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partner and specifically bind to it. Although about 60% of
Introduction the dry weight of the membrane is constituted of proteins,
due to the large variety of these molecules the actual con-
centration of a specific protein in the membrane is typically
relatively low, which decreases the likelihood for a drug to
find its target protein in the membrane. However, the bind-
ing of a drug to its target can be facilitated by initial parti-
tioning into the membrane and subsequent binding to its tar-
get protein”. Such a scenario can have several advantages.
First, pharmacological drugs are often lipophilic molecules
that preferentially partition into a lipid membrane or its
interface. Second, the diffusion of a drug in the membrane is
constraint to two dimensions, which increases the interac-

Pharmacologically active drugs are usually small mol-
ecules that target a specific protein, for instance an enzyme,
areceptor, or a channel. Often, these molecules target mem-
brane-stemming proteins, which represent about one third
of all proteins in the human genome. It is estimated that on
the order of 50%—70% of the current targets for drug devel-
opment are proteins that are embedded in the cellular mem-
brane?. The plasma membrane represents an important
biological interface, where many essential processes for the
cell function take place. Most importantly, it represents a
barrier separating the cytosol from the extracellular medium.

For specific functions, proteins are embedded in the tion probability between membrane protein and its ligand by

approximately a factor of 1000", Third, the area of the mem-

membrane, where they are involved in signal generation and ) " )
brane is much larger than that of the specific protein.

transduction, cellular communication, both active and pas- Tem
Therefore, unspecific binding of a drug molecule to the mem-

brane will bring it in close proximity to its target. Since the
binding constant of the drug to the target protein is usually

sive transport of ions and a number of different molecules,
and the generation of energy. In order to fulfill its function,
a drug molecule has to find its specific protein interaction
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larger than to the membrane, subsequent protein binding
will necessarily occur. These arguments may suggest a
mechanism of membrane partitioning of a drug molecule prior
to binding to its target protein.

To date, only a few mammalian membrane proteins are
known in their structure to high resolution®™®. As for mem-
brane proteins, the current understanding of the interaction
of small molecules with the plasma membrane is also limited.
Because of the complicated membrane structure, membrane
proteins are difficult to crystallize in their natural environment.
A biological membrane is characterized by a versatile mo-
lecular dynamics that takes place in a broad time window
from picoseconds to hours” "%, Further, biological mem-
branes feature a highly specialized lipid-water interface that
allows for numerous intermolecular interactions to take place
to stabilize a protein in its correct structure!'™"?. Likewise,
the interactions of small lipophilic molecules such as drugs
with a membrane are diverse and complicated usually giving
rise to a broad and dynamic distribution of them. A sketch of
the complicated membrane structure and the distribution of
molecules within the lipid-water interface is provided in
Figure 1. Considering the complicated nature of a biological
membrane and its lipid-water interface, simple partition ex-
periment in water/octanol biphasic systems do not provide
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Figure 1.

good models for drug partitioning into membranes and more
structure-based biophysical methods are required to under-
stand binding of small molecules to the membrane interface.
In lipid membranes, all molecules are affected by very
complex interaction patterns brought about by basic
electrostatic, hydrophobic, and van der Waals interactions
arising from the physical and chemical features of the inter-
acting molecules. Also, hydrogen bond formation, lipid in-
duced interactions, and a multitude of entropic contribu-
tions play an important role for the interaction between the
constituents in the bilayer. At any given depth of a membrane,
different interaction patterns will dominate leading to very
specific physical properties on a scale of only several Ang-
stroms along the membrane normal. A small molecule that
partitions into the bilayer is subject to large gradients of the
basic physical parameters such as dielectric constant, water
content and so on giving rise to very specific and site-re-
solved interactions. The average location of a molecule in
the membrane is consequently determined by a minimum in
the Gibbs free energy that contains both entropic and
enthalpic contributions. But it needs to be stressed, that in
most cases membrane embedded molecules are broadly dis-
tributed around their average location and subject to high
dynamics on different time scales"*"', In such a complex

Head group Drug molecule Chain end

Lipid-water interface

Schematic sketch of a phospholipid membrane in the liquid crystalline phase state with an (aromatic) drug molecule bound to the

lipid-water interface. All molecular segments are subject to broad distributions functions parallel to the membrane normal as schematically
indicated for the lipid headgroup, the chain end, and the drug molecule. In the lower leaflet of the membrane, the broad lipid-water interface
is highlighted and typical correlation times for trans gauche isomerization, lateral lipid diffusion, and motions of the entire lipid molecules are

given. In addition, slower membrane undulations and collective motions as well as lipid flip-flops take place.
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environment a high spatial resolution for the membrane po-
sition and orientation of a specific molecular segment is re-
quired to understand the interactions between different mol-
ecules and to relate this to the molecular function. Com-
bined neutron and x-ray scattering techniques may achieve
such a resolution, which requires isotopic labeling and the
preparation of oriented samples. Typical, scattering experi-
ments perform better with dehydrated samples, which could
be intrusive!™'?. Over the last 20 years, an 'H NMR technique
became available that allows to measure intermolecular con-
tact probabilities in lipid membranes allowing to determine the
distribution profiles of small molecules'”.

This review will focus on 'H solid-state NMR applica-
tions to study the interaction of small molecules with mem-
branes and to determine their distribution within the bilayer.
Solid-state NMR can not only provide important contribu-
tions for solving the structure of membrane proteinst®'#2
but also represents a very useful technique to study the
lipid membrane itself'**'*, In particular, the interaction of
small molecules such as natural and synthetic drugs with
membranes can be very successfully studied by solid-state
NMR techniques® ", Studies about membrane binding,
the response of the lipid membrane to the presence of such
molecules, the interactions between different molecules, the
lateral membrane organization, and the membrane diffusion
are possible. Such information is crucial to understand the
function and the complicated interplay of membrane mol-
ecules and the entire membrane and may help to identify
target structures for drug research or to provide insight into
the mode of action of the investigated molecules.

Usually, solid-state NMR spectra are characterized by
broad anisotropic line shapes. However, the magic-angle
spinning (MAS) technique can convert broad anisotropic
signals into well-resolved sharp lines®®®. For this technique,
the NMR sample is contained in a cylindrical MAS rotor that
is oriented at an angle of 54.73° with respect to the external
magnetic field and spun about its long axis at an angular
frequency of up to tens of kHz. Usually, for well-resolved 'H
NMR spectra the MAS frequency has to exceed the width of
the 'H-"H dipolar tensor interaction. However, for lipid mol-
ecules in the fluid phase of the membrane, well-resolved 'H
MAS spectra could be recorded at low MAS frequencies
although the homogeneous broadenings are on the order of
10 kHz and larger'”\. This effect has been explained by the
rapid axially symmetric reorientation of the lipids in the mem-
brane with a correlation time on the order of 1 ns or less®®".
Thus, the dipolar broadening only depends on the orienta-
tion of the local bilayer normal relative to the external mag-

netic field scaling with the second Legendré polynomial P,
(cos0). In this manner, the homogenous dipolar broadening
is converted into an inhomogeneous broadening, which can
be averaged out by MAS even if the rotational frequency is
lower than the width of the anisotropic spectrum™. Typical
line widths of '"H MAS NMR spectra of lipid membranes are
on the order of 0.01-0.1 ppm. An example of a 1D 'HMAS
NMR spectrum of an aqueous suspension of POPC with the
assignments of all lipid signals is shown in Figure 2.
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Figure 2. One dimensional 'H MAS NMR spectrum of POPC
multilamellar membrane vesicles hydrated to 50% water at a tem-
perature of 30 °C. The MAS rotational frequency was 10 kHz. The
spectrum was recorded at a Larmor frequency of 500.1 MHz. The
assignment of all peaks in the MAS spectrum is given in the struc-
tural sketch shown above. Reproduced from refl** with permission.

The good resolution of '"H MAS NMR spectra of lipid
membranes and their long spin-lattice relaxation times al-
lows acquisition of two dimensional correlation spectra for
the study of intermolecular interactions. This review is de-
voted to 'H MAS nuclear Overhauser enhancement spec-
troscopy (NOESY) NMR investigations of lipid membranes
and their interaction with small molecules -from water to pep-
tides- incorporated in lipid membranes. While the NOESY
technique in solution NMR is mostly applied to determine
intramolecular distances in soluble protein or DNA molecules,
for the application to lipid bilayers the intermolecular inter-
actions are most interesting. Determination of intermolecu-
lar cross-relaxation rates allows to study membrane binding,
membrane organization, membrane localization and membrane
orientation of membrane embedded molecules. In several
studies "H MAS NOESY NMR has shown its high potential
in such investigations.
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Theory

Interpretation of intermolecular cross-relaxation rates
in membranes The simple and robust three pulse NOESY
pulse sequence is shown in Figure 3°%*'l, The first pulse
creates transversal magnetization, which is allowed to evolve
under the influence of the isotropic chemical shift during ¢,.
Thus, each spin is labelled with its characteristic resonance
frequency. The second pulse flips the magnetization into
the z-direction, where magnetization exchange takes place
during the mixing time #,,. This leads to the build up of cross
peaks in the 2D spectra provided the interacting spins are in
close proximity during mixing (< 5 A). Since chemical ex-
change typically does not contribute to the magnetization
exchange in lipid membranes the cross peaks are solely
caused by dipolar cross-relaxation between two proton spins
in close proximity. Such a process can be described by the
cross-relaxation rate 6, which is strongly dependent on the
distance r between the two spins and the correlation time of
the molecular motion 7, according to”>*";

=n2u574rc{_1+ 6 } (1)

S 40m’rS 1+ 4w 7.

In equation (1), m is Planck’s constant divided by 27, |,
is the magnetic constant, ), is the Larmor frequency, and y
the gyromagnetic ratio. Due to this very strong distance
dependence only interactions contribute to the cross-relax-
ation rate that occur within 5 A. If NOESY experiments are
used to study the interaction of small molecules with lipid
membranes, only intermolecular cross-relaxation is of interest.
This is different from the situation encountered for soluble
proteins, where cross-relaxation rates provide a direct mea-
sure of the inter-proton distance provided the correlation
time that modulates the interaction is known. In contrast,
intermolecular cross-relaxation rates determined in lipid mem-
branes in the fluid phase state, can not be used to measure a
well defined fixed distance between the regarding protons.
Due to the high mobility and molecular disorder in lipid mem-
branes!"¥ the cross-relaxation rates provide a measure of the
contact probability between the interacting spins®**,

w2 w2, 2,

Figure 3. Schematic representation of the pulse sequence of a two-
dimensional NOESY experiment consisting of three 90° radio fre-
quency pulses.
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Therefore, in a lipid membrane the cross-relaxation rate is pro-
portional to the contact frequency between the two nuclei, a
high contact frequency results in large cross-relaxation rates
and a low contact frequency yields small cross-relaxation rates.

The contact probability, ie, the cross-relaxation rate be-
tween two nuclei, is directly related to the structural arrange-
ment in the membrane. If we assume a broad distribution
function for each molecular segment, it becomes obvious
that for some of those segments the distribution functions
overlap and for others they do not. A strong overlap in the
distribution functions leads to large cross-relaxation rates,
small overlap creates small cross-relaxation rates, and if there
is no overlap in these distribution functions, no cross-relax-
ation rate is measured. Thus, cross-relaxation rates in mem-
branes represent a measure for the interaction strength be-
tween molecular segments, which can be used to localize
molecules in the membrane and to study the lateral molecu-
lar interaction. For small membrane embedded molecules
cross peaks with more than just one lipid segment are
observed, often even all lipid segments exchange magneti-
zation with the molecule of interest. This is related to the
high degree of molecular disorder and the high mobility of
the molecules in the membrane™. Therefore, a plot of the
cross-relaxation rates of a particular molecular segment vs.
all lipid segments along the membrane normal describes the
distribution function of this segment in the lipid bilayer as
sketched in Figure 4. Further, if the distribution functions of
two or more spins of the membrane embedded molecule are
known, one can typically obtain the membrane orientation
of this compound.

It should be mentioned that this interpretation of NOESY
cross-relaxation rates is only correct if the correlation time
that modulates the magnetization exchange is equal for all
the different molecular contacts. First estimations of the
correlation times that are responsible for the magnetization
exchange in a NOESY experiment in membranes revealed that
only relatively slow processes have to be considered. These
slow processes describe motions of entire molecules” and
lateral lipid diffusion®, which suggests that all molecular
contacts can be treated equally and the NOESY cross-relax-
ation rate indeed represents the contact probability between
molecular segments.

To avoid over-interpretation of the NOESY data care
should be taken in comparing absolute cross-relaxation rates
for different molecules in lipid membranes. The dependence
of the cross-relaxation rate ¢ on the correlation time of mo-
tion 7, in equation (1) may lead to remarkable changes in the
cross-relaxation rates even for small variations of the corre-
lation time as shown in Figure 5. Even though all cross-
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Figure 4. Schematic representation of the NOESY cross-relaxation
profile that is observed for a small molecule bound to the lipid-water
interface of the membrane. The part of the molecule, which faces
the headgroup region of the membrane, will show larger cross-relax-
ation rates with the headgroup/glycerol region (red). The other part
of the molecule that faces the apolar membrane interior will have
largest cross-relaxation rates with the acyl chain region of the mem-
brane (green). Thus, not only the dynamic distribution of the mol-
ecules in the membrane but also its orientation in the bilayer can be
obtained.

relaxation is approximately modulated by the same correla-
tion time, very small alterations can lead to significant changes
in the cross-relaxation rates.

Determination of cross-relaxation rates in membranes
There are three possibilities to calculate cross-relaxation rates
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Figure 5. Simulation of the dependence of the cross-relaxation rate
on the correlation time according to equation (1) shown for proton
pairs at fixed distances of 3 A (solid line) 4 A (dashed line) and 5 A
(dotted line). The 'H Larmor frequency in the simulation was

from 2D NOESY spectra: the full matrix approach, the spin
pair model, and the single mixing time approach™.

The most complex and time consuming but also the most
accurate method is the full matrix approach. The rate of
magnetization transfer dAl,/dz,, of the proton k either to the
lattice (spin-lattice relaxation rate p,) or to other protons j of
the spin system (cross-relaxation rate oy;) is described by the
extended Solomon equation™:

d
FAIZk (tm)zlokkAIkZ (tm)_zo-ijIkZ (tm) 2

m J#k

This can be written down for each spin in the system
leading to a set of differential equations. A measure for the
transferred magnetization is the volume of all diagonal and
all cross peaks of a 2D NMR NOESY spectrum at a given
mixing timez,, arranged in the matrix A(t,,):

Az, )=exp(-Rr,)A(0) 3)

The peak volumes in 2D NOESY spectra are typically
obtained from numerical integration routines. The relaxation
matrix R contains all spin-lattice and cross-relaxation rates
for a system of N spins:

pll 0-12 K O-IN

R — 0-21 p22 K O-ZN (4)
M o M
O-NI K pNN
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Most accurately, the relaxation matrix is calculated by
fitting equation (3) to the experimental peak volume matrices
obtained for different mixing times. The resulting relaxation
matrix contains all parameters to determine the localization and
the orientation of a given molecule in the lipid membrane.

Alternatively, the spin-pair interaction model assumes
that the spin system is reasonably well decoupled and re-
duces the multi-spin system to an isolated spin pair. The
volume of a cross peak between the two spin 7 and S is then
obtained by

A (0
Ay (fm)=%[1—exp(— 20, )]'exp(— l, ] )

LIS

where A(t,,) represents the cross peak volume at the
mixing time t,,, A;(0) the volume of the diagonal peak at 7,=0,
and T ;5 defines the magnetization leakage to the lattice. By
analyzing the cross peak volumes for different mixing times
(and the diagonal peak volumes for a very short mixing time)
the cross-relaxation rate can be obtained from a simple fit to
this equation. The advantage of the spin-pair-model is that
only the cross peaks between the investigated molecule and
the molecular segments of the lipid matrix need to be inte-
grated to calculate the respective cross-relaxation rates.
Since the determination of the complete peak volume matri-
ces is tedious and time consuming, this approach is more
efficient if only a few cross-relaxation rates are required for a
certain application. Though the information of the complete
relaxation matrix is lost, it is not necessary to monitor all
magnetization transfer processes within the lipid matrix, if
one is only interested in the localization of a molecule in the
membrane.

The most simplistic single mixing time approach deter-
mines cross-relaxation rates from a single NOESY experiment
conducted at just one mixing time. In this approach, equa-
tion (5)is expanded into a truncated Taylor series that only
contains the linear term, which leads to®";

— AIS (tm )
o= L, 'All (tm) ©

This simplification represents the most efficient approach
since only a single NOESY spectrum needs to be acquired to
determine cross-relaxation rates. However, the cross-relax-
ation rates determined by this approach may not be very
accurate, in particular small rates can be highly biased when
there is also strong (intramolecular) magnetization exchange
of the particular segment with other molecular sites.

The three approaches for the determination the cross-
relaxation rates from 2D NOESY spectra were compared in an
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DMPC lipid matrix®'. For the majority of the cross-relax-
ation rates, reasonable agreement between the three models
was reported. However, the cross-relaxation rates between
neighboring protons in lipid hydrocarbon chains are very
high, which interferes with the calculation of magnetization
transfer between chain protons, which are more distant. This
situation is only correctly reflected in the full matrix approach.

'H NOESY MAS NMR of pure lipid membranes

Before discussing 'H MAS NOESY NMR investigations
of the interaction of small molecules with lipid membranes,
we will first briefly review NOESY data on pure phospholipid
bilayers that provided insight into their highly dynamic or-
ganization and molecular disorder. The most extensive studies
were done by the Gawrisch group, who investigated the lat-
eral lipid organization in pure DMPC bilayers" and complex
phospholipid mixtures in the presence of cholesterol™. A
typical "H MAS NOESY spectrum of lipid bilayers is shown
in Figure 6. Interestingly, cross peaks between all lipid seg-
ments of the phospholipid molecules were observed due to
the high mobility and molecular disorder in lipid membranes.
This could only be understood from a quantitative magneti-
zation transfer analysis within the lipid membrane using the
full matrix approach™. Experiments in mixed perdeuterated/
protiated phospholipid membranes indicated that the cross-
relaxation in lipid membranes is almost entirely of intermo-
lecular origin. Therefore, the occurrence of NOESY cross
peaks between all lipid segments can only be explained by a
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Figure 6. Contour plot of a 2D '"H MAS NOESY NMR spectrum of
POPC membranes containing 8.75 H,O per POPC at a temperature
of 10°C and a mixing time of 300 ms. The spectrum was recorded at
a Larmor frequency of 500.1 MHz. All lipid-lipid cross peaks have
positive intensity while the lipid water cross peaks are negative. The
spectrum was reproduced from ref!*®! with permission.
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membrane model that is characterized by a high degree of
motional disorder. Indeed, if per proton based cross-relax-
ation rates were compared, the most likely contacts between
molecular segments also showed the highest cross-relax-
ation rates. Less frequent contacts, for instance those be-
tween lipid headgroups and the ends of the acyl chains pro-
duced smaller cross-relaxation rates. Although such con-
tacts are by far less frequent, they occur with a relative high
likelihood in a liquid-crystalline membrane indicating the high
amount of disorder and mobility in biological membranes.
'HNOESY cross-relaxation rates were also determined in
mixed membranes of polyunsaturated SDPC/SDPE/SDPS/
Cholesterol (4/4/1/1, mol/mol) membranes®®®. Since cross-
relaxation rates can be determined for intermolecular lipid-
lipid contacts, they are ideal tools to study lateral lipid
organization. In particular, the interaction of cholesterol with
the unsaturated lipid species was studied. The most impor-
tant results of this study were that (i) cholesterol preferen-
tially interacts with the SDPC in the mixture, while lateral
contacts between cholesterol and SDPE and SDPS are less
frequent and (ii) cholesterol prefers contacts with saturated
chains, where favorable van der Waals interactions between
the chains and the rigid sterol ring systems are formed. In
contrast, interactions of cholesterol and the polyunsaturated
chains were less frequently observed. These results allowed
to determine a quantitative model of the lateral lipid organi-
zation in this complex mixture, which revealed the existence of
microdomains that are enriched in SDPC and cholesterol™®.
So far, the issue of spin diffusion has not been discussed.
Spin diffusion represents an undesired mechanism that re-
lays magnetization over several steps to yield a cross peak
for molecular segments that are not in close proximity. Since
this relayed transfer of magnetization is typically slow, spin
diffusion can be neglected if the mixing time is kept to a
minimum. Since the occurrence of head-to-tail cross peaks
in NOESY spectra of lipid membranes was previously attrib-
uted to spin diffusion™®*”, this mechanism was investigated
in more detail®". In particular, special phospholipid mol-
ecules were employed that contained two deuterated meth-
ylene groups in the middle of the chain to block spin diffusion.
The quantitative analysis of cross-relaxation rates in this
study proved that the cross peaks between lipid headgroups
and hydrocarbon chains are not caused by spin diffusion
but are the result of a direct approach (within 5 A) of
headgroup and chain protons'*!!. Again, only highly disor-
dered and dynamic membranes can explain this result.

NOESY MAS NMR on lipid membranes contain-
ing small molecules

Several aspects of the interaction of small molecules with
lipid membranes were investigated by 'H MAS NOESY NMR
studies over the last years. Starting with the question of
how deep water penetrates a lipid membrane; further studies
investigated the membrane interaction of ethanol and differ-
ent aromatic molecules. Finally, 'H MAS NOESY NMR was
used to study the membrane location and interaction of pep-
tides and lipophilic nucleosides. In addition, several fluo-
rescent probes like lipid and cholesterol analoga were inves-
tigated in a membrane environment.

Water The water distribution in a lipid bilayer is an inter-
esting problem that was one of the first issues investigated
by 'H NOESY MAS NMR. Specific interactions between
water and the lipids are essential for the formation of differ-
ent lipid phases and in particular planar lipid membranes™.
At the same time, the water permeation across bilayers is very
high®. Therefore, the main questions concerned the depth
water penetration into the bilayer and the thickness of the
lipid-water interface of the membrane. A number of studies
measured intermolecular cross-peaks between water and the
individual lipid segments™**°l,

Phase-sensitive NOESY experiments were applied under
MAS conditions to show that the water molecules have ac-
cess to the headgroup, the glycerol backbone and the upper
chain region of a POPC bilayer™. The loss of some of these
cross peaks in the presence of a non-ionic detergent (C,,EO,)
indicated a process of dehydration due to the presence of
the surfactant.

Further NOESY studies on lipid hydration of MeDOPE
and DOPC bilayers"™ showed that the expected cross peaks
between water and lipid headgroup/glycerol are detected for
MeDOPE but are absent for DOPC membranes and even in
mixed MeDOPE/DOPC bilayers'*. Also for the hexagonal
and the metastable isotropic phase of MeDOPE the lipid-
water cross peaks were not observable, indicating that in this
phases the water is diffusing freely and no longer involved in
the hydrogen bonding pattern at the lipid headgroups™'.
However, the presence or absence of cross-peaks between
lipids and water should be interpreted with great caution.
Since the lifetime of water-lipid associations is likely to be
shorter than of lipid-lipid associations, those cross-peaks
are often weak and have negative intensity. They are easily
missed if spectra are not recorded at proper experimental
conditions. This is underlined by the fact that in the same
study heteronuclear HOESY experiments indicated contacts
between the DOPC headgroups with the phosphate buffer
(used as reporter for the water location)™!. Therefore, wa-
ter-lipid NOESY cross peaks could have been below the de-
tection limit due to their weak intensities. On the other hand,
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molecules that exchange protons with water via hydroxyl
and amino groups may show strong cross-peaks to water.
However, those peaks may reflect chemical exchange of
protons.

In the most recent study the cross-relaxation rates be-
tween water and phospholipid segments were determined in
a full matrix approach for POPC™®'. While cross-relaxation
rates in lipid membranes are always negative, lipid-water
cross-relaxation rates were calculated to be positive indicat-
ing faster correlation times for the interaction on the order of
100 ps. This value agrees well with the short lifetime of wa-
ter in the first hydration layer'”. Water showed weak cross-
relaxation rates with the signals from the lipid headgroup
and the glycerol. Only very low cross-relaxation rates were
determined for the acyl chain region of the membrane sug-
gesting that the water concentration in the bilayer core is
very low.

Taken together, these results indicate that there are a
number of water molecules in the lipid-water interface that
are in close proximity to the lipid headgroups, the glycerol
region, and the carbonyl groups of the acyl chains. Here,
favorable hydrogen bonds are formed that give rise to the
observed NOESY cross peaks. All studies exhibited that
there is no water detectable in the hydrophobic core of
membrane. The water permeation across bilayers is very
high?. However, the individual act of a water molecule
passing through the bilayer is likely to require only a frac-
tion of a microsecond. Therefore, water content in the hy-
drophobic core of a bilayer at any given time is rather low,
which is in agreement with observations by neutron
scattering.

Ethanol The interaction of ethanol with lipid membranes
has been a controversy in anesthesia for several years. Some
studies report that the effect of ethanol on membrane pro-
teins is attributed to changes in the lipid packing of the mem-
brane™®, while others emphasize it is the result of ethanol
binding to the membrane protein itself ™. While the mol-
ecules could interact at multiple sites, '"H MAS NMR has
been used to determine the exact localization and distribu-
tion of ethanol in the lipid membrane by Gawrisch and co-
workers®!, In these studies, relative cross peak intensi-
ties and later cross-relaxation rates were for the first time
interpreted in terms of a distribution function of the mol-
ecule relative to various molecular segments of the lipids
and over the lipid bilayer™. In these profiles, ethanol
showed contacts to all phospholipid segments due to the
high disorder and mobility in liquid-crystalline membranes.
Being a small amphiphilic molecule, ethanol was localized in
the lipid-water interface of the membrane, with the largest
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cross-relaxation rates (ie, contact probabilities) to the glyc-
erol backbone. The degree of chain unsaturation in the lipid
matrix only had a slight effect on the membrane distribution
of ethanol as shown for saturated DMPC, monounsaturated
SOPC, and polyunsaturated SDPC bilayers™”. A further study
of the ethanol distribution in POPC membranes revealed an
identical position of ethanol in the bilayer and showed excel-
lent agreement between the measured cross-relaxation rate
profile and this profile calculated from a molecular dynamics
simulation®". In addition, a comparison of the ethanol dis-
tribution profiles exhibited that the methyl group of ethanol
is more deeply inserted into the membrane then its methyl-
ene group, revealing that the hydroxyl group as the most
polar part of the molecule is pointing towards the membrane
surface.

In conclusion, ethanol is localized in the chemically and
physically very heterogeneous region of the lipid-water in-
terface of the membrane interacting with the lipid molecules
mainly by hydrogen bonds and smaller hydrophobic
contributions. It is expected that ethanol interacts via simi-
lar mechanisms with protein surfaces and influences protein
function.

Small aromatic compounds One big challenge in the
analysis of 2D NOESY spectra for the localization of small
molecules in the lipid membrane is to unambiguously distin-
guish between cross peaks that are caused by the interac-
tions of lipids with the small molecules and the less interest-
ing lipid-lipid cross peaks. Usually, the latter are much higher
in intensity rendering a quantitative interpretation of the
cross-relaxation rates challenging. The above mentioned
lipid-ethanol mixtures are an example for these problems,
because lipid-ethanol cross peaks are superimposed with
the lipid-lipid signals®™. For this reason, aromatic com-
pounds interacting with lipid membranes are much easier to
study. The chemical shift dispersion of the aromatic reso-
nances lies outside that of the phospholipids (> 6 ppm) lead-
ing to NOESY NMR spectra that can be easily analyzed. A
very clear example is given in Figure 7 for a luteolin/POPC
preparation. Here, the risk of misreading cross-peak vol-
umes because of signal superposition with lipids is abolished.
This renders the method very well suited for the determina-
tion of pharmaceutical drugs, as these compounds are often
aromatic.

The membrane interaction of a selection of flavonoids
(flavone, chrysin, luteolin, myricetin) were investigated by
Scheidt et al™. Flavonoids are small aromatic compounds
considered to be beneficial for human health. A long list of
biological activities is ascribed to these molecules, such as
an antioxidative effect, which is depending on their interac-
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Figure 7. Contour plot of the aromatic region of a 2D 'H MAS
NOESY spectrum of a POPC/luteolin mixture at a mixing time of
300 ms and a water content of 40% (wt). The spectrum was recorded
at a Larmor frequency of 600.1 MHz. All cross peaks have positive
intensity. A projection of the spectrum with the assignment “*! to
the lipid segment is given on the right. HDO denotes the remaining
water in D,0. The spectrum was reproduced from refl® with
permission.

tions and the penetration depth in lipid membranes. By ex-
tensive '"H MAS NOESY NMR studies, the distribution pro-
files of the flavonoid molecules in the membrane were
determined. Again these molecules exhibited relative broad
distribution profiles in the membrane, which was explained
by the high mobility and molecular disorder. Subtle differ-
ences in the membrane localization of the flavonoids studied
were revealed by the technique. These differences origi-
nated from polarity alterations in the molecules due to a vary-
ing number of hydroxyl groups. In the complex interaction
pattern of lipid membranes even the small changes in the
chemical structure between the molecules led to changes in
the physical interactions and influence the membrane
position. Also, the orientation of a molecule within the mem-
brane could be examined by comparison of the cross-relax-
ation rate profiles of different protons on one flavonoid
molecule. These led to distribution functions of the fla-
vonoid relative to the lipid bilayer as shown for luteolin in a
POPC membrane in Figure 8. These orientations of the fla-
vonoid molecules in the complex chemical and physical en-
vironment of a lipid membrane are also determined by the
localization of the OH-groups in the molecule -the most po-
lar part of the molecule is exposed to the aqueous phase. In
addition, such changes were shown for luteolin-7-glucoside.
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Figure 8. The figure shows cross-relaxation rates (s'') between dif-
ferent luteolin protons (highlighted in blue, red, and green) and the
lipid segments of POPC in the presence of 25% (m/m) luteolin. The
cross-relaxation rates were determined from 600.1 MHz 'H MAS
NOESY spectra acquired at several mixing times using the spin pair
model. The cross-relaxation rates provide the distribution functions
of the marked protons in the luteolin molecule. Above, a sketch of
the approximate membrane location of luteolin is shown. The data
are reproduced from ref'®?! with permission.

Flavonoid glucosylation is very common in nature, this pro-
cess modifies the molecular properties (polarity, size) quite
significantly and lead in this case to a reverse membrane
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insertion of luteolin-7-glucoside compared to luteolin. These
results indicated that flavonoid molecules could access all
lipid segments and have the ability to contact different parts
of the membrane (especially the double bonds of the lipid
chains) to exert their antioxidative effects.

Aromatic molecules with a rather similar chemical struc-
ture were investigated by 'H MAS NOESY NMR in the
Glaubitz group™. Here, nine substrates and modulators of
the ABC transporter P-Glycoprotein (PGP) (including peni-
cillin G and the flavonoid quercetin) were studied systemati-
cally in DMPC membranes to gain insight into their mem-
brane location and interaction with lipid molecules. These
molecules belong to distinct classes such as Ca** channel
blockers, cytotoxic agents, antihypertensives, anthracyclines,
or bacterisostatics. Due to their lipophilic nature these drugs
are accumulated in the membrane. By analyzing the NOESY
cross peaks between signals of the aromatic finger print re-
gion of the substrates and the lipid resonances a membrane
distribution in the glycerol and the upper chain region was
found for all investigated molecules. Again, the small differ-
ences in the distribution profiles were caused by alterations
in the polarity between these molecules. The location of all
structurally different molecules in the membrane interface
indicated that the PGP binding site, which is assumed to be
in the transmembrane region of PGP, is likely accessible. Drug
binding could take place by cation->" and ©-7-stacking inter-
actions with the aromatic and polar residues of PGP. The
high similarity between the distribution profiles led to the
conclusion that the molecules use similar pathways of inter-
action with PGP.

A number of aromatic indole and indole analogues were
studied by 'H MAS NOESY NMR to determine their mem-
brane distribution ®. The study was motivated by the fact
that aromatic amino acids such as tyrosine and tryptophane
are enriched in those parts of membrane proteins that are
located in the lipid-water interface of the membrane. In order
to study the preference of these compounds for the mem-
brane interface four indole and indene molecules were stud-
ied as analogues for trytophane. For all compounds, the
maximum of the cross-relaxation rate profiles and therefore
the membrane distribution was found in the glycerol region.
These results were supported by induced chemical shift data
and neutron diffraction results® and could be confirmed
for indole in different phospholipid matrixes %, The com-
parison of the molecules, which were systematically varied
in their dipole moment and their ability to form hydrogen
bonds, showed that the cation-mt-interaction plays an impor-
tant role in the interfacial interactions of such molecules. In
the complex environment of a lipid membrane the balance of
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electrostatic, hydrogen bonding and cation-T-interaction
determine the location of Trp in the interface influencing the
membrane properties of peptides and proteins containing
aromatic residues.

Peptides About one third of the human genome encodes
membrane proteins, which are the major targets in current
pharmaceutical research. Since structural data for mamma-
lian membrane proteins is scarce, any information about the
membrane interaction and location is of great interest. In
particular for small segments of larger membrane proteins,
'HMAS NOESY NMR experiments can provide insights into
structural and dynamical aspects of these molecules. Again,
the strength of this experimental approach lies in the deter-
mination of the distribution profile of certain peptide seg-
ments with respect to the lipid membrane®”®!,

The model for the pore structure of gramicidin A in mem-
brane environment was confirmed by observing NOESY cross
peaks between the trytophane residues of gramicidin A, which
are located at the C-terminal end of the peptide, and the lipid
headgroups, the glycerol region and the upper chain of DLPC
membranes. Additionally the formyl moiety exhibited the
expected cross peaks with the methyl and methylene groups
of the acyl chains due to its location in the center of the
bilayer®”. This study proved that the spatial selectivity of
'HMAS NOESY experiments is sufficient to gain informa-
tion about membrane-peptide interactions.

Unstructured clusters of aromatic and basic residues are
widely found in membrane proteins involved in signal
transduction. The membrane interaction of such proteins is
often mediated by these polybasic clusters. As an example
for such proteins, a phenylalanine rich effector domain of
the MARCKS protein (amino acids 151-175) was investi-
gated in membrane environment using 'H MAS NOESY ex-
periments by Zhang and co-workers®. The strong cross
peaks between the aromatic resonances and the acyl chain
protons of the lipids showed that the five Phe rings of
MARCKS(151-175) are penetrating the membrane and are
located below the acyl chain carbonyl groups. In this
configuration, the positively charged amino acids of
MARCKS(151-175) came also in close proximity to the nega-
tively charged lipid phosphates, implying an important in-
fluence of electrostatic interactions on the membrane inter-
action of this peptide. These results could confirm previous
EPR data that showed a membrane surface localization of
MARCKS(151-175) with the Phe residues penetrating the mem-
brane interface using saturation transfer EPR techniques®.

Epand and co-workers used the relative strength of NOE
cross peaks between aromatic residues and the phospholip-
ids to study the modulation of the peptide-membrane inter-
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actions in the absence and in the presence of cholesterol™®!,

This is of outstanding interest with regard to the raft hy-
pothesis® and the influence of cholesterol on protein-lipid-

65661 ' In all studies, an

interaction' and protein function!
influence of the cholesterol content in the lipid membrane on
the '"H MAS NOESY cross peaks was shown. For the pep-
tide LWYIK (from the HIV-1 fusion protein gp41)*” and a
peptide corresponding to the N-terminus of the neuronal
protein NAP-221 a stronger peptide-membrane interaction
and a deeper insertion of the aromatic residues were deter-
mined from of stronger cross peak intensities in the pres-
ence of cholesterol.

The 'H MAS NOESY technique was also used to deter-
mine a model for the membrane insertion of the C-terminus of
the lipidated human N-Ras protein®®®!, Ras is involved in
one of the major signal transduction cascades in biology
stimulating cell proliferation and differentiation. Only in the
membrane bound state the Ras protein is active. In a series
of papers, a doubly lipid modified heptapeptide constituting
the membrane anchor of Ras was studied®®!. The observa-
tion of cross peaks between peptide and lipid signals not
only proved the membrane binding of the Ras peptide - a
careful analysis of the cross-relaxation rate profiles of differ-
ent peptide signals led to a structural model for the insertion
of the Ras peptide into a lipid membrane. According to this
model, the peptide backbone is located in the lipid-water
interface of the membrane, where it strongly interacts with
the lipid molecules by dipole-dipole interactions and hydro-
gen bond formation. The hydrophobic peptide side chains
and the two lipid modified Cys residues insert deeply into
the apolar membrane interior. This model could be confirmed
by FTIR and neutron diffraction measurements'™ and helped
building a structural model of the membrane anchor of the
entire Ras protein™,

Fluorescent lipid and cholesterol analogs Another in-
teresting application of 'H NOESY MAS NMR measurements
is the study of the membrane interaction and localization of
fluorescence labels and fluorescent lipid analogues. These
molecules are used in several biophysical and biochemical
studies to investigate intracellular trafficking or membrane
organization. Such phospholipid or sterol molecules either
carry a fluorescent probe that is covalently attached (mostly
NBD) or in the case of sterol molecules become fluorescent
due to changes in the molecular ring structure. For the appli-
cation of such molecules it is very important to know exactly
how well they mimic the behavior of their unmodified coun-
terparts to interpret the data achieved using these analogues
correctly. As seen above, 'HMAS NOESY NMR can deliver
very useful information about the membrane localization and

orientation of such molecules.

By analyzing the cross-relaxation rates between NBD
groups covalently attached to the acyl chain end of phos-
pholipid analoga and different molecular segments of the
phospholipid matrix the distribution profile of the NBD group
in the lipid bilayer was determined’®’". These profiles
proofed that the NBD groups are located in the lipid-water
interface and not in the hydrophobic core of the membrane
as may be expected for a NBD group attached to the acyl
chain end of a phospholipid molecule. The backfolding of
the NBD moiety attached to the sn-2 chain of a PC molecule
is illustrated in Figure 9. Various interactions between the
charged bulky NBD group and the phospholipids
(Coulombic, dipole-dipole, cation-wt, and hydrogen bonds)
lead to a backfolding of the acyl chain and place the NBD
group in the membrane interface region, where it experiences
a more favorable free energy. Therefore, the data achieved
with such NBD labeled phospholipids has to be inter-
preted carefully. Further, due to the broad distribution of
the NBD label in the membrane interface, the probe is not
well suited for distance measurements with sub-Angstrom
resolution. The same applies for the distribution of EPR
probes!’,

Figure 9. Schematic sketch of the refolding of the sn-2 chain of a
phospholipid molecule with a covalently attached fluorescent probe
NBD. The polar NBD moiety is broadly distributed in the lipid-water
interface of the membrane as determined by 'H MAS NOESY NMR!*"",
On the lipid structure, oxygen atoms are shown in blue, phosphorous
in yellow, and nitrogen in green.

In analogy to this study, the membrane orientation of
cholesterol and its naturally fluorescent analogues

45



Scheidt HA et al

Acta Pharmacologica Sinica ISSN 1671-4083

dehydroergosterol and cholestatrienol were investigated™.
For these molecules cross peaks between a methyl group
at the ring structure and the different segments of the phos-
pholipid molecules were observed. Very similar cross-re-
laxation rate profiles across the lipid bilayer were measured
for all three sterols, where the hydroxyl group, as the most
polar part of the molecule, is localized to the lipid-water
interface of the membrane. Therefore, it was concluded
that the membrane localization and orientation of cholesterol,
dehydroergosterol and cholestatrienol is comparable.

Lipophilic nucleotides and nucleosides Lipophilic nucle-
otides and nucleosides are designed for the potential use in
nanobiotechnology by combining the molecular recognition
properties of nuclear acids with the self-assembly character-
istics of lipids in planer surfaces. By linking nucleosides
with a hydrophobic molecule, lipophilic molecules are cre-
ated that can be used to functionalize membrane surfaces
that display certain recognition patterns. By using comple-
mentary single stranded DNA molecules, the membrane can
be functionalized to bind enzymes, drugs, or other molecules
of interest that are covalently attached to the DNA. For this
purpose, the lipophilic nucleotides have to be incorporated
into the lipid membrane, they should be stably anchored,
and the nuclear acid moiety should be easily accessible from
the aqueous phase.

To confirm these properties and to optimize the design of
the molecules '"H MAS NOESY NMR was used”*”". By
observing intermolecular cross peaks between resonances
of the lipophilic nucleotide and the phospholipid the mem-
brane incorporation of such designed molecules was
demonstrated. Further, the analysis of the cross-relaxation
rates between different segments of the lipophilic nucleotide!”
or nucleoside™”*! and the phospholipid segments revealed
the distribution profiles of the molecules in the lipid
membrane. For the lipophilic nucleosides, the nucleobases
were found to be localized in the lipid-water interface of the
membrane, which represents an unfavorable location of
these groups because their accessibility for base pairing
with complementary single stranded DNA would be lim-
ited"*.

Concluding remarks

The examples discussed in this article show that 'H MAS
NOESY NMR is a useful method for the investigation of the
lipid membrane structure, lateral lipid organization, and the
localization of small molecules and molecular segments in
lipid bilayers with atomic resolution. Taken together, the
most surprising results of "H MAS NOESY studies are the
broad distributions that are determined for small molecules
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localized in lipid membranes. However, these effects are
confirmed by recent x-ray studies"*'>" and molecular dy-
namics simulations®®” that picture lipid membranes as highly
dynamic and thermally disordered two-dimensional liquids.
Consequently, molecules that bind to the membrane and all
segments of the molecules constituting a biological mem-
brane are subject to broad distribution functions and are by
no means constraint to a single fixed position. This highly
dynamic view of molecular processes that take place in the
lipid environment should be adapted to the models that are
used to explain complex processes such as lipid-protein
interaction, membrane protein structure, and the interac-
tion of membrane proteins with their ligands and drug
molecules.

Abbreviations

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DLPC 1,2-dilauroyl-sn-glycero-3-phosphocholine

DOPC 1,2-di-oleoyl-sn-glycero-3-phosphocholine

HOESY  heteronuclear Overhauser enhancement spectros
copy

MAS magic-angle spinning

MeDOPE monomethyl-1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine

NBD (7-nitro-2-1,3-benzoxadiazol-4-yl)amino

NOE nuclear Overhauser effect

NOESY nuclear Overhauser enhancement spectroscopy

Phe phenylalanine

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

SDPE 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphoethanolamine

SDPC 1-stearoyl-2- docosahexaenoyl -sn-glycero-3-
phosphocholine

SDPS 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphoserine

SOPC 1-stearoyl-2- oleoyl -sn-glycero-3-phosphocholine

Trp tryptophane
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