffusion of the probes slows down
dramatically. To illustrate a typical distribution of the PQ probes at the

Fig. 3. A snapshot of the MD boxes taken from the simulations of 8 PQ molecules in the
DPPC bilayer after 0 ns, 20 ns and 50 ns of the NPT simulation. Water molecules are not
shown for clarity. The PQ molecules are rendered with enlarged atomic van der Waals
radii.

end of the 50 ns simulation period, one selected instantaneous
configuration of the PQ/DPPC system is shown in Fig. 3 (bottom).

To evaluate the distribution of PQ, PC and 7Al within the DPPC
bilayer quantitatively, we also consider mass density profiles of
different molecular components across the bilayer. The position of all
atoms in the system were calculated and averaged with respect to the
z axis, normal to the bilayer. Using the symmetry of the bilayer, the



A. Kyrychenko, . Waluk / Biophysical Chemistry 136 (2008) 128-135 131

mass density profiles were also averaged over the two bilayer leaflets.
Fig. 4 shows the mass density profiles of the simulated systems,
including water, the DPPC bilayer and the probe molecules. The mass
profiles were obtained by averaging the MD trajectory for the last
40 ns of the simulation period. The results for the density distribution
of the individual functional groups of the bilayer, such as choline,
phosphate and carbonyl groups, as well as a glycerol backbone and
acyl chains of the phospholipids, are found to be fully consistent with
previous MD simulations for the same bilayer [37,39,58,61]. Fig. 4a-c
shows the mass distribution of the probes within the DPPC bilayer. As
can be seen, 7Al is distributed throughout the interfacial region to the
hydrocarbon acyl chain core of the bilayer, Fig. 4a. In contrast to 7Al,
PC shows the localization preference for the hydrocarbon region of the
bilayer below the glycerol moiety, Fig. 4c. In the case of PQ, two
localization sites at two different depths in the bilayer can be
identified; a major site is found to be in the hydrocarbon core and a
minor population of PQ is observed at the interface. Thus, the three
studied probes demonstrate different localization behavior and the
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Fig. 4. Mass density distribution profiles for individual components of the DPPC bilayer

and for the total density distribution of eight molecules of 7Al (a), PQ (b) and PC (c). All
the density profiles are plotted with respect to the center of the z axis of the MD box.
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Fig. 5. Comparison of mass density distributions of the probes across the bilayer; dotted
lines show a Gaussian decomposition analysis for individual binding sites; 7Al (a), PQ
(b) and PC (c).

depth in the DPPC bilayer that lead to different number of the binding
sites.

Comparison and detailed decomposition analysis of individual
binding sites for the probes are shown in Fig. 5 and summarized in
Table 1. In the case of 7Al, three binding sites A, B and C, in which the
population maxima are located at 8.6,13.3 and 19.8 A from the bilayer
center, may be identified among the broad probe distribution, Fig. 5a.
At the same time, PC is characterized by one well-defined binding
region with the center at 12.2 A. In terms of the probe localization, PQ
is found to be similar to PC, so that one major deeply deeply-located
binding site (A)is observed at the depth of 11 A, Fig. 5b and Table 1. The
second broad population (site B) is observed at 17.2 A. Based on these
results, it seems that molecular shape and aromaticity of the probes
play an important role for the probe localization. The probe location is
determined by the hydrophobic effect and, also, by some tendency to
drive the aromatic hydrophobic probe out of water. The number of
aromatic rings increases in the sequence 7AI-PQ-PC; this leads to the
corresponding increase in the hydrophobic character of the probes.

Table 1

Summary of Gaussian decomposition analysis for probe-membrane binding sites

Binding site  7Al PQ PC
P*  Max" fwhm® P Max fwhm P Max  fwhm
*) (&) (A) @) @& @A %) (&) (A

A 15 8.6 3.0 62 11.0 46 100 122 49

B 65 133 3.8 38 17.2 8.3 - - -

C 20 19.8 33 - - - - - -

¢ Population (P) of a binding site.
> Maximum of a Gaussian band.
¢ Full width at half maximum.
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Fig. 6. An example of geometrical criteria (r<ryp=3.5 A and a<ayp=30°) for hydrogen-
bonding between a donor (Don) and an acceptor (Acc) in PQ.

Therefore, as can be seen in Fig. 4a-c and Fig. 5a-c, the depth of the
probe localization in this sequence is gradually shifted deeper inside
the hydrocarbon acyl chain core of the bilayer.

In addition, we analyzed the possibility of the penetration of the
probes through the bilayer. During our MD analysis, we found that
there are no events where the azaaromatic probe is crossing the
bilayer from one leaflet to the other.

3.3. Probe-lipid hydrogen bonding

We performed a hydrogen-bonding analysis to determine favor-
able hydrogen bonds formed between the probes and interfacial water
and the DPPC lipids. A hydrogen bond between donor (Don) and
acceptor (Acc) atoms is assumed to exist if Don-Acc configuration
fulfills certain geometric criteria, such as Don-Acc distance (ryg) and
angle (o), Fig. 6. An imino nitrogen atom of the probe was chosen as
a donor and oxygen atoms of water, phosphate and glycerol groups
served as possible hydrogen bond acceptors. Table 2 summarizes the
results of the hydrogen-bonding analysis.

Table 2 shows that the majority of 7AI molecules are involved in
hydrogen bonds with water and the bilayer lipids, whereas a
significant fraction (about 24% and 33%) of PQ and PC, respectively,
is found to be hydrogen-bond-free. Due to a large population of 7AI
localized on the water-bilayer interface, and, therefore, existing in
contact with interfacial water, the relative frequency of the occurrence
of 7Al-water hydrogen bonds is estimated to be about 44%. For
comparison, as seen in Table 2, the probe-water hydrogen-bonding is
gradually decreased for PQ and PC, to be in agreement with the deeper
localization of these probes inside the hydrophobic, water-free region
of the bilayer, Fig. 4. The distribution of the hydrogen bond distances,
ryp is summarized in Table 2 and Fig. 7. The H-bond distance and angle
distributions show that all the three probes form the strong hydrogen
bond with the oxygen atoms of the lipid phosphate head group,
whereas they are interacting weakly with water molecules. It is
important to conclude that since the significant population of PQ and
PC are found to be hydrogen-bond-free, this indicates that the
favorable localization of these probes inside the hydrocarbon core of
the bilayer is not driven by hydrogen-bonding.
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Fig. 7. Distribution of hydrogen bond donor-acceptor distances for 7Al (a), PQ (b) and PC
(c). The distance distribution between the donor, the imino nitrogen atom (NH) of the
probe molecule (see Fig. 6 for details) and an acceptor, oxygen atoms of a lipid
phosphate group is shown by a solid red line; between the donor and oxygen atoms of a
lipid glycerol moiety by a dotted green line; between the donor and water oxygen atoms
by a dashed blue line.

3.4. Radial-distribution functions

The partial radial distribution functions, g(R), are calculated to study
details of interactions of the probes with water and the lipids. The g(R) is
therefore used as a complementary tool for the hydrogen boning
analysis. The g(R) functions are useful to evaluate whether the probe
molecules interact with particular functional groups of the lipids to form
hydrogen bonds or whether the overlapping distributions between the
bilayer and probes observed in Fig. 4 are due to non-specific van der
Waals interactions. Fig. 8 shows the g(R) functions calculated between
the NH hydrogen atom of PQ, PC, 7Al and the oxygen atoms of the lipid
molecules. Our analysis indicates that the structured features of g(R) are
observed between the NH hydrogen atoms and the phosphate or
glycerol groups of the lipids. The first peak of g(R) is seen for all the
probes at distances 1.5-1.6 A, Fig. 8a-b. These distances correspond to
hydrogen-bonding between the NH hydrogen and the oxygen atoms of
the functional groups of the lipids.

3.5. Comparison with indole and its analogues in model membranes

Different spectroscopic techniques have been used in an attempt to
describe the average location and orientation of indole and its structural
analogues within phospholipid bilayers. Yau et al. [50] have applied a
solid-state deuterium NMR spectroscopy to measure the effect of indole
and N-methylindole on the lipid palmitoyl chain order parameters of a
POPC bilayer. The authors have demonstrated that indole probes are
preferentially found mostly in the upper acyl chain and headgroup
regions of a POPC membrane. Based on induced chemical shifts and
deuterium quadrupolar splitting data, it has also been concluded that
indole-based azaaromatic probes were usually oriented in a bilayer in

Table 2
Results of the hydrogen-bonding analysis between the probe molecules, lipids, and water
Hydrogen bond type 7Al PQ PC
P el fwhm® oyt P sl fwhm¢® oyt P el fwhm® oyt
(%) (A) (A) @) (%) (A) (A) *) (%) (A) (A) @)
NH-water oxygen 444 2.98 0.58 11.5 26.8 2.88 037 12.0 22.8 2.83 0.42 14.0
NH-phosphate oxygen 39.5 2.49 0.19 5.5 21.8 2.52 0.22 8.5 14.3 2.42 0.17 6.5
NH-glycerol oxygen 10.9 2.60 0.27 6.5 273 2.57 0.26 9.0 294 2.44 0.16 85
No H-bonds 52 - - - 241 - - - 335 - - -

a
b

The relative frequency (F) of the occurrence of hydrogen-bonding.

c
d

Full width at half maximum of the H-bond donor-acceptor distance distribution.
Average H-bond donor-acceptor angle.

Distribution peak of the H-bond donor-acceptor distance, see Figs. 6 and 7 for details.
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Fig. 8. Radial pair distribution functions g(R) of the N-H hydrogen atom of PQ (solid
line), PC (dashed line) and 7AI (dotted line) around the oxygen atoms of the phosphate
(a) and glycerol (b) groups of the DPPC lipids. As an example, corresponding hydrogen-
bonding between probe and lipid molecules is schematically shown for PQ.

such a way that their aromatic ring plane is aligned parallel to the
direction normal to the bilayer. Linear dichroism spectroscopy studies on
the orientation of indole electronic transition moments in model
membrane has shown that in an intrinsically adopted orientation the
indole long axis adopts an angle of 60-65° from the membrane normal
[62]. Moreover, the comparison between the partitioning behavior of
indole and its N-methylated analogue has revealed that the hydrogen-
bonding between the imino hydrogen of indole and the phosphate or
ester oxygens of lipids might not be primarily responsible for the
interfacial location of indole derivatives. An NMR study by Gaede and
coworkers has demonstrated that the indole binding location in the lipid
environment was driven by many factors, including electrostatic and
van der Waals interactions, entropic contributions, and hydrogen
bonding [53]. Complex nature of interactions between indole and a
lipid membrane has also been suggested by a MD study by Norman and
Nymeyer [63]. These authors have found three binding sites for indole in
a POPC bilayer; a) an interfacial binding site near the glycerol moiety, b)
aweakly bound interfacial site near the choline group, c¢) a weakly bound
site in the middle of the hydrocarbon core of the POPC bilayer. It is
interesting to note that, in terms of the localization depth within the
lipid membrane, the two major binding sites of 7Al observed in our
simulations for the DPPC bilayer are found to be similar to those
simulated for indole in POPC. Recent MD simulations by Tieleman's
group, using potentials of mean force (PMF) calculations, have also
found that partitioning of tryptophan in a DOPC bilayer is characterized
by a deep interfacial minimum at 11-13 A from the bilayer center [64].
Therefore, these PMF calculations also strongly supported the deep
interfacial binding of tryptophan with its binding localization to be
similar to the major binding site of 7Al, located at 11-12 A from the DPPC
bilayer center.

3.6. Possible applications of studied azaaromatics for monitoring of
water content in bilayers

The studied azaaromatic compounds are known to show the
hydrogen-bonding-dependent photophysics [1-13,24-29], which open

possibilities for their application as water tracers in lipid membranes,
Fig. 2. Our MD results for the three different azaaromatic compounds
show that their distribution and favorable localizations across the DPPC
bilayer are varied due to their different chemical structure, Figs. 4 and 5.
7Al is predicted to have a rather broad distribution across chemically
highly heterogeneous bilayer interface, whereas more hydrophobic PQ
and PC are more homogeneously localized, favorably below the glycerol
moieties of DPPC. However, the major binding population of the studied
azaaromatics is still characterized by similar binding fashion, so that the
polar nitrogen atoms of the azaaromatics face out of the bilayer
hydrocarbon core toward the interfacial water phase. Our MD simulations
also show various hydrogen-bonded populations as well as a hydrogen
bond free fraction of the probe molecules in the DPPC bilayer, Table 2. In
the case of 7Al, about 44% of the whole probe population is expected to be
in contact with the interfacial water, whereas in the case of PQ and PC this
fraction is decreased to 27% and 23%, (Table 2) respectively. However, our
previous MD study have shown that, due to more favorable topology of
hydrogen bond donor-acceptor centers, an equilibrium fraction of the
“cyclic” complexes formed by PQ in bulk water is actually found to be
significantly higher than that of 7Al Hydrogen-bonding-sensitive
fluorescence of the studied azaaromatics allows, in principle, to
discriminate between two kinds of hydrogen hydrogen-bonded com-
plexes, termed “cyclic” and “noncyclic”, Fig. 2. In the “cyclic” complex, the
azaaromatic molecule is hydrogen-bonded in a “cyclic” configuration to a
single water molecule. This structure is known to be reactive for the
solvent-assisted tautomerization, enabling fluorescence signaling by red-
shifted, long-wavelength tautomeric emission. Alternatively, the probe
compound may involve hydrogen bonding with water chains or polar
lipid groups in “noncyclic” configurations, which are also known to be
“blocked” for the solvent-assisted phototautomerization. Therefore, due
to the presence of a probe molecule in more than one location in a
membrane, some spectral heterogeneity and complex fluorescence
dynamics are expected. 7Al is expected to be present in a form of various
hydrogen-bonded species located across the bilayer interface. PQ and PC
are more homogeneously localized in the deeper part of the bilayer and,
therefore, they are expected to be in contact with deeply penetrating
interfacial water. The appearance of the characteristic tautomeric red-
shifted emission in fluorescence spectra of these compounds, distributed
in the lipid membrane, enables monitoring the content and properties of
the deeply penetrating water. It would be of practical interest to verify our
MD results for fluorescence dynamics of these azaaromatic probes in a
lipid environment.

4. Conclusions

The MD simulation study has been carried out to investigate the
distribution of fluorescent azaaromatic probes, namely, 1H-pyrrolo
[3,2-h]quinoline (PQ), 11H-dipyrido[2,3-a]carbazole (PC) and 7-azain-
dole (7AI) at a water/membrane interface. Our interest has been
focused on the favorable binding sites of the probes within a
dipalmitoylphosphatidylcholine (DPPC) bilayer. Eight molecules of
each probe (four probe molecules per each bilayer leaflet) were used
to sample a process of the probe distribution between aqueous
solution at neutral pH and the lipid membrane. The probe distribution
was simulated by reproducing the thermally-driven passive diffusion.
The MD simulations show that a significant fraction of PQ, PC and 7Al
molecules tends to diffuse from aqueous solution into the polar
interfacial region of the bilayer. PQ and PC are preferentially
accommodated in the hydrocarbon core of the bilayer below the
glycerol moiety, so that one major deeply-located binding site is
observed with the population maximum located at 11-12 A from the
bilayer center. In addition, it has been found that the hydrophobic,
aromatic parts of these probes are located inside the hydrophobic acyl
chain region of DPPC. In contrast to PQ and PC, 7Al is characterized by
a broad distribution between the DPPC interface and water, so that the
three preferable binding sites are identified. It has been found that an
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increase in the number of aromatic rings in the sequence 7AI-PQ-PC
leads to the overall increase in the hydrophobic character of the
probes. Therefore, the depth of the probe localization in this sequence
is gradually shifted deeper inside the hydrocarbon acyl chain core of
the bilayer. The MD simulations reveal that the favorable localizations
of the studied azaaromatic probes within the DPPC bilayer are not
driven by probe-lipid hydrogen-bonding. The preferable distribution
of the probes in the bilayer is adopted by electrostatic dipole-dipole
and van der Waals interactions.
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