Biophys J BioFAST, published on February 18, 2005 as doi:10.1529/biophysj.104.055533

Influence of DPH on the Structure and Dynamics of a

DPPC Bilayer

Jarmila Repakova

Department of Chemical Physics and Optics, Faculty of Mathematics and Physics,
Charles University, Ke Karlovu 3, Prague 2, CZ-12116, Czech Republic, and Laboratory
of Physics and Helsinki Institute of Physics, Helsinki University of Technology,

P.O. Box 1100, FI-02015 HUT, Finland

Juha M. Holopainen

Department of Ophthalmology, University of Helsinki, and Helsinki Biophysics &

Biomembrane Group, Institute of Biomedicine, University of Helsinki, Finland

Michael R. Morrow and Mark C. McDonald

Department of Physics and Physical Oceanography, Memorial University of Newfound-
land, St. John’s, Newfoundland, A1B 3X7, Canada

Pavla Capkova

Department of Chemical Physics and Optics, Faculty of Mathematics and Physics,
Charles University, Ke Karlovu 3, Prague 2, CZ-12116, Czech Republic

llpo Vattulainen*

Laboratory of Physics and Helsinki Institute of Physics, Helsinki University of Technology,
PO. Box 1100, FI-02015 HUT, Finland

(Dated: January 24, 2005)

* Author to whom correspondence may be addressed. E-mail: Ilpo. Vattulainen @csc.fi.

Copyright 2005 by The Biophysical Society.



Abstract

We have conducted extensive molecular dynamics (MD) simulations together with differ-
ential scanning calorimetry (DSC) and nuclear magnetic resonance (NMR) experiments to
quantify the influence of free 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescent probes on
the structure and dynamics of a dipalmitoylphosphatidylcholine (DPPC) bilayer. Atomistic
MD simulations show that in the membrane-water interface the influence of DPH is minor,
while in the acyl chain region DPH gives rise to major perturbations. In the latter case,
DPH is found to influence a wide range of membrane properties, such as the packing and
ordering of hydrocarbon tails and the lateral diffusion of lipid molecules. The effects are
prominent but of local nature, i.e., the changes observed in the properties of lipid molecules
are significant in the vicinity of DPH, but reduce rapidly as the distance from the probe in-
creases. Long-range perturbations due to DPH are hence not expected. Detailed DSC and
2H NMR measurements support this view. DSC shows only subtle perturbation to the co-
operative behavior of the membrane system in the presence of DPH, and 2H NMR shows
that DPH gives rise to a slight increase in the lipid chain order, in agreement with MD

simulations. Potential effects of other probes such as pyrene are briefly discussed.
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I. INTRODUCTION

Biological membranes are an excellent example of soft interfaces characterized by dynamic
heterogeneity and the formation of small-scale domains, where numerous biological functions take
place (Bloom et al., 1991; Gennis, 1989; Katsaras and Gutberlet, 2001; Mayor and Rao, 2004;
Simons and Ikonen, 1997). They are complex molecular assemblies characterized by a variety
of different length and timescales (Bloom et al., 1991; Gennis, 1989; Lipowsky and Sackmann,
1995), which renders experimental studies of membrane systems an inspiring challenge.

A particularly popular approach to study the structure and dynamics of lipid membranes and the
effects of molecules embedded in lipid bilayers is based on the use of fluorescent probes (Abrams
and London, 1993; Chattopadhyay and London, 1987; Epand et al., 1996; Lakowicz, 1983; Lentz,
1989, 1993; Maier et al., 2002; Somerharju, 2002). Depending on the type of probe used, one
can gauge properties of different membrane regions surrounding the probe employed. Charged
probes such as trimethylamino-diphenylhexatriene (TMA-DPH) (Lentz, 1993), polar fluorophores
such as nitrobenzoxadiazole (NBD) (Chattopadhyay, 1990), and probes including a short acyl
chain such as 6-propionyl-2-dimethylaminoaphthalene (prodan) (Krasnowska et al., 1998) tend to
sense the membrane-water interface, thus providing information regarding the polar headgroup.
Meanwhile, various hydrophobic probes such as diphenylhexatriene (DPH), pyrene (Somerharju,
2002), and trans-parinaric acid (trans-PA) (Lentz, 1993; Maier et al., 2002; Yashar et al., 1987)
are commonly employed to explore the membrane hydrocarbon chain region. DPH, in particular,
is readily soluble in the hydrocarbon tail region. It is consequently often used in measurements
of fluorescence anisotropy to monitor the rotational motion of DPH, which in turn can provide
insight into membrane fluidity and lipid ordering (Holopainen et al., 1998; Lentz, 1993; Repakova
et al., 2004).

While fluorescent probes can provide valuable insight into the structure and dynamics of
biomembranes, there is reason to emphasize that the use of fluorescent probes is subject to certain
non-trivial problems that are difficult to quantify. Of particular concern are possible perturbations
induced by the probes (Lentz, 1989, 1993; Somerharju, 2002). This matter is of concern in all
cases commonly used in experiments, i. €., when probes are embedded freely in membranes, or
when they are linked to lipids or other molecules under study. Commonly, it is assumed that when
used in small concentrations, fluorescent probes do not interfere with membrane properties in a

significant fashion. In practice, however, several experimental studies have indicated that probes



do affect membrane systems (Koivusalo et al., 2004; Lentz, 1989, 1993; Leonard-Latour et al.,
1996; Parente and Lentz, 1985; Somerharju et al., 1985; Yashar et al., 1987).

In pioneering studies by Lentz and his co-workers (Lentz, 1989, 1993; Lentz et al., 1978; Par-
ente and Lentz, 1985), the authors found through calorimetric studies that fluorescent probes may
slightly change the main phase transition temperature (7},,) of phosphatidylcholine bilayers. The
changes were small, on the order of 0.1—-0.2 °C, but seemed systematic. Similar findings by dif-
ferential scanning calorimetry (DSC) have been made by Ben Yashar and co-workers, who also re-
ported that fluorescent probes may alter the nuclear magnetic resonance (NMR) spectra of choline
protons of dimyristoylphosphatidylcholine (DMPC) unilamellar vesicles (Yashar et al., 1987). As
for packing, Somerharju and his collaborators studied neat pyrene phospholipid monolayers spread
on an argon/water interface and compared the results with those of dipalmitoylphosphatidyl-
choline (DPPC) (Somerharju et al., 1985). They concluded that the surface area occupied by a
pyrene derivative was larger than that of the alkyl chain lipids. More recently, Leonard-Latour and
co-workers found that free pyrene embedded in dimyristoylphosphatidic acid (DMPA)/DMPC
monolayers modifies the isotherm shape in the liquid-expanded phase and leads to a substan-
tial increase in the area per molecule (Leonard-Latour et al., 1996). When the pyrene moi-
ety was covalently linked to a phospholipid (1-hexadecanoyl-2-(1-pyrenyldecanoyl)-sn-glycero-
3-phosphocholine, PyC,(,PPC), surface pressure-area isotherms indicated a similar increase in the
area per molecule, and the effects were enhanced for an increasing PyC,,PPC concentration. Hus-
ter and co-workers have identified changes in the orientational ordering of lipid hydrocarbon tails
of NBD-labeled lipids (Huster et al., 2001; Vogel et al., 2003). Finally, recent studies by Koivusalo
and her collaborators have indicated that the partitioning of pyrene-labeled phospholipids between
fluid-like and gel-like domains depends on the length of the labeled acyl chain (Koivusalo et al.,
2004), confirming the idea that probe-linked lipids have intrinsic properties different from their
native molecules.

The above examples highlight the common assumption that both free and lipid-linked probes
inevitably perturb the membrane to some extent (Lentz, 1993; Somerharju, 2002). The question
is, how significant are the perturbations, and are the effects short- or long-ranged. Experimental
studies of this issue would be desired but are in many cases limited by resolution. Atomistic
simulations, however, provide a unique means to complement experimental observations of lipid
membrane systems (Feller, 2000; Saiz and Klein, 2002; Scott, 2002; Vattulainen and Karttunen,

2005). Most importantly, they allow one to gain insight into the nature of atomic-scale phenomena



with a level of detail missing from experimental observations.

Given the additional information available from simulations, it is surprising how little this
approach has been used to elucidate the behavior of fluorescent probes in membrane systems.
Most attempts to date (Cascales et al., 1997; van der Heide and Levine, 1994) have shed some
light on the structure and dynamics of probes, but the studies have been limited to very short times
(less than 1 ns) and have thus also been limited in scope. More recently, Repakov4 et al. (2004)
conducted a more thorough study employing atomistic molecular dynamics (MD) simulations to
clarify the location and orientational distribution of free DPH molecules embedded in a DPPC
bilayer above 7,,. DPH was found to be located in the hydrocarbon core, where it favored the
middle region of the hydrocarbon tails rather than the center of the bilayer where the free volume
is largest. Its orientation in turn was observed to favor the case where the principal axis of DPH is
aligned with the membrane normal, thus reflecting the order of the acyl chains. In many respects,
the work in (Repakova et al., 2004) clarified the long-standing uncertainty about the DPH location
and orientation, and the results provided support for the continued use of DPH as a probe of chain
order.

In the present article, we extend our previous work (Repdkova et al., 2004), with an objective
to characterize the influence of free DPH on membrane structure and dynamics. To this end, we
combine atomic-scale MD simulation studies with experiments. We extend previous DPH/DPPC
simulations to longer times, thus allowing us to conduct a detailed analysis of the perturbations
induced by DPH. In this manner, we have access to DPH-induced large-scale effects manifested
through changes in, e.g., the membrane thickness and the area per molecule. Moreover, the simu-
lation data allows us to gauge changes in membrane properties in the vicinity of the DPH probe,
thus providing insight into the range of perturbations induced by the probe. Furthermore, to char-
acterize changes on macroscopic scales where observations reflect average properties, we carry
out DSC and ?H NMR experiments for a DPH/DPPC system. DSC is employed to monitor the
influence of DPH on phase behavior around the main phase transition temperature, and 2H NMR is
used to characterize DPH-induced changes in average lipid chain ordering over a wide temperature
range.

We find through MD simulations that the perturbations induced by free DPH are very pro-
nounced in its vicinity. For example, the ordering of DPPC hydrocarbon tails neighboring DPH
is enhanced by about 40 % compared to lipids in a pure DPPC bilayer, and the lateral diffusion of

lipids surrounding DPH is suppressed substantially. When the analysis is extended to all lipids in



a system, providing a global average comparable to experiments, the effects due to DPH are found
to be much smaller, of the order of a few percent. This demonstrates why perturbations due to
fluorescent probes are difficult to quantify in experiments, and further illustrates the local range of
perturbations induced by DPH. The results of DSC and 2H NMR measurements support this view.
Close to 7}, DSC scans indicate only subtle perturbation to the co-operative thermotropic behav-
ior of DPPC in the presence of DPH, and 2H NMR shows lipid chain ordering to be enhanced by

DPH. However, the changes due to DPH are slight, in agreement with the present MD simulations.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Materials and methods in experiments

For DSC measurements, DPPC was purchased from Coatsome (Amagasaki, Hyogo, Japan) and DPH
from Molecular Probes (Eugene, OR). The purity of DPPC was verified by thin-layer chromatography
on silicic acid coated plates (Merck, Darmstadt, Germany) using chloroform / methanol / water (65:25:4,
v/v/v) as asolvent system. Examination of the plate after iodine staining revealed no impurities. The purity
of fluorescent DPH was checked by thin-layer chromatography under UV-illumination. Concentration of
DPPC was determined gravimetrically using a high precision electrobalance (Cahn, Cerritos, CA, USA)
and that of DPH spectrophotometrically using 91 000cm ™! at 354 nm as the respective molar extinction
coefficient.

Differential heat capacity scans were recorded at a lipid concentration of 5mM and at a heating rate of
0.5°C/min. The samples were hydrated at 65 °C in purified water for 30 min whereafter the samples were
sonicated for 2 min in a bath type ultrasonicator (NEY ultrasonik 104H, Yucaipa, CA). Water was freshly
deionized in a Milli RO/Milli Q (Millipore) filtering system. Prior to their loading into precooled DSC
cuvettes the samples were equilibrated on ice for approximately 24 hours and were thereafter degassed at
low pressure. The calorimeter (VP-DSC, MicroCal, Northampton, MA) was interfaced to a PC and data
were analyzed using the routines of the software provided with the instrument. Heating from 10 to 80 °C
scanned samples. All experiments were done in triplicates.

For NMR observations, DPPC-dgy was purchased from Avanti Polar Lipids (Alabaster, AL) and used
without further purification. DPH was purchased from Molecular Probes (Eugene, OR). An NMR sam-
ple containing 2.3 mol% DPH in DPPC-dgo was prepared by co-dissolving the lipid and DPH in chloro-

form / methanol which was then removed by rotary evaporation and followed by overnight evacuation. For
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consistency, a similar protocol was used for the sample containing only DPPC-dgs. The dried samples, con-
taining ~20 mg of perdeuterated lipid, were hydrated in ~300 ul of potassium phosphate monobasic buffer
(pH = 6.9 — 7) by gently rotating a flask containing the buffer and sample for approximately 1 hour in a
bath warmed above the DPPC bilayer main transition temperature. Hydrated samples were sealed in 400 pl
NMR tubes.

Deuterium NMR spectroscopy was done using a 9.4 T superconducting magnet and a locally constructed
wideline spectrometer. Spectra were acquired using a quadrupole echo sequence (Davis et al., 1976) having
5.5 us w/2 pulses separated by 35 us. Each spectrum was obtained by averaging 2000 transients. These
were collected with a repetition time of 0.9s. Oversampling (Prosser et al., 1991) was used to achieve
effective data acquisition dwell times of 4 us for samples in the liquid crystalline phase and 2 us for gel
phase samples. Including times for equilibration (20 minutes) and collecting transients for a given spectrum,
the effective cooling rate was 1 degree per hour within 3 degrees of the main transition temperature and 2
degrees per hour otherwise.

For fast, axially symmetric chain reorientation, the orientational order parameter for lipid chain

deuterons is defined as

1
Scp = (5[3 cos? Ocp — 1)), (1

where Ocp is the angle between the carbon-deuterium bond and the motional symmetry axis and where the
average is over accessible chain conformations. The splitting between the prominent edges of the doublet
spectrum corresponding to a given chain deuteron in an unoriented liquid crystalline bilayer sample is

related to its orientational order parameter by

_3e%Q
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where €2¢Q)/h = 167 kHz is the quadrupole coupling constant for carbon-deuterium bonds. Powder spec-
tra resulting from the multilamellar vesicle organization of these samples were transformed to spectra that
would correspond to oriented samples by using a fast Fourier transform “de-Pake-ing” algorithm (Mc-
Cabe and Wassall, 1995). Orientational order parameter profiles for DPPC methylene deuterons were then
approximated by integrating the methylene portions of de-Paked spectra and inverting the result to ob-
tain deuteron quadrupole splitting, and thus |Scp|, as a function of normalized integrated spectra intensity

(Brown et al., 2004).



B. Computational model and simulation details

The present model system, including force fields and other simulation details have been described in a
previous article (Repakova et al., 2004), where we also validated the model. Thus, here we discuss only
those practical points that are relevant to the present work.

We consider a lipid membrane system comprised of DPPC, water, and DPH (see Fig. 1). The lipid
bilayer of 128 DPPC molecules is surrounded by 3655 water molecules, corresponding to a fully hy-
drated lipid membrane. The molecular composition of the two leaflets is symmetric, the number of DPPC
molecules in both leaflets being 64. As the bilayer is aligned to lie in the zy-plane, the bilayer normal is
parallel to the z-axis.

Fluorescent DPH probes (see Fig. 1) were inserted randomly to the hydrophobic tail region of the bilayer
without any attachment to lipid molecules. The DPH molecules are not linked to the hydrocarbon tails of
lipids but they are treated as free probes. The concentration of DPH embedded in the membrane was chosen
to range from 0.8 mol% (1:128) to 2.3 mol% (3:128), thus reflecting experimental conditions where the
DPH/lipid ratio ranges typically from 1:500 to 1:100 (Kintanar et al., 1986; Mitchell and Litman, 1998).
For comparison, an MD simulation of a pure DPPC bilayer was also performed.

Since the treatment of electrostatics is particularly important in lipid membrane systems (Patra et al.,
2003, 2004), we paid considerable attention to this issue. Hence, for DPH, we employed two descriptions
of partial charges. In the first case we considered no charges at all. In the second approach, charges were
derived from ab initio quantum mechanical calculations using Gaussian98 (Frisch and et al., 1998) with the
Hartree—Fock method and 6-31G basis set. For details, see (Repakova et al., 2004). As found elsewhere
(Repdkova et al., 2004), the two approaches provide results largely consistent with another, thus showing
that the partial charge distribution of nonpolar probes embedded in the hydrophobic region of a membrane
does not have significant influence on the system. To compute forces due to long-range electrostatic inter-
actions, we used the Particle-Mesh Ewald technique (Essman et al., 1995).

The present description of DPPC is almost identical with the one discussed elsewhere (Falck et al.,
2004b; Patra et al., 2003, 2004). The only difference is the cut-off distance of Lennard—Jones interactions
which in our case is 0.9 nm instead of 1.0 nm used in previous works (Falck et al., 2004b; Patra et al., 2003,
2004). Though this has a minor effect on the area per molecule, the conclusions with regard to DPH-induced
effects are not affected.

All MD simulations were carried out using the GROMACS simulation package (version 3.0) (Lindahl



et al., 2001) under the conditions of constant pressure, constant temperature, and constant particle number
(NpT ensemble). The temperatures of DPPC, DPH, and water molecules were set separately to 325 K
which is above the main phase transition temperature (77,, ~ 314 K).

The goal of this work is to study the influence of DPH probes on the structure and dynamics of lipids
in a DPPC bilayer. While probes are expected to perturb the bilayer, the main question concerns the range
and impact of these perturbations. Thus, when appropriate, we have evaluated not only global properties
averaged over all lipid molecules in a bilayer, but also local quantities averaged over those few molecules in
the vicinity of the probe. As a criterion to determine whether a given lipid molecule is close to the probe, we
used the radial distribution function (RDF) between the center of mass (CM) positions of DPPC and DPH
molecules. The RDF showed that the first minimum after the leading peak was at 0.5 nm. Consequently,
if the distance between the CM positions of DPPC and DPH molecules was found to be less than 0.5 nm,
they were considered to be “close to” each other, and hence nearest neighbors for which we calculated local
properties. Although more precise estimates could certainly be developed, we feel that the present simple
criterion serves its purpose well enough.

To summarize, in addition to the pure DPPC bilayer, we studied DPPC bilayers with two DPH con-
centrations (1:128 and 3:128) using two different sets of partial charges for DPH. The abbreviations for
different DPH/DPPC systems discussed in the text are given in Table 1. In every case, the MD simulations
were performed over a time scale of 100 ns. As shown in previous work (Repdkova et al., 2004), the equili-
bration is completed in about 10 ns, thus the remaining 90 ns of data is used here for analysis. In some cases
where we analyze local quantities close to DPH, the results discussed below are presented as an average of
all four simulations to reduce the noise in the data. On the basis of our previous study (Repakova et al.,

2004), this approach is justified.

III. RESULTS AND DISCUSSION

To provide a thorough view of DPH-induced changes in the DPPC bilayer, we first discuss experimental
data based on DSC and ?H NMR. Having done that, we look at the system from a different perspective and

discuss the atomistic simulation results which provide more insight into the local changes due to DPH.



A. Differential scanning calorimetry

Representative DSC upscans for pure DPPC and mixed DPPC/DPH are illustrated in Figs. 2A and 2B.
Neat DPPC showed three transitions, a subtransition at 7y = 16.81 4= 0.17 °C, a pretransition at T,, =
35.00 £ 0.05 °C, and a main transition at 73, = 41.31 &£ 0.01 °C, in agreement with previously published
data (Silvius, 1982). Inclusion of DPH into DPPC multilamellar vesicles (MLVs) did not affect the shape of
the main transition peak and no new peaks emerged as DPH was included into the MLVs (see Fig. 2B). At
0.8 mol% (1:128) and 2.3 mol% (3:128), T’ increased marginally to 17.09 4+ 0.67 °C and 17.10 £ 0.34 °C,
respectively (Fig. 3). Likewise, T}, increased to 35.04 £ 0.05 °C at 0.8 mol% DPH and 35.09 & 0.01 °C at
2.3 mol% DPH. For the main phase transition there was no change in 7},, at 0.8 mol% DPH. Subsequently,
a decrease in 7}, was observed reaching 41.26 4+ 0.01 °C at 2.3 mol% DPH (Fig. 3). Simultaneously,
increasing the concentration of DPH had no effect on the temperature width at half-maximum (Fig. 4). The
enthalpy of the main phase transition peak decreased upon increasing the content of DPH (Fig. 4).

The above results for DPH-induced effects are essentially in line with previous published data, although
the observed changes due to the presence of DPH have been found to be minor and sometimes even opposite
in the different studies (Lentz, 1993; Lentz et al., 1978; Yashar et al., 1987). For example, Lentz et al. found
for DPPC dispersions through DSC that 0.2 mol% of DPH decreased 17, from 41.3 °C to 40.8 °C (Lentz,
1993; Lentz et al., 1978), while in a DSC study by Ben Yashar et al., 1.5 mol% of DPH in MLVs lead to an
increase from 41.69 °C to 41.74 °C (Yashar et al., 1987). For comparison, 2 mol% of 1-palmitoyl-2-[4-(6-
phenyl-trans-1,3,5-hexatrienyl)-phenyl]ethyl]carboxyl]3-sn-phosphatidylcholine (DPHpPC) decreased the
main transition temperature by 0.1 —-0.2 °C (Parente and Lentz, 1985). In any case, the very slight changes
in the thermodynamic behavior close to transition temperatures are in favor of minor perturbing effects due
to DPH.

In conclusion, including up to 2.3 mol% of DPH into DPPC MLVs has a surprisingly small effect on the
thermotropic behavior of DPPC with a slight decrease in 75, increase in 7}, and decrease in the enthalpy

of the main phase transition peak.

B. 2ZH NMR

Deuterium NMR spectra of DPPC-dg2 bilayers and DPPC-dgo bilayers containing 2.3 mol% DPH, ac-

quired at selected temperatures from 46°C to 28°C, are shown in Fig. SA and Fig. 5B, respectively. For
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temperatures above 36°C, the spectra are superpositions of powder doublets characteristic of fast, axially-
symmetric chain motion in the liquid crystalline phase. The distribution of doublet splittings reflects the
dependence of the orientational order parameter on position along the chain. The largest doublet splittings
correspond to deuterons on chain segments nearest to the bilayer surface where amplitudes of chain motion
are most constrained and chain order is highest.

Below 36°C, the bilayer is in the more ordered gel phase and spectra are characteristic of chains un-
dergoing reorientation that is not axially symmetric on the ~ 107° s time scale of the deuterium NMR
experiment. The liquid crystal to gel transition temperature is lowered by perdeuteration of the DPPC-d g2
chains. In line with the above DSC results, the effect of DPH is to reduce the transition temperature slightly
further but the spectra for the two samples are otherwise very similar.

The first spectral moment, M, is proportional to average chain orientational order. Figure SC compares
the temperature dependences of M for the two series of spectra. The ?H NMR spectra reflect averages
of lipid chain orientational order over the ~ 10~° s time scale of the deuterium NMR experiment. For a
lateral diffusion coefficient of ~ 2 x 10~7 cm? /s, which is typical for pure fluid bilayers of saturated or
monounsaturated lipids (Filippov et al., 2003), the area sampled by a diffusing lipid during the characteristic
2H NMR time scale is of the order of 1000 times the phospholipid headgroup area. Along with diffusion of
the DPH itself, this ensures that any local perturbation of chain order by DPH will only be apparent as an
average over the entire lipid population. Nevertheless, in the liquid crystalline phase, the first moments for
the sample containing DPH are slightly higher than those for the sample containing DPPC-dg2 alone.

Figure 6 shows a more detailed comparison of spectra for the samples with and without DPH at 42°C.
From the powder spectra in Fig. 6A it is difficult to distinguish differences in splittings between the two
samples. Figure 6B compares spectra that would be obtained for corresponding oriented samples. These
are obtained by transforming the powder spectra using a de-Pake-ing algorithm (McCabe and Wassall,
1995). The right halves of each de-Paked spectrum are shown and vertical lines have been superimposed
to aid in comparing the spectra. This comparison shows that splittings from the DPH-containing sample
are slightly larger than corresponding splittings from the sample containing DPPC-dg2 alone. Figure 6C
shows corresponding plots of splitting, transformed to orientational order parameter, versus normalized
integrated intensity for methylene deuterons in the two samples. Assuming a correspondence of integrated
intensity with deuteron position along the chain, these plots provide a way to approximate orientational
order parameter profiles without having to judge the partitioning of intensity between adjacent methylene

groups. Comparison of the resulting profiles at 42°C suggests that any additional ordering of the chains by
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DPH is most apparent in the plateau region near the headgroup ends of the chains.

C. Order parameters through MD simulations

The above results have concerned experiments. From now on, we discuss the results and the view
obtained through atomic-scale MD simulations.

Let us first discuss the deuterium order parameter Scp, which is one of the most common quantities
measured from lipid membranes. Obtained from ?H NMR experiments, as above, it provides a measure of
the average orientational order of the lipid hydrocarbon tails. In simulations, S¢p is obtained via the order

parameter tensor (Falck et al., 2004b)
1
Sap = <§[3 c0s O, cos b — 0ap]), €))

where o, 3 = z,y, 2, and 6, is the angle between the o' molecular axis and the bilayer normal (z-axis).
Due to symmetry, the relevant order parameter is the diagonal element S ., which yields Scp = —S5../2
(Falck et al., 2004b). To allow comparison with experimental data, we present our results in terms of |.Scp|.

The results for the order parameter |Scp| along the hydrocarbon chains are summarized in Fig. 7. As for
the pure DPPC system, our results are in good agreement with experimental data obtained from deuterium
NMR spectroscopy (Brown et al., 1979; Petrache et al., 2000) as well as with the results from previous
simulations (HofsédB et al., 2003; Patra et al., 2003).

Concerning the influence of DPH, we consider how the distance from a probe affects the ordering of
DPPC tails. To this end, we define R as a distance from the center of mass of a given DPPC molecule to
the center of mass of a nearest DPH. Figure 7 illustrates that there is a major ordering effect in the vicinity
of DPH. We find that the lipids standing near DPH (R < 1.0 nm) are substantially more ordered than the
lipids in a pure DPPC bilayer. The increase is striking, since for the intermediate carbons in the middle of
the hydrocarbon chains the increase in |Scp| due to DPH is of the order of 30 —50 %.

Further analysis reveals that the influence of DPH on acyl chain ordering is suppressed rather rapidly
as the distance from the probe is increased. This is demonstrated by the results depicted in Fig. 7. When
R is between 1.0 and 1.5 nm, the excess ordering due to DPH is still substantial, but for ® > 1.5nm the
perturbation is almost negligible. Clearly, the correlation length of perturbations induced by DPH is about
1.5 nm. Roughly speaking, this range corresponds to two molecular diameters in the plane of the membrane.

When the order parameter is computed over all lipids in a system, we find that the effect of DPH is slight

but notable. For intermediate carbons, the |Scp| values are about 5 % larger than corresponding values in a
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pure DPPC bilayer system (see Fig. 7), in line with the 2H NMR results discussed above.

To our knowledge, except for the results presented in this work, the influence of free DPH on |Scp|
has not been characterized through experiments. However, recent studies of lipid-attached doxyl electron
paramagnetic resonance spin labels have indicated that they increase the ordering of acyl chains. The
increase is of the order of 10 % and extends rather uniformly over the entire membrane leaflet where they
are distributed (Vogel et al., 2003). On the other hand, the presence of NBD covalently attached to the sn—2
chains of phosphatidylcholine molecules has been found to decrease the ordering of acyl chains (Huster
et al.,, 2001). The latter finding may be due to the distribution of NBD, which has a maximum in the
membrane-water interface, characterized by a backfolding of the sn—2 chain towards the aqueous phase
(Huster et al., 2003).

The above results highlight the fact that DPH does perturb the membrane. However, the perturbation is
local rather than of long range. For comparison, it is interesting to observe that cholesterol has been reported
to have similar local effects: for small cholesterol concentrations, atomic-scale simulations have shown that
the | Scp| values of DPPC tails in the vicinity of cholesterol are increased by about 50 % compared to a pure
lipid bilayer (Falck et al., 2004a; Jedlovszky and Mezei, 2003). As both DPH and cholesterol are relatively
rigid molecules, both standing in the fluid phase approximately in the upright position along the membrane
normal, the similarity of their influence is understandable. This idea is further supported by the fact that in
the fluid phase cholesterol decreases (A ), just like DPH (see below), and it also increases the thickness of
the membrane (Falck et al., 2004b; Hofsal et al., 2003).

At first sight, it may appear that the MD simulation results are contradictory to the DSC results above.
In general, an increase in the order parameter can be expected to increase 1,,. However, this view is
oversimplified since 7}, reflects the co-operative melting of semi-crystalline acyl-chain lattices. Though
DPH increases the ordering of the acyl chains close to it, it certainly perturbs the packing of DPPC molecules
resulting in a decrease in 7;,. This effect is also observable as a decrease in enthalpy as DPH content
is increased. Furthermore, it is intriguing to note that cholesterol, which has the well-known effect of
increasing acyl chain order above T,,, leads at small concentrations to a slight decrease in the apparent

transition temperature (Lemmich et al., 1997; Vist and Davis, 1990).
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D. Area per lipid based on Voronoi analysis

Another commonly measured quantity is the average area per lipid (Nagle and Tristam-Nagle, 2000). To
compute the average area per DPPC, (A ), we used the simulation data and divided the area in the xy plane
by the number of DPPC molecules in a single leaflet. The results shown in the second column of Table II
indicate that DPH slightly decreases the average area per molecule. The effect is rather small, about 2 % for
3-DPH systems, but systematic.

To further clarify the role of DPH, we calculated how the area per DPPC depends on its distance from
nearest DPH in the same leaflet, R. To this end, we used Voronoi tessellation in two dimensions (Patra et al.,
2004; Shinoda and Okazaki, 1998). In this technique, the CM positions of the molecules (separately for the
two leaflets) are first projected onto the xy plane. The Voronoi tessellation then yields the area that is closer
to a given molecule than to any other one. In this manner, for every frame we first determined the Voronoi
cells of DPH molecules, see Fig. 8. Then, we carried out Voronoi tessellation to determine the Voronoi cells
of DPPC molecules, disregarding the presence of DPH. To avoid situations where Voronoi cells of DPPCs
would include contributions from both DPPC and DPH, we discarded from the analysis those lipids whose
Voronoi cells were overlapped by the Voronoi cell of DPH, see Fig. 8. This approach allows us to find the
dependence of the area per DPPC as a function of its distance from the probe.

As is evident from Fig. 9, DPPC molecules in the vicinity of DPH require less space in the membrane
plane than DPPC molecules far from DPH. For an increasing distance R, the area per DPPC increases
monotonously and approaches the average value found in a given bilayer, (A ). The results shown in Table II
confirm this finding. This condensing effect is consistent with the above results for acyl chain ordering (see
Fig. 7).

Despite its local role, DPH leads to a decrease in the average area per lipid, (A) (see Table II). The
larger the DPH concentration, the larger is the reduction in the average area per lipid. This observation
seems to be correlated with an increase of the bilayer thickness (see below) and further with an increase of

the average 2H NMR order parameter discussed above.

E. Mass density profiles

To study the influence of DPH on the distribution of different molecular components in a bilayer, we

computed the mass density profiles for a number of molecular species and lipid atoms. Since the bilayer
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center of mass (CM) may fluctuate in time, for each frame of the simulation we first determined the CM
position of the bilayer in the z direction. The positions of all atoms were then calculated with respect to
the instantaneous CM location of the membrane. Using the symmetry of the bilayer, the final mass density
profiles were obtained by averaging over the two leaflets.

The mass density profiles for several bilayer components are depicted in Fig. 10. As for DPH, Fig. 10
shows that DPH is incorporated in the hydrophobic region of the lipid bilayer, such that its center of mass
is approximately in the middle of the hydrocarbon tails. As shown and discussed elsewhere (Repdkova
et al., 2004), DPH is further oriented such that its principal axis is to a large degree along the membrane
normal direction. The interplay of these two factors leads to an enhanced ordering of DPPC tails (discussed
above), which implies that DPH slightly increases the thickness of the bilayer. This is most evident when
one looks at the point where the mass densities of lipid and water molecules match, and uses that as a
criterion for the thickness of the membrane, d. We find that d = 3.98 nm in a pure DPPC bilayer, 4.04 nm
in a 1-DPH system, and 4.07 nm in the 3-DPH system. The thickness of the membrane therefore increases
for an increasing DPH concentration. Since mass density profiles can be determined through diffraction

measurements, experimental studies of this aspect would be welcome.

F. Electrostatic potential and orientation effects close to the membrane-water interface

To gauge the influence of DPH on electrostatic properties, we used the simulation data to compute
several quantities related to this issue.

Calculations of the electrostatic profile across the bilayer system indicated that DPH has a negligible
role in this quantity. For a pure DPPC system, the total electrostatic potential was found to be —550mV,
in agreement with previous experimental and simulation studies (Patra et al., 2003, and discussion therein).
When DPH was embedded in a bilayer, the total electrostatic potential was slightly reduced, but the effect
was essentially within error bars (data not shown).

Water molecules hydrating lipids are essential for the functioning of biological membranes. Therefore,
we next considered the influence of DPH on the ordering of water molecules close to the membrane-water
interface. For details of the calculation, see (Patra et al., 2003). We found that the DPH probe has a
marginal effect on the ordering of water in the membrane-water interface. The profiles characterizing the
average orientation of a water dipole with respect to the membrane normal are slightly shifted towards the

water phase because of the thickening of the bilayer, but overall the ordering behavior did not change.
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To examine whether the DPH probe influences the arrangement of lipid headgroups, we considered the
probability distribution of the dipole vector, P(6). Here 6 is the angle between the P—N vector (from the
phosphorous to the nitrogen atom in the headgroup, see Fig. 1) and the bilayer normal pointing out of the
membrane. When the distribution was calculated over all lipids in a system, we found the effect due to DPH
to be very minor. However, when the P— N vector distribution was computed over those molecules close to
DPH, we found that DPH does have an effect (see Fig. 11). While the P—N vector in a pure DPPC system
is oriented on the average almost in parallel to the bilayer surface, the distribution of the P—N vector in a
DPH/DPPC system is even more peaked along the membrane surface direction, and pointing slightly to the
membrane interior. The average angles found were (f) = 78.2° in a pure DPPC system, and 80.7° in the
DPH/DPPC systems.

On the basis of the above, it seems evident that DPH, and other nonpolar probes embedded in the
hydrophobic region of membranes, do not have direct and significant influence on membrane properties
close to the membrane-water interface. Local effects do exist close to DPH, as we found in the case of the

P —N vector distribution, but the range of perturbations induced by the probe is short.

G. Influence of DPH on the lateral and rotational diffusion of DPPC molecules

Lateral diffusion plays a key role in a variety of dynamic membrane processes. To characterize the
influence of DPH on that aspect in membranes, we calculated the lateral diffusion coefficient D of DPPC

molecules using the Einstein relation

4
P Ve 4)
where the mean-squared displacement (MSD) is defined as
} 1 & }
(7)) = MZ([n(tHo) — 7i(to)]?)- (5)

i=1
The average is over a given set of M molecules and all initial time origins ¢, and 7;(t) is the center of mass

position of lipid ¢ at time ¢.

From the MSD profiles of DPPC molecules calculated up to 50 ns (data not shown) we obtain the lateral
diffusion coefficient D, = 1.6 x 1077 cm?/s. This value is consistent with previous diffusion studies
(HofséB et al., 2003; Lindahl and Edholm, 2001) but not comparable to DPH/DPPC bilayers, however,
since DPH molecules are mobile, too, and the time scale during which a pair of DPH and DPPC molecules
remain close to one another is limited to a few nanoseconds. For that reason, we compare the mean-

squared displacements only at short times, up to 1 ns. Figure 12 depicts how the MSD of DPPC molecules
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behaves in the two cases. We find that the lateral motion of DPPC molecules close to DPH is slowed down
considerably with respect to lipids in a pure DPPC bilayer. On one hand, this is due to attractive DPPC —
DPH interactions, and, on the other hand, due to the reduced free volume caused by the presence of DPH.
As a consequence, we find a value of Dy, ~ 10 x 10~7 cm? /s in a pure DPPC system for times 0.5 1.0 ns,
and a lateral diffusion coefficient D, ~ 6 x 10~7 cm? /s for DPPC molecules close to DPH.

To close this work, we looked into the rotational motion of lipids. To this end, we employed the corre-
lation function C'r(t) = (fi(t) - [i(0)), where [i(t) is a vector of unit length at time ¢ (see below). At long
times, one expects exponential decay Cr(t) — Cr(t — 00) ~ exp(—t/7r), thus yielding a characteristic
time scale of rotational motion, 7.

To characterize rotational motion in different parts of the system, we chose fi(t) in two different ways:
the P—N vector in a DPPC headgroup, and the sn—1 and sn—2 chains drawn from carbon C2 to C15 in
the acyl chains (see Fig. 1). When the correlation functions were computed over all lipids in a system, we
found strongest effects in the case of the P— N vector. Then, DPH increased 7 by about 10 %, indicating a
longer relaxation time and reduced rotational diffusion rate. For the sn—1 and sn-2 chains, the effects were

weaker. Due to limited statistics, a more detailed analysis for lipids in the vicinity of DPH was not possible.

IV. CONCLUDING REMARKS

For decades, fluorescent probes and lipid derivatives have been applied in membrane biophysics and cell
biology to provide insight into the structure and dynamics of biomolecular systems. Despite a wide range
of experimental studies, however, one of the main problems regarding fluorescent probes has remained an
open issue: namely, what is the influence of probes on the properties of the system studied.

In the present work, we have addressed this problem through a combination of atomistic molecular
dynamics simulations, DSC, and 2H NMR experiments for systems comprised of free DPH probes in a
DPPC bilayer. The above discussed MD simulations suggest DPH to favor the hydrophobic region in
the middle of the hydrocarbon chains. Further, since DPH aligns itself such that its principal axis lies
approximately in the direction of the membrane normal (Repakova et al., 2004), the resulting coupling of
DPH with neighboring lipid molecules leads to pronounced DPH-induced effects in the vicinity of a probe.
These perturbations near DPH in the hydrocarbon region of a membrane are manifested as, e.g., enhanced
ordering of lipid hydrocarbon tails and a reduced lateral diffusion rate. The increased ordering of acyl chains

in the vicinity of DPH, in turn, leads to an increased thickness of the bilayer and to a slight decrease in the
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average area per lipid.

The above discussed MD simulations suggest that the perturbations induced by free DPH are of local
nature. Major changes in the large-scale properties of the bilayer are therefore not expected. This con-
clusion is supported by the present DSC and ?H NMR measurements. Close to the main phase transition
temperature, DSC experiments indicate that the probe disturbs the packing of pseudo-hexagonal acyl chain
organization of DPPC evidenced by a small decrease in T}, as well as enthalpy. The co-operativity of this
melting remains, however, unchanged. 2H NMR measurements carried out over a wide temperature range,
in turn, indicate that DPH gives rise to changes in the membrane properties but the effects are small. First,
the results are in favor of a conclusion that there is a minor shift in the transition temperature due to DPH,
in line with DSC experiments. Second, the ?H NMR results support the view that the ordering of lipid acyl
chains is slightly enhanced due to DPH, in agreement with MD simulations.

When the above pieces of information are combined together, the MD simulations and experiments
allow us to conclude that free DPH leads to pronounced changes in membrane structure and dynamics in
the vicinity of the probe. The changes are of local nature, however, since the average effect on lipid chain
ordering and thermotropic behavior is small.

Being a rigid and neutral probe accommodated in the hydrophobic acyl chain region of a membrane,
DPH has certain similarities to other probes also commonly used in membrane studies. For example, both
pyrene and trans-PA are also rigid and neutral, favoring the hydrocarbon core rather than the membrane-
water interface. One is therefore tempted to assume that the perturbations due to pyrene and trans-PA
could be very similar to those we observed for DPH. However, it is possible that the interpretation is not
so straight-forward. First, it has been observed that trans-PA favors a location in ordered domains of a
membrane bilayer, while DPH is commonly considered to partition equally between ordered and disordered
regions of a membrane. Presumably, the smaller cross-sectional area of frans-PA may play a role here.
As for pyrene, in turn, its cross-sectional area is considerably larger than that of DPH, which suggests
local perturbations due to pyrene may be more significant. However, since the location of free pyrene in
membranes is not rigorously established (Martins and Melo, 2001), even this simple assumption is suspect.
Nevertheless, what we can note rather safely at the moment is that free hydrophobic probes in the fluid-state
give rise to local rather than long-range perturbations in membranes.

The above two examples highlight how little we actually know about the detailed atomic-scale mecha-
nisms of free probes influencing the structure and dynamics of membrane systems. Yet these are the simplest

cases to be understood, i.e., rigid hydrophobic probes embedded in the acyl chain region. The scenario is
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considerably more complicated when charged (free) probes such as TMA-DPH are in place. In that case
the probe-induced effects, in general, are expected to be more significant since the probes are located at the
headgroup region, thus disturbing the membrane-water interface both sterically and through electrostatics
via long-range interactions. Finally, recalling that probe-labeled lipids are a widely applied tool to explore
phenomena such as lipid trafficking and membrane fusion (Somerharju, 2002), there is reason to emphasize
the importance to further our understanding of the properties of probe-labeled lipids, and their influence on

the surrounding membrane in atomic detail.
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Number of DPH Description Abbreviation

molecules of DPH charges
0 - pure DPPC
1 None 1DPH-0
1 Quantum mechanical 1DPH-qm
3 None 3DPH-0
3 Quantum mechanical 3DPH-qm

TABLE 1 DPH/DPPC systems studied in the present work. The only difference between the DPH systems
is the description of partial charges: either without them, or using a description where partial charges were
derived from ab initio calculations (see Fig. 1 and text for details). The abbreviation in the 3rd column is

used throughout in the discussion.
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System (A) R<1.0nmm 1.0nm<R<1.5mm 15nmm<R<20nm R>2.0nm
pure DPPC |0.691 £ 0.004 - - - -
IDPH-0  |0.681 £0.004 0.634 £+ 0.024 0.647 £0.018 0.681 £+ 0.011 0.683 £ 0.005
IDPH-gm |0.683 £0.003 0.637 £ 0.048 0.659 £ 0.022 0.677 £0.010 0.684 £ 0.004
3DPH-0 |0.676 =0.003 0.634 £0.018 0.662 £ 0.011 0.679 £ 0.010 0.679 £ 0.003
3DPH-gm [0.676 +0.005 0.629 £ 0.022 0.654 £0.016 0.677 £0.010 0.678 £ 0.005

TABLE II Results for the average area per DPPC in units of nm? based on the Voronoi analysis for all

simulated systems. In the second column for (A4 ), all DPPC molecules in the system are taken into account.

In the third through sixth columns, the average area per DPPC is given for a fraction of lipids in a system,

as a function of R which is the distance from the center of mass of DPPC to the center of mass of nearest

DPH.
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FIG. 1 Structures of (a) DPPC and (b) DPH molecules used in the present study. For DPH, partial charges

used in 1DPH-qm and 3DPH-gm simulations are also shown in the figure.

FIG. 2 Representative DSC upscans for DPPC/DPH multilamellar vesicles for the three DPH concentra-
tions studied. Temperature is given in units of °C, and excess heat capacity in units of kcal / mol / °C. Results

in (A) over a wide temperature range are better illustrated in (B) close to the main transition temperature.

FIG. 3 Results obtained from DSC measurements for the temperatures of the main phase transition (A),
pretransition (B), and subtransition (C), denoted by T,,, T}, and T, correspondigly. Temperatures are given

in units of °C.

FIG. 4 The enthalpy (A) of the main phase transition in units of kcal /mol/ °C, together with the half-width

at half-maximum (B) in units of °C.

FIG. 5 (A) Temperature dependence of 2H NMR spectra for bilayers of DPPC-dgy. (B) Temperature
dependence of ?H NMR spectra for bilayers of DPPC-dg containing 2.3 mol% DPH. (C) Temperature de-
pendence of first spectral moments for bilayers of DPPC-dgy (circles) and bilayers of DPPC-dgs containing

2.3 mol% DPH (squares).

FIG. 6 (A) Powder 2H NMR spectra at 42°C for bilayers of DPPC-dg, (lower) and bilayers of DPPC-dg»
containing 2.3 mol% DPH (upper). (B) Right halves of de-Paked spectra at 42°C for bilayers of DPPC-dgo
(lower) and bilayers of DPPC-dg2 containing 2.3 mol% DPH (upper). Vertical lines are aligned with peaks
for spectrum of DPH-containing sample. (C) Orientational order parameter versus normalized integrated
intensity across the methylene region of the de-Paked spectra for bilayers of DPPC-dg: (filled squares) and

bilayers of DPPC-dgo containing 2.3 mol% DPH (open squares).
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FIG. 7 Orientational ordering of the sn—1 chain of DPPC illustrated by the deuterium order parameter
|Scp|. Here, R is the distance from the CM of DPPC to the CM of nearest DPH molecule in the same

leaflet. Error bars are largest at small R, about 5 %, and smallest (about 1 %) for a pure DPPC system.

FIG. 8 Voronoi tessellation for DPH and DPPC molecules in a single leaflet. The small filled circle in the
middle corresponds to the location of DPH, whose Voronoi cell is shown with dashed lines. Large filled
circles around DPH correspond to the locations of DPPCs whose Voronoi cells overlap the cell of DPH, and

open circles characterize the positions of other DPPCs. See text for details.

FIG. 9 Probability distribution P(A) for the area per DPPC as a function of R, which is the distance from
the center of mass of DPPC to the center of mass of nearest DPH in the same leaflet. The results were
obtained by the Voronoi analysis. The distributions have been obtained by averaging over the four different

simulations. The curves for R € [1.5,2.0] nm and R > 2.0 nm are essentially identical.

FIG. 10 Mass density profiles of different molecular components across the bilayer. The point z = 0 cor-
responds to the center of the bilayer. The profiles of phosphorous and nitrogen atoms have been multiplied
by a factor of 2.5 and 3, respectively, and the profiles of DPH (for its CM) have been multiplied by 30. The
profiles of IDPH-0 and 3DPH-0 were essentially similar to those of 1DPH-qm and 3DPH-qm, in respective

order.

FIG. 11 Probability distribution P(6) of the angle between the P—N vector in a DPPC headgroup and
the bilayer normal. When 6 = 0, the P—N vector points out of the bilayer along the membrane normal
direction. The full curve corresponds to a pure DPPC bilayer. The dotted curve provides the data for lipids
close to DPH for which R < 0.5nm. In that case, to reduce noise in the data, profiles for DPPCs close to

DPH have been averaged over the four simulations.

FIG. 12 Results for the mean-squared displacement of DPPC molecules close to DPH (R < 0.5nm) at

short times (averaged over the four simulated systems), and corresponding results for a pure DPPC bilayer.
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