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Abstract

Successful use of fluorescence sensing in elucidating the biophysical properties of lipid
membranes requires knowledge of the distribution and location of an emitting molecule in the
bilayer. We report here that 2,6-bis(1H-benzimidazol-2-yl)pyridine (BBP), which is almost non-
fluorescent in aqueous solutions, reveals a strong emission enhancement in a hydrophobic
environment of a phospholipid bilayer, making it interesting for fluorescence probing of water
content in a lipid membrane. Comparing the fluorescence behavior of BBP in a wide variety of
solvents with those in phospholipid vesicles, we suggest that the hydrogen bonding interactions
between a BBP fluorophore and water molecules play a crucial role in the observed “light switch
effect”. Therefore, the loss of water-induced fluorescence quenching inside a membrane are
thought to be due to deep penetration of BBP into the hydrophaobic, water-free region of a bilayer.
Characterized by strong quenching by transition metal ions in solution, BBP also demonstrated
significant shielding from the action of the quencher in the presence of phospholipid vesicles. We
used the increase in fluorescence intensity, measured upon titration of probe molecules with lipid
vesicles, to estimate the partition constant and the Gibbs free energy (AG) of transfer of BBP from
aqueous buffer into a membrane. Partitioning BBP revealed strongly favorable AG, which depends
only slightly on the lipid composition of a bilayer, varying in a range from -6.5 to -7.0 kcal/mol.
To elucidate the binding interactions of the probe with a membrane on the molecular level, a
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distribution and favorable location of BBP in a POPC bilayer were modeled via atomistic
molecular dynamics (MD) simulations using two different approaches: (i) free, diffusion-driven
partitioning of the probe molecules into a bilayer and (ii) constrained umbrella sampling of a
penetration profile of the dye molecule across a bilayer. Both of these MD approaches agreed with
regard to the preferred location of a BBP fluorophore within the interfacial region of a bilayer,
located between the hydrocarbon acyl tails and the initial portion of the lipid headgroups. MD
simulations also revealed restricted permeability of water molecules into this region of a POPC
bilayer, determining the strong fluorescence enhancement observed experimentally for the
membrane-partitioned form of BBP.

Keywords

Fluorescence quenching; Hydrogen boning; Excited state proton transfer; Membrane partitioning;
Molecular dynamics simulations

1. INTRODUCTION

Fluorescence spectroscopy and microscopy are powerful methods to examine static and
dynamics properties of lipid membranes, such as structure, ordering, hydration, fluidity and
microviscosity [1,2]. The advantages of a fluorescence technique include high sensitivity
and multiple measurable parameters, which enable gathering complementary information at
essentially no extra experimental cost. However, to interpret these experiments, knowledge
of a distribution of a fluorescent probe across a membrane and the depth of its penetration in
a bilayer are essentially important [3]. Despite of a variety of spectroscopic approaches
applied, these parameters have often been difficult to determine directly [4,5]. Therefore, the
relationship between chemical structure and location of a fluorescent probe in a membrane
has generally been difficult to define from the structure of a probe molecule [6,7]. To
address these questions, molecular dynamics (MD) simulations of a distribution and location
of fluorescent molecules in model membranes have become an established tool in
interpreting and guiding experiments, providing a complementary microscopic view to
macroscopic experimental observations [8-12].

2,6-Bis(1H-benzimidozole)pyridine (BBP) (Scheme 1) and its complexes with metal ions
have been widely used in a variety of fluorescence applications ranging from science and
engineering of new materials to biomedical researches [13-17]. The potential applications of
complexes of 2,6-bis-benzimidozole-pyridines with transition metal ions in molecular
photochemical devices for energy conversion have been studied extensively in the past
decades [18-20]. Metal ion complexes of 2,6-bis-benzimidozole-pyridines have been
reported also as fluorescent binding agents for DNA studies [21,22]. In addition, 2-
benzimidozole-pyridines have revealed the high sensitivity to polarity and water contents in
their local microenvironment. This is why they have often been applied for studying of
solvation and hydrogen bonding dynamics on organic-water interface of micelles [23] and
microemulsions [24].

In this paper, we report the fluorescence properties of BBP in phospholipid bilayers and
compare them with the fluorescence behavior in water and organic solvents. We found that
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BBP shows a very weak emission in neutral buffer solutions, but becomes strongly
fluorescent after entering into a hydrophobic environment of a phospholipid bilayer. The
changes in emission properties observed at equilibrium conditions upon titration with lipid
vesicles allow us to estimate the thermodynamic parameters of partitioning, showing strong
favoring for redistributing of BBP from water toward a lipid bilayer. The “light-switch”
behavior of BBP in different environments can, in principle, be utilized for fluorescent
probing of a water penetration depth into cell membranes. However, despite a fact that
fluorescence measurements can provide thermodynamic information, such as a partition
coefficient and the Gibbs free energy of the water-to-bilayer transfer, a spatial distribution of
BBP across a lipid bilayer remains unknown. Therefore, we complemented the experimental
fluorescence measurements with atomistic molecular dynamics (MD) simulations to study
various kinetic and thermodynamics processes governing binding and the transfer of BBP
into a model lipid bilayer. Here we applied our recently developed method, allowing for a
joint refinement of the probe distribution and location in a model membrane using
fluorescence measurements and MD simulations [25-27]. To take into account a bulk
character of a BBP fluorophore, the MD approach for computing a penetration profile of a
probe across a bilayer is now improved by using constrained sampling of two probe
molecules at a time. While a good agreement between the thermodynamic parameters of
partitioning provided with these two, experimental and computational, methods can prove
the validity of the approach applied, it can be in turn utilized for testing and improving the
reliability of the MD model and force-filed parameters.

2. EXPERIMENTAL AND COMPUTATIONAL SETUP

2.1 Materials

The synthesis and purification of 2,6-bis(1H-benzimidazol-2-yl)pyridine have been
described elsewhere [28,29]. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), and cholesterol
(Chol) were obtained from Avanti Polar Lipids (Alabaster, AL). Large unilamellar vesicles
(LUV) of 0.1 um diameter were prepared by extrusion as previously described [30,31] using
the following molar mixtures of POPC and POPG: 1:3 (25POPC/75POPG) and 3:1
(75POPC/25POPG). Lipid concentrations of stock solutions were determined according to
the procedure of Bartlett [32].

2.2 Fluorescence measurements

Fluorescence was measured using either Hitachi F4010 or SPEX Fluorolog FL3-22 (Jobin
Yvon, Edison, NJ) steady-state fluorescence spectrometer. The latter was equipped with
double-grating excitation and emission monochromators. The measurements were made in a
2 x 10 mm cuvette oriented perpendicular to the excitation beam and maintained at 25 °C
using a Peltier device from Quantum Northwest (Spokane, WA). Quinine bisulfate in 0.1 N
H,SO4 (p=0.546) was used as the reference standard for measurement of the fluorescence
quantum yield [33].

The apparent partition coefficient K, was calculated by fitting fluorescence intensities,
Iimeasured at fixed wavelength to equation [Eq. (1)]:

Biophys Chem. Author manuscript; available in PMC 2014 September 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kyrychenko et al.

Page 4

Ky 1]

L ([L]) =Io+ (Imaz — o) W +K, L] (Eq. 1)

in which the fluorescence intensities 1o = the initial fluorescence signal in water in the
absence of LUV; fluorescence intensities Iax = the maximal fluorescence increase on the
complete partition, [L] = the molar concentration of lipid, [W] = the molar concentration of
water (55.3 M), K, = the mole fraction partition coefficient [34]. The Gibbs free energy AG
of transfer from water to a lipid membrane was estimated from the mole fraction coefficient
Kp using equation [Eq. (2)]:

AG=—RT In K, (Eq2)

2.3 MD simulation setup

We modelled a phospholipid bilayer consisted of 128 lipid molecules of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidyl-choline (POPC) (64 per leaflet) and hydrated by 4553
water molecules. The equilibrated configuration of a POPC bilayer was taken from our
previous work [25]. A MD force field of a POPC bilayer was adopted from reference [35] in
which CH, and CH3 groups of a POPC molecule were treated as united atoms. The Simple
Point Charge (SPC) model [36] was used for water. The bond length and angles parameters
for BBP were optimized by density functional theory calculations at the B3LYP/cc-pvVDZ
level and adopted for the format of GROMACS force field. Dihedral angle rotation around
the C-C bond, connecting the benzimidazole and pyridine rings, was modeled using the
periodic Ryckaert-Bellemans dihedral potential [37]. Partial charges needed for Coulomb
interactions were derived from the B3LYP/cc-pVVDZ optimized electron densities by fitting
the electrostatic potential to point (ESP) charges. The reliability of the force field for BBP
was tested as described previously [38]. The detailed force field parameters for BBP are
given in Supplementary Material.

All MD simulations were carried out at the constant number of particles, constant pressure,
P =1 atm, and the constant temperature, T =298 K (NPT ensemble). Three-dimensional
periodic boundary conditions were applied with the z axis lying along a direction normal to
the bilayer. The pressure was controlled semi-isotropically, so that the x-y and z dimensions
of the simulation box were allowed to fluctuate independently from each other, keeping the
total pressure constant. The reference temperature and pressure were kept constant using the
Berendsen weak coupling scheme [39] with coupling constant of tt=0.1 ps for the
temperature coupling and tp(x-y)= Tp(z)=1.0 ps for the pressure coupling. The cutoff distance
of Lennard-Jones and Coulombs interactions was equal to 1.4 nm. The long-range
Coulombs interactions were accounted for using the Particle Mesh Ewald (PME) approach
[40]. All bond lengths in POPC and BBP were kept constant using the LINCS routine [41].
The MD integration time step was 2 fs.

A formalism of the potential of mean force was used to calculate a free energy profile of
probe penetration across a bilayer. To calculate the free energy of transfer of a probe across
the bilayer normal (the direction of the z axis), we define the reaction coordinate by the z
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axis and accumulate the z-component of the force acting on the molecule F, at a certain
constrained distance d. between the probe and the bilayer center of mass at different
positions z along the reaction coordinate. A harmonic restraint of 1500 kJ mol~ nm=2 was
applied to distance d. between the center of mass of the pyridine ring of a probe molecule
and the center of mass of a POPC bilayer. This procedure gives the free energy for the
transfer process between points z, and z, as [Eq. (3)]:

AG=AG.y — AG.1= — [2(F.).d. (Eq.3)

where the bracket F, means that the force are averaged at a certain constrained point z of the
reaction path. The potential of mean force was calculated from the biased distributions using
the weighted histogram analysis method [42]. A total of 33 restraint points were sampled in
the direction normal to the bilayer. For each restraint points, the system was first
equilibrated at an elevated temperature of 323 K for 1 ns, after which the actual MD
sampling was run at 298 K for 2 ns. The MD simulations were carried out using GROMACS
set of programs, version 4.0.5 [43]. Molecular graphics and visualization were performed
using VMD 1.8.6 software package [44].

3. RESULTS AND DISCUSSION

3.1 Fluorescence Behavior in Organic Solvents and in Aqueous Solution

The electronic absorption and fluorescence spectra of BBP in organic solvents have been
reported elsewhere [14-16,20]. Here, we briefly summarize these photophysical properties
(Table 1) and examine the fluorescence behavior of BBP in 50 mM sodium phosphate buffer
at pH 8 in the presence and in the absence of LUVs. As seen from Table 1, the
photophysical properties of BBP are characterized with high quantum yield fluorescence in
both nonpolar and polar organic solvents. However, strong fluorescence quenching,
manifested itself as a decrease in the fluorescence quantum yield (o), was observed in
aqueous solutions (Table 1). Upon passing from toluene to phosphate buffer at pH 8, ¢f was
decreased by a factor of 74 changing from 0.37 to 0.005 (Table 1).

It is interesting that titration of buffer solution of BBP with lipid vesicles leads to a strong
enhancement of fluorescence. Examples of typical changes in emission spectra of BBP in
aqueous buffer as a function of LUV concentration are shown in Figure 1. In aqueous buffer,
the emission spectrum of BBP had Ap3=395 nm when excited at 315 nm. In addition, the
fluorescence enhancement upon LUV titration was also accompanied with a blue shift of
Amax Which reaches value of 379 nm at the complete partition (Table 1). These spectral
changes of BBP are indicative of partitioning of a fluorophore into LUV, when it leaves
polar aqueous solution and enters a nonpolar hydrophobic environment inside a lipid vesicle.

3.2 Thermodynamics of Partitioning into a Lipid Bilayer

To estimate the mole fraction partition coefficient K, for transfer of BBP from aqueous
buffer solution into a vesicle, we used the increase in fluorescence intensities measured at
379 nm. Figure 2 illustrates how the experimental titration plots of BBP vary depending on
the composition of LUVs, changing from pure POPC to 75:25 and 25:75 molar ratios of
POPC/POPG, respectively. The solid curves show least squares fits of Eq. 1 (see
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Experimental Section) to these data giving relevant fitting parameters, such as the
fluorescence increase on the complete partition Iy and partition coefficient K,. The
partition free energy AG of the transfer was calculated using Eq. 2 and summarized in Table
2.

Figure 2 and Table 2 show that the fluorescence signal of BBP, observed upon the complete
partition (Imax), varies significantly, starting from 8.5-fold increase upon partitioning to
LUV composed of 25POPC/75POPG and ending to ~62-fold increase in the case of
partitioning to pure POPC LUV. In addition, the presence of 10% of cholesterol in POPC
LUV results in a decrease in | ygx Of a factor 3.7. The results shown in Figure 2 demonstrate
that the magnitude of |5« decreases as the mole fraction of anionic POPG lipids in LUV
and, hence, the negative surface potential of a model membrane increases. There are two
possible scenarios explaining the lipid-dependent fluorescence behavior of BBP: According
to the first scenario, the increase in the fraction of POPG lipids in LUV may lead to an
overall decrease in binding and the partitioning affinity of BBP for negatively charged
LUVs. In the second scenario, the complete partitioning of BBP into anionic 25POPC/
75POPG LUV may still occur; however, partitioned probe molecules are located in an
interfacial region of LUV, in which they become more accessible to quenching with water
molecules. The latter scenario is consistent with observation that the significant decrease in
I max, Which is observed upon going from pure POPC to 25POPC/75POPG LUVs, is
accompanied with only a moderate decrease in AG changing from - 7.0 to -6.5 kcal/mol
(Table 2).

3.3 The Origin of Fluorescence Quenching in Water

No new emitting species was detected for BBP in water, but the fluorescence quantum yield
decreased dramatically, indicating the appearance of a fast S;—Sg nonradiative channel. It
has been established that emission of a fluorophore is often strongly quenched in bulk water
due to formation of an intermolecular hydrogen bond [45-49]. Quite often, intermolecular
H-bonds provide an efficient channel for radiationless dissipation of an excessive energy of
electronically excited molecules, as a result of an overall increase in the rate of internal
conversion [50-52]. In terms of hydrogen bonding with protic partners, BBP is bifunctional
acting simultaneously as a H-bond donor and as an acceptor (Scheme 2, form I).

The structure of BBP also suggests that it can exist in several conformations, each of which
is capable of forming various types of hydrogen-bonded complexes with water molecules,
attached either to the NH groups or to the pyridine nitrogen (Scheme 2). Experimental and
theoretical developments have demonstrated that water-induced fluorescence quenching
might be activated by an excited state proton transfer (ESPT) reaction, occurring along an
intermolecular hydrogen bond [45,51,52-54]. However, in such a bifunctionally hydrogen
bond forming fluorophore as BBP, a new photophysical feature may appear. If geometrical
criteria are favourable, the donor and acceptor moieties may form a hydrogen bond
intramolecularly, opening up the possibility for a direct ESPT reaction, occurring from the
benzimidazole NH group toward the pyridine atom, as shown in Scheme 2 for form II. If it
is not the case, ESPT can still occur along a cyclic hydrogen-bonded bridge formed by a
water molecule, as shown in Scheme 2 for form I11.
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A limited number of examples exists demonstrating that direct ESPT could indeed be
observed in chromophores, in which a weak intramolecular H-bond of a N-H---N type may
be formed in a quasi-five-membered ring, composed of 2-pyridyl ring substituted with either
pyrazole [55] or pyrrole [56,57]. On the other hand, there have been numerous observations
when ESPT could proceed via proton migration along hydrogen-bonded bridges consisting
of water [45,58-60], alcohol [45,61-62], or ammonia [63-64]. One of the best known
systems, possessing a similar donor-acceptor topology, is a family of structurally related 2-
pyridylindoles, which H-bond-controlled excited state behavior has attracted considerable
attention [65-69]. Recent developments in ab initio computational modeling have suggested
that the electronic excitation of H-bonded pyridine-pyrrole moieties may lead to a strong
correlation between electron- and proton transfer processes, so that hydrogen-bonding-
induced phenomena in these systems can be described in terms of the electron-driven-
proton-transfer mechanism proposed by Sobolewski and Domcke [70,71]. Finally, an
alternative mechanism of fluorescence quenching by hydroxylic solvents, involving excited
state protonation of the pyridine nitrogen atom, which is followed by twisting of the pyridyl
moiety has recently been proposed by Waluk and coworkers [72].

From the foregoing discussion it appears that the photophysical behavior of BBP in water
might be rather complicated, involving all the above mechanisms. Leaving aside the detailed
elucidation of the quenching origin, it seems to be evident that specific H-bonding with
water molecules plays a crucial role in the strong fluorescence quenching of BBP in a bulk
aqueous environment. The purpose of the present work is to show that the fluorescence
enhancement of BBP observed upon LUV partitioning is indicative of the loss of these
specific hydrogen bonding interactions in a hydrophobic membrane environment.

3.4 Fluorescence Quenching by Co™ lons

Quenching of fluorescence of a probe molecule with transition metal ions is one of the well-
established ways to obtain information about a partition depth of membrane-bound
fluorophores [73,74]. Collisional quenching in solution can be described by the classic
Stern-Vollmer equation [Eq. (4)]:

Fy
F:1+KSV [Q] (Eq. 4)

3
where, Fgand F; are the fluorescence intensities in the absence and the presence of

quencher, respectively; [Q] = the concentration of the quencher; Kg, = the Stern-Vollmer
quenching constant.

Figure 3 shows results of fluorescence quenching BBP by Co2* ions in aqueous buffer
solution and when partitioned into LUV, together with the fitted Stern-Vollmer plots. The
good linearity of Stern-Vollmer dependencies indicates that only one type of quenched
fluorophores is present and, therefore, the simple analytical form of Stern-Vollmer equation
[Eq. (4)] can be applied. As it can be seen, fluorescence of free BBP in aqueous solution is
strongly quenched by Co?* ions. However, in the presence of LUV much less quenching
occurs. For unbound BBP in aqueous buffer, Kg, is found to be 42x10° M1, In the presence
of pure POPC, 90POPC/10Chol, and 25POPC/75POPG LUVs Kg, is decreased to 0.8 x 10°,
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1.1 x 105, and 1.4 x 10° M1, respectively. The strong decrease of K, points to the fact that
BBP after its partitioning into LUV becomes almost inaccessible to the quencher. It is
important to note that the extent of the quenching depends insignificantly on the
composition of LUV. Comparing the Co?* quenching data with the LUV titration plots
shown in Figure 2, we can conclude that despite of the relatively weak increase in
fluorescence observed upon the membrane partitioning, BBP can still be efficiently shielded
by 90POPC/10Chol and 25POPC/75POPG LUVs from quenching by Co2* ions.

3.5 MD Simulation of BBP in a POPC Bilayer

Molecular dynamics simulations can provide detailed atomistic descriptions of studied
systems, and it can be applied as a complementary method, clarifying the above series of the
fluorescence quenching experiments. Indeed, there are a lot of convincing examples of
complementary uses of experimental spectroscopy studies and MD simulations, in which
combining of the above methods led to better understanding of the mechanism of the
interactions of small molecules with lipid membranes [8-10,12,75]. Here we applied
atomistic MD simulations to examine the distribution and favourable location of BBP in a
POPC bilayer using two different approaches; the first approach was based on MD
simulations of passive, diffusion-driven partitioning of several molecules of BBP from bulk
water into a bilayer. In the second approach, MD umbrella sampling of the potential of mean
force (PMF) was utilized for calculation of a free energy profile of penetration of BBP
across a bilayer. These two approaches have been widely used to provide mechanistic
insights into structural aspects and energetics of interactions of solutes and ions with a
membrane [25,26,76-79], both having certain advantages and limitations. The method of
conventional, unbiased simulations of the passive partitioning is believed to reproduce
actual experimental conditions of a free choice of a probe for its own modes of interactions
with lipid membranes. Moreover, to improve MD sampling statistics, the binding
interactions of several probe molecules with a membrane may be simulated simultaneously
[8,25-27,80]. This approach however is still computational demanding. Depending on
sampling times, a final probe distribution may converge very slowly and, therefore, it may
be dependent on the choice of an initial configuration of a MD system. On the other hand,
biased PMF calculations, which are rather limited in reproducing equilibrium properties,
they however have an advantage of better sampling of thermodynamically unfavorable
regions of the probe-bilayer system [11,25,77-79].

3.5.1 Passive Distributing of BBP between Water and a Bilayer—Firstly, we
applied the method of the passive diffusion to examine the binding interactions of BBP with
a POPC bhilayer. To elucidate the role of starting configurations in predicting the equilibrium
distribution of a probe within a membrane, four BBP molecules were placed in different
positions and in random orientations into the bulk water phase in close proximity to surface
of a POPC hilayer, two molecules on the top and at the bottom leaflets. The starting
configuration of the system at t=0 ns is shown in Figure 4(top). Although the four BBP
molecules were initially placed at different positions in the vicinity of the bilayer, we
observed that, during the first 30 ns period, all of them migrated into the headgroups region
inside the lipid bilayer, Figure 4(middle). We would like to note that when the molecules
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reached the above discussed region, no further systematic movement deeper along the
bilayer normal was observed during an additional 40 ns of the sampling [Figure 4(bottom)].

To trace the movement of each probe molecules the positions of their center of mass (COM)
were plotted along the bilayer normal axis Z as a function of the simulation time, Figure 5.
As can be seen from Figure 5, all the probe molecules moved rapidly toward the bilayer
surface during the first 10 ns, after which their COMs movement reaches some plateau. An
almost symmetric Gaussian-type distribution centered around 16 A from the bilayer
midpoint was produced by averaging the COM trajectories along the bilayer normal Z for
the last 50-ns sampling period (not shown). This distribution corresponds to the average
residence position of BBP in a POPC bilayer. Taking into account the distribution
broadening width, we found that BBP prefers to locate in the region around 16+3 A from the
bilayer midpoint. It is interesting that, during the whole 70 ns sampling period, there was no
trend for the BBP molecules to move from one monolayer leaflet of the bilayer across the
hydrophobic core to the other half.

3.5.2 Umbrella Sampling of Penetration across a Bilayer—To evaluate the Gibbs
free energy profile of BBP penetration across a POPC bilayer, we used the method of the
potential of mean forces [42] based on a series of constrained MD samplings. Figure 6
shows the umbrella sampling scheme used for computing the PMF. To gather additional
statistics, two BBP molecules were sampled simultaneously, so that when the first molecule
reaches the center of a bilayer, the second molecule appears in the bulk water (Figure 6).

We carried out a series of MD runs, in which the center of mass of the pyridine moiety of
BBP was restrained with respect to the center of mass of the POPC bilayer at distance d.. At
the same time, despite of the restraining of the center of mass of the pyridine ring, rotation
of the whole molecule was still allowed. To construct the PMF, distance d was varied
starting from 35 A (bulk water) to 0 A (the center of the bilayer). Figure 7 shows the PMF of
a penetration profile of BBP across a POPC bilayer. We treated the each of the two BBP
probes as two independent samples, which allow us to estimate sampling errors. In the limit
of infinite sampling, the PMF errors should be close to zero; however, as can be noticed
from Figure 7, depending on positions in a bilayer, the estimated sampling errors were found
to be as large as 1.5 kcal/mol.

The PMF profile for BBP shows a favorable free-energy well of -8.1 kcal/mol centered
around 15 A from the center of a bilayer, Figure 7. The profile suggests that BBP enters the
bilayer with no essential free energy costs; however, as BBP approaches the minimum of the
free energy well, it experiences a large (4.3 kcal/mol) barrier to reach the center of the
bilayer. Interestingly, the PMF profile agrees well with the preferred localization of BBP in
a POPC bilayer estimated with the unbiased passive partitioning. Both passive and
constrained MD approaches provide evidences that BBP favors residence in a region of the
bilayer at around 15-16 A from the center. Moreover, the Gibbs free energy of the bilayer
penetration calculated with the PMF shows the overall agreement with the experimental AG
of the membrane partitioning detected experimentally using fluorescence titration by LUV
(Table 2).
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3.5.3 Depth-Dependent Probability of Probe-Water H-Bonding in a Bilayer—
Taking into account that the water-induced fluorescence quenching is expected to be
dependent on a penetration depth of BBP inside a bilayer, we therefore estimated the
probability of probe—water hydrogen-bonding across the POPC bilayer. As can be seen from
Scheme 2, BBP could form various H-bonded complexes with water. Therefore, we focused
our attention on the formation of the H-bond between the N-H groups of the two
benzimidazole moieties of BBP and an oxygen atom of water molecules. We first defined
geometric criteria for the formation of the discussed hydrogen bond, as shown schematically
in Figure 8A. The occurrence of the probe— water hydrogen bond was established when two
geometric criteria (distance and angle) were valid: (1) the distance r; between the nitrogen
atom of the NH group and the oxygen atom of water is r; < rpg = 3.5 A; (2) the angle made
by the N-H atoms and the water oxygen is gj < apyg = 0° + 30°. The total number of the H-
bonds per a BBP molecule was estimated for each 100 ps time frame over the whole period
of the MD sampling, during which BBP was restrained at the certain distance dc along the
bilayer (see Figure 6 for more details). Since this procedure monitors the formation of the H-
bond with the two benzimidazole NH groups, the probability of BBP—water H-bonding
therefore was defined as a half of the average number of the H-bonds counted in the whole
sampling period.

Figures 8B and 8C show a plot of the BBP—water H-bonding probability as a function of its
penetration depth across a POPC bilayer. When BBP moves from the bulk water and enters
the bilayer the H-bonding probability decreases sharply. When BBP moves farther inside the
bilayer in the region of the hydrophobic core, the probability falls to the values below 10%.
Figure 8C superimposes the BBP—water H-bonding probability on the profiles of mass
densities, averaged for the whole POPC bilayer and all water molecules. The latter profile
corresponds to a permeation profile of water inside the POPC bilayer. Such water behavior
is in agreement with the limited permeation of interfacial water molecules into the different
regions of lipid bilayers reported by Berkowitz and Jungwirth [81,82]. As it can be noted
from Figure 8C, there is a correlation between water-to-bilayer permeability and the
probability for BBP—water H-bonding. It is also interesting that when the water permeability
profile falls to zero in the middle of the bilayer, some residual probability of BBP-water H-
bonding still remains, indicating the incomplete loss of the water solvation shell by the
probe.

3.5.4 Membrane Perturbations and Water Defects—As it has been reported earlier
[83] the biased penetration of large aromatic compounds into a lipid membrane could lead to
the perturbation of the bilayer structure. Numerous computational studies were reported that
partitioning of polar or charged molecules (drugs, amino acid residues, etc) into the
hydrocarbon core was often accompanied with the formation of large water defects across
interface of a bilayer [84-86]. Therefore, special care was taken to insure that the umbrella
sampling simulation of bulk-sized BBP in a POPC bilayer was accompanied with no
significant membrane perturbations.

When BBP entered from the water phase into the bilayer, the formation of definite water
defects on the bilayer surface was observed. These defects were formed mainly once the
bulk core of BBP was placed at distances 10-13 A from the bilayer center. The formation of
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the water defects was strongly dependent on a rate of BBP migration from the water phase
inside the bilayer. We observed that if BBP was rapidly transferred into the bilayer, the
water solvation shell molecules surrounding the BBP fluorophore could penetrate deeply
into the hydrophobic region of the bilayer. Therefore, pre-equilibration at elevated
temperature of 323 K and a slow transfer rate of 1 A per 1 ns were needed to eliminate most
of the discussed water defects. However, it was found also that despite the longer
equilibration, the formation of stable hydrogen-bonded complexes between BBP and water
molecules could lead to trapping of polar water molecules into the hydrophaobic region of the
bilayer. Figure 9 shows an example of MD umbrella sampling of BBP in a POPC bilayer
demonstrating that single water molecules can enter a bilayer being included in the
hydrogen-bonded associate with BBP. Similar examples of the trapping of excess water
molecules surrounding the polar portion of asparagine and arginine have been reported
recently [84,85,87]. This behavior is of potential interest in the context of the use of BBP as
fluorescent probes, since this type of the incomplete dehydration at penetration inside the
lipid bilayer may influence its emission signal.

4. CONCLUSIONS

The fluorescence behavior of 2,6-bis(1H-benzimidazol-2-yl)pyridine was investigated in
aqueous sodium phosphate buffer solution at pH 8 at the absence and at the presence of a
model membrane. Our study demonstrated that BBP is weakly fluorescent in water; however
it becomes highly fluorescent when partitioned into LUV. Complementary use of
experimental and computational data suggested that the fluorescence enhancement of BBP
in the hydrophobic environment of the bilayer is due to the loss of water-induced quenching.
We found that, upon the water-to-LUV transfer, the fluorescence enhancement depends
strongly on lipid composition of LUVS, varying from 8.5-fold increase for anionic 25POPC/
75POPG LUV to 62-fold increase for pure POPC LUV. Despite this fact, fluorescence
quenching of membrane-bound BBP by Co?* ions demonstrated a weak dependence on
variation in zwitterionic-to-anionic lipid ratios of LUVS, indicating that, when partitioned
into these LUVs, the excited fluorophore becomes almost completely shielded from the
quencher. From LUV titration experiments we found that the Gibbs free energy (AG) of
transfer of BBP from the bulk water inside the bilayer is strongly thermodynamically
favored, depending only insignificantly upon a fraction of charged lipids in LUV. This
indicates that partitioning is mainly driven by hydrophobic effects, when hydrophobic BBP
tends to move from polar water surrounding into the apolar inner region of LUV. Our
fluorescence experiments were supported by a series of atomistic MD simulations based on
free redistributing BBP between the bulk water and a POPC bilayer. The equilibrium
simulation showed that BBP binds rapidly and penetrates deeply into the hydrophobic
region of the POPC bilayer. The constrained MD sampling of the penetration profile across
the bilayer demonstrated that BBP favors residence in a broad region around 15 A from the
bilayer center, which is located between the hydrocarbon acyl tails and the initial portion of
the lipid headgroups. It was also shown that the hydrophobic nature of this region of the
bilayer restricts the permeability of water molecules, which may explain the strong
enhancement of fluorescence properties of BBP when it occupies this area of the lipid
bilayer.
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Further progress in applying combinations of experimental fluorescence spectroscopy and
the atomistic-level modeling to problems of the dye localization in a membrane may be
augmented by new methodologies suitable for simulating spectral properties of a
fluorophore in different environments using a hybrid quantum-classical ab-initio/MD
approach. These studies are now underway in our laboratory, because developing of
computational methods enabling prediction of a membrane partitioning behavior for new
fluorescent probes prior to their synthesis can be a very promising tool to minimize the
investment in probe design and development.
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ABBREVIATIONS USED

BBP 2,6-bis(1H-benzimidazol-2-yl)pyridine
LUV large unilamellar vesicles
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol
25POPC/75POPG mixtures of POPC and POPG that contain a molar percentage of
and 75POPC/ the corresponding lipid specified by the number
25POPG
Chol cholesterol
90POPC/10Chol a mixture that contain a molar percentage of 90:10 of POPC and
cholesterol
MD simulation molecular dynamics simulation
PMF the potential of mean force
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SCHEME 1.

Chemical structure of 2,6-bis(1H-benzimidazol-2-yl)pyridine (BBP).
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(111)

SCHEME 2.
Possible hydrogen-bonded forms of BBP: Form | shows a bifunctional hydrogen-bonding

character of BBP, acting both as a donor and as an acceptor of a hydrogen bond. Forms 11
and 111 are capable of either direct intramolecular or solvent-assisted phototautomerization.
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FIGURE 1.
Example of fluorescence titration of BBP upon adding POPC vesicles, measured in 50 mM

sodium phosphate buffer at pH 8. An increase in the LUV concentration results in the strong
fluorescence enhancement of BBP, which was also accompanied by a blue shift of its
emission maximum. The arrows indicate the direction of changes at increasing LUV
concentrations, varied in a range from 0 to 1.8 mM.
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FIGURE 2.
Plots of the fluorescence enhancement of BBP observed upon LUV titration; POPC (green),

75POPC/25POPC (red), 90POPC/10Chol (cyan), and 25POPC/75POPG (blue). The
titrations were performed in 50 mM sodium phosphate buffer at pH 8 at T=298 K. The
relative fluorescence intensity at 379 nm was fitted to Eq. 1. Fitting results are shown with
the colour-coded solid curves.
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FIGURE 3.
Stern-Vollmer plots for BBP fluorescence quenching by Co2* ions in sodium phosphate

buffer at pH 8 in the absence and in the presence of lipid vesicles. The extent of
fluorescence quenching of unbound BBP (O) changes strongly upon partitioning into LUVs
(POPC (green 0), 90POPC/10Chol (cyan #), and 25POPC/75POPG (blue A)). The changes
in quenching suggest that Co2* ions do not readily penetrate the hydrophobic region of the
lipid vesicle; so that the deeply buried BBP molecules become significantly inaccessible to
the quencher. Fluorescence intensities were excited at 315 nm and measured at either 397
nm (free dyes) or 379 nm (in LUV). The quenching experiments in the presence of LUV
were carried out at lipid saturation of 2 mM (see Figure 2 for more details).
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FIGURE 4.
Typical snapshots of MD simulations show the partitioning kinetics of BBP into a POPC

bilayer at different simulation times. The MD simulations were based on free, passive
distribution of probe molecules between bulk water and a POPC bilayer. Four probe
molecules were sampled to ensure better MD statistics. The lipid tails are shown as sticks in
green, the phosphorus and nitrogen atoms of the lipid headgroups are shown by red and cyan
balls, respectively. For clarity, water molecules are not shown.
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FIGURE 5.
MD trajectories of the partitioning kinetics of BBP into a POPC bilayer monitored by

movements of the center-of-mass (COM) of each probe molecules with respect to the POPC
bilayer normal z The COM movements of the sampled molecules were traced to insure the
complete equilibration and convergence of the MD system. The COM trajectories are
schematically superimposed on a POPC snapshot.
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FIGURE 6.
A schematic presentation of the umbrella sampling scheme applied to evaluate a free energy

profile for partitioning of BBP to a POPC bilayer. To gather additional MD sampling
statistics, the two probe molecules were sampled simultaneously, so that when the first
molecule was in the center of the bilayer, the second one was in bulk water. The harmonic
restraint potential was applied to the distance d. between the center of mass of the pyridine
moiety (colored yellow) and the center of mass of the bilayer in direction Z normal to the
bilayer. During the MD umbrella sampling, the two probe molecules were kept to be at the
distance dy., = 25 A apart each other.
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FIGURE 7.
MD simulations of a free energy profile of BBP penetration across a POPC bilayer

calculated using the potential of mean constraint force. The PMF obtained according to the
umbrella sampling scheme shown in Figure 6. The PMF was calculated from the biased
distributions using the weighted histogram analysis method. The two BBP molecules were
sampled simultaneously allowing for estimating sampling errors shown with corresponding
error bars. The black solid line represents the average profile of the partitioning free energy.
The partitioning profile is set to zero in bulk water. For the purpose of visualization, the
PMF is schematically superimposed on a MD snapshot of a POPC bilayer.
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FIGURE 8.
(A) Geometric criteria for the formation of hydrogen bond between the benzimidazole N-H

groups of BBP and water molecules. (B) The probability profile for hydrogen-bonding
between BBP and water molecules estimated during MD umbrella sampling of a penetration
depth of BBP across a POPC bilayer (see Figure 7 for more details). The probability of
BBP-water H-bonding is schematically superimposed on a snapshot of a POPC bilayer. (C)
The BBP-water H-bonding probability is now superimposed on mass density profiles of a
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POPC bilayer (filled green) and water (filled cyan) showing that the profile of the probe
—water H-bonding correlates with a profile of water permeability into a bilayer.
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FIGURE 9.
Example of MD umbrella sampling of BBP in a POPC bilayer showing that excess water

molecules can enter a bilayer in hydrogen-bonded associates with BBP. (A) The snapshot
was obtained after 2 ns of MD umbrella sampling (see Figure 6 for more details), during
which the pyridine ring of the fluorophore was constrained near the center of the bilayer.
The lipid tails are green and the phosphorus and nitrogen atoms of the head groups of POPC
are shown as cyan and yellow balls. (B) The insert demonstrates that the formation of a
stable hydrogen-bonding complex between BBP and water molecules has led to the trapping
of the water molecules into the hydrophobic core of the bilayer.
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Positions of maxima of electronic absorption spectra (A;), fluorescence spectra (Af), and fluorescence quantum

yields (¢g) of BBP measured in organic solvents and in 50 mM sodium phosphate buffer at pH 8 in the

absence and in the presence of 2 mM POPC vesicle.

Solvent Aa(nm) A (M) g
n-octane 334 367 0.22
toluene 333 370 0.37
ethyl acetate 328 374 0.46
acetonitrile 327 378 0.74
ethanol 338 375 0.48
sodium phosphate buffer at pH 8 342 395 0.005
in LUV (POPC) 339 379 0.31
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TABLE 2 Parameters of the fluorescence enhancement and the thermodynamics of partitioning of BBP from

. . - . a
aqueous buffer solution into a lipid vesicle.

LUV composition | max Kp x1074 AG, kcal/mol
POPC 61.7+0.3 15.4+1.1 -7.0£0.1
90POPC/10Chol  16.5+0.2 16.3+0.8 -7.1+0.1
75POPC/25POPG  33.8+0.2 14.1+1.2 -6.9+0.1
25POPC/75POPG  8.5+0.1 6.3+1.5 -6.5+0.1

aThe maximal fluorescence increase on the complete partition (Imax), the molar partition coefficient (Kp), and the Gibbs free energy (AG) were
measured in 50 mM sodium phosphate buffer at pH 8 at T=298 K.
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