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The location, orientation, and dynamics of hydrophobic small molecule in lipid membrane are studied 
through combined use of the solution-state 1H-NMR and MD simulation. 1-Naphthol and 1-
methylnaphthalene were adopted as the small molecule with or without hydrophilic group. The nuclear 
Overhauser effect (NOE) measurement was performed for large unilamellar vesicle (100 nm in diameter) 
composed of dimyristoylphosphatidylcholine (DMPC) and the naphthalene derivative. The transient 10 

NOE-SE (spin echo) scheme previously reported (J. Phys. Chem. B, 2011, 115, 9106-9115) was 
employed to quantitatively determine the NOE cross relaxation rate constant between DMPC and the 
naphthalene derivative. The observed NOE shows that both the naphthalene derivatives distribute over 
wide domain across the normal of the essentially planar membrane ranging from the hydrophobic core to 
the hydrophilic headgroup. The experimental NOE information was further refined in combination with 15 

the analysis of time correlation functions in MD simulation. It was found that 1-naphthol exhibits slight 
preference of its OH group pointing toward the hydrophilic domain of membrane and that no definite 
preference can be concluded for the orientation of 1-methylnaphthalene. When 1-naphthol and 1-
methylnaphthalene are compared, the NOE is the stronger for 1-naphthol due to the restricted motion by 
the OH group. The slowdown of the 1-naphthol motion is also evidenced by the 1H spectral line width. 20 

1. Introduction 
  The interaction between small molecule and phospholipid 
membrane is of importance in determining biological and 
physiological functions of biomembrane. Medicine and toxin are 
typically smaller than lipids and regulate biological functions 25 

through binding with membrane. Membrane fluidity is further 
shown to be strongly affected by the presence of cholesterol1

−
10 

and the permeability of water.11
−
14 Membrane functions are 

determined by cooperation and/or competition of a variety of 
intra- and intermolecular interaction components. It is thus 30 

desired to investigate the interaction between small molecules 
and phospholipids composing biomembranes at atomic resolution. 
  Small molecules can permeate a bilayer membrane by the 
simple diffusion without channels. The permeation process is 
controlled by the intermolecular interaction between small 35 

molecules and phospholipids. Highly polar molecules can hardly 
pass through the hydrophobic core of the lipid membrane, and 
nonpolar molecules are expected to stay in the hydrophobic core 
at high probability. The interplay between hydrophilicity and 
hydrophobicity is a key to understanding the membrane 40 

permeation of small molecules. 
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  In this paper, we discuss the location, orientation, and dynamics 
of small molecules in phospholipid membrane at atomic 
resolution by using NMR and molecular dynamics (MD) 
simulation. To conduct a contrasted variation of the substituent in 50 

small molecule, we adopt two naphthalene derivatives as small 
molecules added to dimyristoylphosphatidylcholine (DMPC): 1-
naphthol and 1-methylnaphthalene. The molecular structures and 
the proton numberings are shown in Figure 1. Both of the two 
have the common building block of aromatic naphthalene ring. 55 

The difference is the polar hydroxyl group and the hydrophobic 
methyl group. The two naphthalene derivatives are chosen due to 
their simplicity of chemical structure. Their intermolecular 
interactions are mainly hydrophobic, and the extent of 
hydrophilicity/hydrophobicity is locally modified. This is helpful 60 

Figure 1. Molecular structures of (a) DMPC and (b) naphthalene 

derivatives. 
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to separate the contributions of a variety of interaction 
components and to discuss the difference in the binding of the 
small hydrophobic molecules with and without hydrophilic group. 
In addition, there is a technical advantage that the chemical shifts 
are well separated from those of lipid and that the asymmetric 5 

structures allow the discussion of orientational preference.  
  The interaction of small molecule with lipid membrane has been 
well studied by molecular simulation.9, 15

−
23 It is found that even a 

hydrophobic solute is not always localized in the hydrophobic 
core of membrane and is typically observed to distribute over 10 

wide domains from the core to hydrophilic headgroup. 
Experimental information has been accumulated for somewhat 
large molecules with varieties of functional groups. Fluorescence 
and EPR experiments24 have been done using specially designed 
probe molecule, and neutron scattering studies have been 15 

performed for biologically relevant molecules such as 
cholesterol3, 9 and vitamin E25. NMR studies have been mainly 
conducted for multilamellar vesicles at solid state for a diverse set 
of functional molecules.5, 6, 13

−
15, 26

−
35 The present work focuses on 

the unilamellar vesicle at solution state. The membrane can be 20 

prepared with uniform curvature and the inter-membrane 
interaction is virtually absent. In this sense, the unilamellar state 
in solution is suitable as a reference for studying the interaction 
of lipid membrane with a molecule bound to it. The site-specific 
information is then important, and the measurement of nuclear 25 

Overhauser effect (NOE) is useful to obtain direct information on 
the internuclear distance and the correlation time between a 
selected pair of protons.36

−
39  

  The difficulty of the solution-state 1H-NMR of lipid membrane 
is that the signals of large vesicles are usually broadened and 30 

overlapped significantly. The NMR study of intermolecular 
correlation in model membranes has thus been restricted to 
micelle and small vesicles.40

−
45 In particular, the conventional 

NOE measurement is hard to give quantitative information for 
essentially planar membrane system. In a previous work, we 35 

employed a solution-state 1H-NOE sequence through 
combination with the spin-echo (SE) sequence (transient NOE-
SE method).46 This method suppresses the broad components in 
spectra of large vesicles and makes possible the quantitative 
analysis of NOE. In the present work, the NOE analysis of small 40 

molecules and lipids is performed at atomic level by utilizing the 
transient NOE-SE method. 
  The NOE cross relaxation rate constant reflects both the 
internuclear distance and correlation time. The separation of the 
NOE into the distance and time information typically needs an 45 

approximation of fixed correlation time or fixed distance.37 In 
protein-structure determination, the approximation of fixed 
correlation time is commonly employed.39 Our previous work on 
lipid membrane showed, on the other hand, that the correlation 
time varies over orders of magnitude for the NOE between lipid 50 

sites. In this work, we carry out MD simulation of the planar 
DMPC bilayer containing the naphthalene derivative and 
demonstrate that the intermolecular distance between lipid and 
small molecule governs the NOE between them. The location and 
orientation of the naphthalene derivative obtained from the 55 

experimental NOE are then refined by utilizing the MD 
correlation time in a semi-quantitative manner. We also use MD 
simulation to validate the experimental setup. We show that the 

high concentration of small molecule used in experiment to 
achieve good S/N does not affect the static and dynamic 60 

properties of small molecule in the lipid membrane. 

2. Methods 

2.1 Experimental Procedures 

  Lipid bilayer vesicle was formed by 
dimyristoylphosphatidylcholine (DMPC). DMPC with a purity of 65 

99% was purchased from Wako Pure Chemical Industries. 1-
Naphthol and 1-methylnaphthalene were obtained from Nacalai. 
Chloroform (99%) used for vesicle preparation was supplied by 
Nacalai. Heavy water (D2O; 99.9% D) was from Euriso-top 
(Saint Aubin, France). The aqueous solution of 1-naphthol or 1-70 

methylnaphthalene was prepared by stirring its excess amount in 
D2O over 1 hour at 40 ºC. 
  Large unilamellar vesicle (LUV) containing the naphthalene 
derivative was prepared as follows. DMPC was first dissolved in 
chloroform, and the solvent was evaporated overnight to form a 75 

thin DMPC film. The lipid film was then hydrated with desired 
amounts of D2O and the naphthalene derivative. The aqueous 
suspension was subjected to freeze-thaw method over eight 
cycles. The LUV of 100 nm in diameter was finally obtained by 
the extrusion method as described elsewhere8, 46 using 80 

EXTRUDER (Lipex Biomembranes, Inc.). The sample 
concentrations of DMPC and the naphthalene derivative were 
determined from the 1H-NMR signal intensities as described in 
section 3. The DMPC concentration was 20 mM, and that of the 
naphthalene derivative was observed to be ~8 mM and 85 

corresponds to ~40 mol% relative to DMPC.  
  All the NMR measurements were performed by using a JEOL 
ECA600 NMR spectrometer with a specially designed diffusion 
probe HX5GR.47 The 1H frequency was 600 MHz. The NMR 
measurements were conducted at 40 ºC, which is above the gel-90 

liquid crystal phase transition temperature of DMPC (23 ºC48). 
The impurity HDO signal contained in solvent D2O was used as 
the internal reference for the chemical shift, which was set to 4.59 
ppm. To suppress the excess HDO signal, the pulse-field gradient 
was used.49

  95 

  The signal assignments of the naphthalene derivatives were 
carried out using COSY and NOESY. Due to the low 
concentration and the line broadening in D2O solution and DMPC 
vesicles, the assignments with the 2D measurements were 
performed in n-octanol solutions. See Appendix A for the signal 100 

assignments. 
  To obtain well-resolved NOE signals of LUVs at solution state, 
we employ the transient NOE-SE method.46 In this method, the 
conventional transient NOE method is combined with the spin-
echo (SE) method. The broad signals in LUVs are suppressed by 105 

the spin-echo part of the transient NOE-SE sequence and the 
sharp signals are detected against apparently flat baseline. The 
details and performance of the transient NOE-SE method are 
described in ref 46. In the present study, the delay time of the 
spin echo τSE was 3 ms, and the field gradient parameters δ and g 110 

were 1.1 ms and 1.5 Tm−
1, respectively. 

  The NOE enhancement factor η is determined from 

 
SE

SEm
m

)()(
In
II

b

−
=

τ
τη , (1) 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

where ISE is the integrated intensity of the reference spectrum 
with spin echo and without NOE, I(τm) is the integrated intensity 
of the sample spectrum modified by NOE, and τm is the mixing 
time. nb is the number of equivalent protons of the irradiated site 
b within a single molecule; for example, nb is 9 when the choline 5 

methyl proton of DMPC is irradiated. The reason for the division 
by nb is described in subsection 2.2. The cross relaxation rate 
constant σ was determined from η through  

 mm σττη 2)( = . (2) 

This is the linear approximation, and is ensured by small enough 10 

τm. At the same time, τm is desirable to be large enough to have η 
with good S/N. A τm value of 100 ms was adopted; with this 
choice of τm, the conditions of the high S/N and of the linearity of 
η against τm are both satisfied. In Appendix B, the validation is 
shown for our choice of τm = 100 ms. 15 

2.2 Theoretical Expressions for NOE 

  The NOE enhancement factor η in eq. 1 is related through eq 2 
to the cross relaxation rate constant σ by the initial rate 
approximation when τm is small enough. For a homonuclear 
system, σ is provided by the spectral density function j(ω) 20 

through 

 { })0()2(6
24
1

0 jj −= ωσ , (3) 

where ω0 is the Larmor frequency in angular units. The j(ω) is 
given by the Fourier transform of the time correlation function 
C(t) for the dipole-dipole interaction, and C(t) is expressed as 25 

 ))(())0(()()0()( 0
2

0
2

33 tYYtrrtC ΩΩ= −−ξ , (4) 

where t is the time, r is the radial distance between the proton pair 
of interest, Y2

0 = (3cos2θ −1)/2 is the normalized second-order 
spherical harmonics, and Ω =(θ, ϕ) is the polar angle for the unit 
vector connecting the two protons of interest in the laboratory 30 

reference frame. The constant ξ is 3µ0
2ħ2γ4/8π2, where µ0 is the 

permeability of vacuum, ħ is the Planck constant divided by 2π, 
and γ is the gyromagnetic ratio of proton. The angular bracket 
indicates the ensemble average over the equivalent proton pairs 
and the laboratory frame orientation. The correlation time τc is 35 

defined as  

 ∫=
∞
0c )0(

)( dt
C
tC

τ . (5) 

The C(0) is expressed by 

  6
5
1)0( −= rC ξ . (6) 

<r−
6> in eq 6 is obtained by 40 

 ∫=
−− drrrr 66 )(ρ  (7) 

and 

 ∑∑ −=
a b

ab
ba

rr
nN

r )(1)( δρ , (8) 

where Na is the number of observed protons of type a in the 
whole system and nb is the number of equivalent protons of the 45 

irradiated site b in single molecule; for example, Na is 3 times the 
number of the observed molecules in the system when the methyl 
proton is observed, and nb is 9 when the choline methyl proton of 
DMPC is irradiated. Due to the division by nb in eq 8, the 
integration of ρ(r) over whole r is the same for any pair of 50 

observed a and irradiated b. With this normalization, the 
comparison is quantitatively possible for internuclear distances 
among different proton pairs. When C(t) is expressed as a sum of 
exponential functions through  

 ∑ ⎟⎟
⎠

⎞
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⎝

⎛
−= −

n n
n

tArtC
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ξ exp
5
1)( 6  (9) 55 

with 1=∑
n

nA , the cross relaxation rate constant σ is written as 
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where K(ω0) is given by 
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When C(t) relaxes much faster than 1/ω0 (motional narrowing 60 

limit; 1/ω0 » τc), j(2ω0) is virtually identical to j(0) and  

 cK τω 5)( 0 = , (12) 

where τc is the correlation time of eq 5. When C(t) relaxes much 
slower than 1/ω0 (spin diffusion limit; 1/ω0 « τc), j(2ω0) is 
negligibly small and 65 

 cK τω −=)( 0 . (13) 

More theoretical background of the NOE cross relaxation is 
described in refs 39 and 50. 

2.3 MD Procedures 

  MD simulation was performed for the DMPC planar bilayer 70 

system containing 1-naphthol or 1-methylnaphthalene. In each of 
the 1-naphthol and 1-methylnaphthalene systems, two MD 
simulations were conducted. One corresponds to the experimental 
set up and was done at 40 mol% concentration of the naphthalene 
derivative relative to DMPC, and the other was at 10 mol%. The 75 

two sets of MD were run to validate our experimental setup that 
the naphthalene derivative was incorporated at 40 mol% to obtain 
high S/N signals in NMR measurements. In the MD unit cell, 288 
DMPC and 7392 water molecules were located with 115 and 28 
naphthalene-derivative molecules, respectively, for the 40 mol% 80 

and 10 mol% systems. The all-atom CHARMM force field 
PARAM27R was used for lipid51

−
54, and the TIP3P model was 

adopted for the water molecule.55 1-Methylnaphthalene was 
modeled with the standard procedure for CHARMM force field 
parameters.56 For 1-naphthol, the charges on the general aromatic 85 

ring were assigned directly to the naphthalene ring. The charge 
on the hydroxyl O was taken to be that on the O of phenol, and 
the H charge in the hydroxyl group was set so that the molecule is 
neutral in total.57  
  The periodic boundary condition was employed and the unit cell 90 

was taken to be rectangular with the x- and y-directions 
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corresponding to the membrane lateral and the z-direction to the 
normal. The ensemble adopted was the NPnAT (constant particle 
numbers, normal pressure, lateral area, and temperature). The 
pressure and temperature were controlled at 1 bar and 40 ºC, 
respectively, with the Nosé-Hoover Langevin method at time 5 

constants of 5.0 ps−
1.58, 59 The lateral area of the unit cell was 

taken from the experimental value and was set to 93.5 Å2 in the 
square form.60 The electrostatic interaction was handled by the 
particle-mesh Ewald (PME) method with a real-space cutoff of 
12 Å, a spline order of 6, a relative tolerance of 10−

5, and the 10 

reciprocal-space mesh size of 96×96×72.61 The Lennard-Jones 
interaction was truncated by applying the switching function, 
where the switching range is 10−12 Å.62 The bond lengths 
involving hydrogen atom were fixed with SHAKE and the water 
molecule was kept rigid with SETTLE.63 The equation of motion 15 

was integrated with the velocity Verlet algorithm at a time step of 
2 fs.64 All the MD calculations were done using NAMD ver.2.865 
for 20 ns for both the 40 mol% and 10 mol% systems. It was 
found that the concentration effect is practically absent, and all 
the MD results shown in subsection 3.2 are those from the 40 20 

mol% system. The comparison between the 40 mol% and 10 
mol% systems is described in Appendix C. 

3. Results and Discussion 
  In the following, DMPC is abbreviated as PC, and its proton site 
is represented by referring to the character or number in Figure 1. 25 

For example, PCγ stands for the choline methyl protons of DMPC. 
The proton site in the naphthalene derivative is denoted by H 
followed by the number in Figure 1. For example, H67 means the 
proton sites of H6 and H7 of the naphthalene derivative when the 
1H signals of H6 and H7 cannot be distinguished in the NMR 30 

spectra.  
  The ring proton regions in the 1H-NMR spectra of 1-naphthol 
and 1-methylnaphthalene in D2O and DMPC bilayer are shown in 
Figure 2. In the DMPC system, the concentrations of the 
naphthalene derivatives determined from the signal intensities of 35 

ring protons are ~8 mM. This concentration is higher than the 
solubility in water (6 mM for 1-naphthol and ~0.1 mM for 1-
methylnaphthalene). The peaks in the DMPC bilayer shift upfield 
(toward low-frequency region) and are broadened, relative to 
those in the D2O solution. The sharp signals observed in D2O at 40 

lower-field (high-frequency) region are not seen in the DMPC 
system. The above shows for the DMPC system that the 
naphthalene derivatives are bound within DMPC bilayer, not in 
bulk water.67 Note that log Po/w is 2.85 and 3.87 for 1-naphthol 
and 1-methylnaphthalene, respectively, where Po/w is the octanol-45 

water partition coefficient.68 Both the naphthalene derivatives 
have the higher affinities with octanol than with water, being 
consistent with the observation of their bindings into DMPC 
membrane.  
  The chemical shifts of DMPC and the naphthalene derivative 50 

vary with the binding. In Appendix A, though, we note that the 
chemical shift is not a clear indicator of the binding site to 
distinguish the hydrophilic and hydrophobic domains of bilayer. 
The NOE can be more suitable for identifying the location and 
orientation of the small molecule in membrane. In the following 55 

subsections, the internuclear distance and the correlation time are 
examined through combined use of NOE experiment and MD 

simulation. 

3.1 NOE observations 

  In our NOE measurements, PCγ and PC14 were chosen as the 60 

sites irradiated by the selective π pulse.69 They are the terminal 
sites of the lipid and are useful to examine the location and 
orientation of small molecules in the membrane. The use of the 
transient NOE-SE method enabled quantitative analysis of signal 
intensities due to the suppression of the broad components, as 65 

described in a previous paper.46 Additionally, the spin echo and 
the field gradient contributed to the improvement of the S/N of 
small signals due to the suppression of the strong signals from 
lipids and water. Figure 3 illustrates the difference spectra of the 
aromatic region measured by the transient NOE-SE method. NOE 70 

is clearly detected and is stronger for 1-naphthol than for 1-
methylnaphthalene.  
  The NOE cross relaxation rate constants σ of the naphthalene 
derivatives in the DMPC bilayer are shown in Figure 4. 
According to eqs 10−13, the cross relaxation rate constant σ 75 

obtained from NOE experiment is determined by the internuclear 
distance r and the correlation time τc. For each naphthalene 
derivative, the σ value is an indicator of the close contact with the 
proton site of DMPC since τc is found in subsection 3.2 to depend 
weakly on the proton sites from MD simulation. As seen in 80 

Figure 4, the σ with the PCγ and PC14 irradiations are 
comparable in magnitude for each site in the naphthalene 
derivative. This shows that the naphthalene derivative comes 
close to both the hydrophobic core and the hydrophilic headgroup. 
It is of particular interest that the NOEs between 1-85 

Figure 2. Ring proton regions in the 1H-NMR spectra of 1-naphthol and 
1-methylnaphthalene in D2O solution and in DMPC vesicle. The gray 
squares stand for the signals from impurities and the probe-specific 
artifacts seen only when the concentration is very low; 1-
methylnaphthalene dissolves into water at ~0.1 mM. 
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methylnaphthalene and PCγ are clearly observed. It indicates that 
the hydrophobic molecule even without hydrophilic group may 
stay close to the hydrophilic headgroup of lipid. An NOESY 
experiment was performed previously for benzene in SDS 
(sodium dodecyl sulfate) micelle, and the benzene distribution 5 

was found to be rather uniform in the SDS micellar interior.44 The 
direct observation of close contact of small hydrophobic molecule 
with both the hydrophobic core and the hydrophilic headgroup of 
lipid is reported here for an essentially planar membrane at 
solution state, and is in agreement with MD results.15

−
23 An 10 

interpretation of the wide distribution of hydrophobic solute in 
lipid membrane was given in ref 20. When the free energy of the 
solute’s binding into membrane is decomposed into the lipid and 
water contributions, the lipid contribution is more favorable 

toward inner part of membrane. As far as the solute stays within 15 

the membrane and is not in the aqueous region, in contrast, water 
counteracts the lipid and its contribution is more favorable in 
outer domain of membrane. This is caused by the fact that the 
repulsive effect of water such as the excluded-volume effect 
reduces drastically in the membrane inside without substantial 20 

loss of dispersion attraction in the membrane-water interfacial 
domain. This role of water is not restricted to membrane-water 
interface, and a similar effect was observed at air-water interface 
and in low- to medium-density supercritical water70, 71 
  For each of PCγ and PC14, σ varies only weakly over the proton 25 

sites in the naphthalene derivative. This shows that the distance 
from either PCγ or PC14 is not sensitive to the sites in the 
naphthalene derivative. Thus, no specific orientation is inferred 
from the σ measurement. The orientation information will be 
further refined in subsection 3.2 in combination with MD 30 

simulation. 
  We next compare 1-naphthol and 1-methylnaphthalene. σ of 1-
methylnaphthalene is smaller in magnitude than of 1-naphthol. 
The large absolute value of σ for 1-naphthol indicates that the 
correlation time τc of 1-naphthol is larger than of 1-35 

methylnaphthalene, since the spatial distribution is similar 
between the two naphthalene derivatives. Though a quantitative 
analysis of the line width in DMPC bilayer is prevented by the 
overlapping of signals, Figure 2 shows that the line broadening of 
1-naphthol is more evident than of 1-methylnaphthalene. This 40 

means the lower mobility of 1-naphthol in the bilayer, which is 
considered due to its hydrogen bonding ability.  

3.2 Combination of MD and Experimental NOE 

  From MD simulation, we determined the time correlation 
function C(t) introduced by eq 4. C(t) is related to the cross 45 

relaxation rate constant σ through eq 3. In this subsection, we 
focus on the internuclear distance r and the correlation time τc 
defied by eq 5. 
  Figure 5 shows C(t). The correlation functions C(t) are well fit 
by a sum of three exponential functions in the form of eq 9. With 50 

this fit, τc is given by ∑= =
3
1n nnc A ττ  and is listed in Table 1. 

According to Figure 5, the C(t) profile does not depend strongly  

Figure 3. (a) The overall difference spectra for the 1-naphthol system. 
For 1-methylnaphthalene system, the overall difference spectra are 
observed similarly. (b) and (c) Difference spectra for the aromatic 
regions of the naphthalene derivatives due to the transient NOE-SE 
method. The H8 signal of 1-naphthol is not detected due to suppression 
by the spin-echo part of the transient NOE-SE method since it is a broad 
component. The peak at ~7.2 ppm for 1-naphthol is assigned to H67, but 
the possibility is not fully negated that H3 contributes to the peak. Thus, 
the peak at ~7.2 ppm is not subject to the quantitative analyses in the 
following. The red lines are the fits by a sum of Lorentz functions. 

Figure 4. The cross relaxation rate constants σ between the naphthalene 
derivative and DMPC when the PCγ or PC14 is irradiated.  The σ value 
on the ordinate decreases in the upward direction; this convention is 
adopted to highlight the magnitude (absolute value) of σ. 
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1H Assignment 
τc (ns)  K(ω0) (ns)  

PCγ  PC14  PCγ  PC14  

1-naphthol 
H2  2.9  6.4  -2.7  -6.2  
H5  4.2  2.4  -4.0  -2.2  

1-methylnaphthalene 

H2  2.2  0.52  -2.0  -0.37  
H3  2.0  0.50  -1.8  -0.35  
H4  2.2  0.56  -2.0  -0.40  
H5  2.0  0.55  -1.8  -0.38  
H67  1.9  0.48  -1.6  -0.33  
H8  2.6  0.60  -2.4  -0.43  

 on the proton site of the naphthalene derivative when the 
irradiated site of DMPC is fixed at PCγ or PC14. 
Correspondingly, the τc value in Table 1 stays on the same order 
of magnitude over the proton site of small molecule. Although 
some of C(t) does not decay within the timescale of Figure 5, the 5 

similarity of the decay profiles is evident. Note from eqs 10−13 
that σ is proportional to r−

6 and to τc. Even when τc is different by 
a factor of 3, for example, the same factor can be brought by a 
difference in r only by 20%. A difference of r causes a much 
larger change in σ than that of τc. Thus, the approximation of 10 

fixed τc is a good approximation unless τc varies over orders of 
magnitude. The internuclear correlation between lipid molecules 
themselves is a case of the order-of-magnitude variation of τc

46, 
and it is considered due to the lateral diffusion.30, 72, 73 Table 1 
shows that τc varies only by a factor of ~3 over the protons of the 15 

naphthalene derivatives. σ is then considered to mainly reflect the 

distance information, and Table 1 validates the discussion of 
location and orientation described in subsection 3.1.  
  We next attempt to determine the “average” distance r between 
the naphthalene derivative and DMPC. To do so, we determine 20 

K(ω0) of eq 11 from MD simulation (Table 1) and substitute it 
into eq 10 with the experimental σ. Since the dynamical 
information from MD is often semi-quantitative and some of C(t) 
do not decay yet in Figure 5, our following discussion on r is also 
semi-quantitative and is justified within the allowance of τc 25 

described below. Still, our following discussion is valid even with 
the error in σ by a factor of 2.  
  Figure 6 shows the r thus estimated. r in Figure 6 is actually 
equal to <r−

6>−
1/6 from eq 7, and is a statistical property 

determined from the probability distribution function of 30 

internuclear distance. The “average” distances from PCγ and 
PC14 are comparable for all the proton sites of both the 
naphthalene derivatives.74 It is seen in Figure 6 that r of the 
proton in 1-methylnaphthalene is slightly smaller from PC14 than 
from PCγ. Figure 5 shows evidently that C(t) with PCγ decays 35 

more slowly and enhances σ with PCγ. Even with comparable σ 
in Figure 4 between PCγ and PC14, the smaller r with PC14 is 
obtained in Figure 6 as far as τc is smaller with PC14 than with 
PCγ. Figure 6 shows that 1-methylnaphthalene prefers the 
hydrophobic domain slightly to the hydrophilic domain.  40 

  Finally, we discuss the orientation of small molecule in DMPC 
membrane from the dependence of r on the proton site of the 
naphthalene derivative in Figure 6. For 1-naphthol, H2 is more 
distant from PC14 than H5, showing a weak preference of the OH 
group toward the hydrophilic domain of membrane. It should be 45 

noted that dynamic properties of lipid membrane are not 
quantitative in MD simulation and that their MD values are 
typically different by factors of ~2 from experimental values.17, 22 
The r trend for 1-naphthol in Figure 6 is robust, though, since the 
order of r in Figure 6 is unchanged as far as the order of τc (to be 50 

exact, K(ω0)) stays invariant. The orientational preference is weak 
since the r variation is ~1 Å and the molecular size of the 
naphthalene derivative is ~5 Å. For 1-methylnaphthalene, there 
might seem a slight indication of the methyl group pointing 
outward. A definite conclusion cannot be drawn, however, for the 55 

orientational preference of 1-methylnaphthalene. Even with an 
error of τc by ~40%, the r trend of 1-methylnaphthalene reverses. 

Figure 5. The normalized C(t) between the terminals of lipid and the 
naphthalene derivative. The concentration of the naphthalene derivative is 
40 mol%. 
Table 1. Correlation times τc of eq 5 and K(ω0) of  eq 11 from MD. 

Figure 6. The distances r from PCγ and PC14 estimated by combining 
the experimental σ and the simulated τc.  The error bar is estimated from 
the experimental σ, and does not reflect possible errors of τc from MD 
simulation. 
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In Appendix C, we supplement our discussion on the interaction 
of the naphthalene derivative with lipid membrane by MD results. 

4. Conclusions 
  The location, orientation, and dynamics of 1-naphthol and 1-
methylnaphthalene in DMPC bilayer were investigated by 5 

solution-state 1H-NMR. The transient NOE-SE method reported 
in a previous work46 was employed to quantitatively observe the 
NOE between the small molecule and DMPC in large unilamellar 
vesicle in aqueous state. The NOE cross relaxation rate constant 
σ shows that both the naphthalene derivatives distribute over 10 

wide domain of membrane from the hydrophobic core to the 
hydrophilic headgroup. The close contacts of hydrophobic small 
molecule with both the hydrophobic core and the hydrophilic 
headgroup of lipid were directly observed in solution-state NOE, 
and are in agreement with previous MD results.15

−
23 The mode of 15 

binding of the naphthalene derivative was further refined in 
combination with MD simulation. 1-Naphthol exhibits a weak 
orientational preference pointing its OH group toward the 
hydrophilic domain, while no definite conclusion was drawn for 
the orientation of 1-methylnaphthalene. The NOE rate constant σ 20 

was observed to be larger for 1-naphthol than for 1-
methylnaphthalene. This reflects the slower motion of 1-naphthol, 
as evidenced in the signal broadening. 
  The naphthalene derivatives in this work are much smaller in 
size than the lipid forming the membrane. The time scales of their 25 

motions are rather uniform, and the NOE cross relaxation rate 
constant reflects mainly the distance information. When the lipid 
itself is examined by NOE, on the other hand, a previous work46 
showed that multiple scales are present in the lipid motion. The 
lipid size defines the thickness of (one leaflet of) the bilayer and 30 

the NOE between the lipids themselves is strongly affected by the 
dynamics. The dynamical influence on NOE is thus dependent on 
the molecular size, and it is of interest to address the interaction 
of lipid with a molecule of “intermediate” size. 
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Appendix A. Assignments of the 1H signals and the 
Chemical Shifts 45 

  The signal assignments of the naphthalene derivatives in the 
DMPC system were conducted by comparison with the signals in 
n-octanol. The concentrations of the naphthalene derivatives were 
increased to 100 mM in n-octanol. The NMR measurements were 
performed by using JEOL ECA400 and ECA600 NMR 50 

spectrometers at 40 ºC. The DMPC small unilamellar vesicle 
(SUV) system containing 1-naphthol at 40 mol% was also 
measured. The SUV was prepared by ultrasonic irradiation of 
aqueous suspension of DMPC and 1-naphthol with MISONIX 

MICROSON Model XL2000 at an amplitude of 45 µm for 20 55 

min. 
  Figure A1 demonstrates the 1H signals of the naphthalene 
derivatives in D2O, in n-octanol, and in DMPC membrane. The 
external reference for the chemical shift was dilute TMS in 
CDCl3, and the spectra were corrected by the magnetic 60 

susceptibilities of water and n-octanol, respectively, for D2O 
solution and DMPC system and for n-octanol solution. The 
signals in DMPC were assigned through comparison to those in 
n-octanol.  
  The 1H signals of the naphthalene derivatives in n-octanol were 65 

assigned through COSY and NOESY. The mixing time for the 
NOESY experiment was 3 s. Figure A2 shows the COSY and 
NOESY spectra of 1-naphthol, and Figure A3 is for 1-
methylnaphthalene. The 1D 1H spectrum acquired separately is 
used as the projections of the 2D spectra. Most 1H signals could 70 

be assigned from the integration values, the splittings, and the 
COSY spectra. The proton sites 5 and 8 of 1-naphthol and 1-
methylnaphthalene were determined by the NOESY spectra.  
  We also show that the addition of the naphthalene derivative 
does not cause significant effects on DMPC signals. Figure A4 75 

illustrates the DMPC signals of the pure DMPC membrane, 
DMPC with 1-naphthol, and DMPC with 1-methylnaphthalene. 
The effect of added naphthalene derivative is weak even at 40 

Figure A1. 1D spectra of (a) 1-naphthol and (b) 1-methylnaphthalene in 
D2O, in n-octanol, and in DMPC membrane. The gray squares stand for 
the signals from impurities and the probe-specific artifacts seen only 
when the concentration is very low; 1-methylnaphthalene dissolves into 
water at ~0.1 mM. A break is present in the abscissa of (b). The ordinate 
scale is different in the left and right of the break. 
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mol%. The changes in the line widths of the DMPC signals upon 
addition of the naphthalene derivative are smaller by orders of 
magnitude compared to the cases of larger molecules such as 
cholesterol.8 The naphthalene derivative is small in size and the 
fluidity of membrane is not affected appreciably by its addition at 5 

40 mol%. 
  We further examined the effect of addition of the naphthalene 
derivative on the phase transition of lipid membrane. It was 
reported by a differential scanning calorimetry study75, 76 that 
aromatic compounds lower the phase transition temperature Tm. 10 

We measured 1H-NMR spectra in the temperature range from 24 
to 18 °C. The sharp 1H-NMR signals of DMPC, which are 
indicative of the liquid-crystalline phase, were observed at 24 °C, 
and the changes in the line widths were virtually absent from 24 
to 18 °C. This observation shows that Tm reduces by addition of 15 

the naphthalene derivative and that there is no transition from the 
liquid-crystalline phase to the gel phase even at 18 °C. In the 
present study, the NOE measurements and MD simulation were 
performed at 40 °C, which is well above Tm.  
  Table A1 shows the variations of the chemical shifts of the 20 

naphthalene derivatives upon binding into the lipid membrane. 
The chemical shifts move upfield (toward low-frequency region) 
in DMPC relative to those in D2O. The upfield shift for 1-
naphthol is less than 0.05 ppm for H2 and H8 and is ~0.3 ppm for 

the other sites. For 1-methylnaphthalene, all the sites exhibit a 25 

rather uniform upfield shift of ~0.25 ppm. The DMPC signals 
also shift upfield upon binding of the naphthalene derivative 
when compared to the pure DMPC vesicle. The upfield shift can 
be induced either by the contact of the naphthalene derivative 
with the electron-rich headgroup or by the reduction of deshieling 30 

effect on the ring protons by the hydrophobic chain of DMPC; 
the distinction is not evident for the effects from the hydrophilic 
and hydrophobic domains of lipid. Still, the observed trend of the 
chemical shifts is not inconsistent with the NOE results that 1-
naphthol points its OH group toward the hydrophilic headgroup 35 

and that no obvious preference of location and orientation is 
present for 1-methylnaphthalene. 

Appendix B. Mixing-Time Dependence 
  Figure A5 illustrates the dependence of the NOE enhancements 
η of 1-naphthol with PCγ on the mixing time τm at 50, 100, and 40 

200 ms. η is monotonic at least up to τm = 200 ms. According to 
Figure A5, the initial rate approximation is of ~20% error; the 
discussion in the main text is not affected by this error. 

Appendix C. Detailed MD Analysis 

Figure A2.  (a) The COSY and (b) NOESY spectra of 1-naphthol in n-
octanol. 
 

Figure A3. (a) The COSY and (b) NOESY spectra of 1-
methylnaphthalene in n-octanol. 
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  We examine the concentration effect of the naphthalene 
derivative on its location and dynamics in the membrane. This is 
done to validate the experimental condition of the high 
concentration of the naphthalene derivative at 40 mol%. In 
Figures A6 and A7, the r and C(t) of proton pairs of interest are 5 

plotted for the two systems of 40 mol% and 10 mol%. The r’s are 
virtually the same between the 40 mol% and 10 mol% systems, 
and the C(t)’s of the two systems overlap well with each other. 
Thus, the concentration effect of the naphthalene derivative is not 
appreciable and our experimental setup for NMR measurement is 10 

validated. 
  The computed r in Figure A6 is in good agreement with the r in 
Figure 6 obtained from the combination of the experimental NOE 
σ and the computed τc. Figure A8 shows the proton distributions 
of the naphthalene derivatives and DMPC along the bilayer 15 

normal. Both the naphthalene derivatives distribute over wide 
domain from the hydrophobic core to the hydrophilic headgroup. 
For 1-naphthol, the distribution depends on the proton sites. H2 
and OH distribute toward the hydrophilic side of bilayer, and H5 
is close to the hydrophobic core. 1-Naphthol prefers to orient its 20 

OH group toward the hydrophilic portion. The distributions of all 
the protons in 1-methylnaphthalene are nearly identical, and no 
preferential orientation is detected. 
 
 25 

 

1H Assignment 
Δδ (ppm) a) 

1-naphthol 1-methylnaphthalene 

Naphthalene 
derivative 

Me  - -0.12 
H2  -0.03 -0.25 
H3  -0.31b) -0.24 
H4  -0.31b) -0.22 
H5  -0.34 -0.25 
H6  -0.31b) -0.25 
H7  -0.31b) -0.24 
H8  -0.01 -0.28 

DMPC 

PCγ  -0.08 -0.03 
PCβ  -0.10 -0.04 
PCα  -0.05 -0.02 
PCg2  -0.08 -0.03 
PC2  -0.21 -0.10 
PC3-13  -0.04 -0.11 
PC14  0.01 -0.05 

a) For DMPC, Δδ is defined as the difference of the chemical shift in the 
vesicle with the naphthalene derivative from that in the pure vesicle. For 
the naphthalene derivative, Δδ is defined as the difference of the chemical 
shift in the DMPC vesicle from that in D2O. A negative value indicates an 
upfield shift relative to the pure DMPC vesicle or to the D2O solution.  
b) The peaks overlap for H3, H4, H6, and H7 in the DMPC bilayer. 
 

Figure A6. The calculated r for the 40 mol% and 10 mol% systems.  
 

Figure A4. DMPC regions in the 1H-NMR spectra of the membrane 
systems with and without naphthalene derivative. 

Figure A5. The mixing-time τm dependence of the NOE enhancement η. 
 

Table A1. Chemical-shift variations Δδ of DMPC and the naphthalene 
derivatives upon binding. 
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Figure A7. Comparison of the normalized C(t) of (a) 1-naphthol and (b) 1-methylnaphthalene for the 40 mol% and 10 mol% systems. 
 

 Figure A8. Proton distributions of the naphthalene derivatives and DMPC along the bilayer normal obtained from MD simulation. The center of the 
hydrophobic core is set to 0 Å. 
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