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Dynamics of Membrane Penetration of the Fluorescent
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ABSTRACT Location and dynamic reorientation of the fluorophore 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) covalently
attached to a short (C6) or a long (C12) sn2 acyl chain of a phosphatidylcholine molecule was investigated by fluorescence
and solid-state NMR spectroscopy. ?H NMR lipid chain order parameters indicate a perturbation of the phospholipid packing
density in the presence of NBD. Specifically, a decrease of molecular order was found for acyl chain segments of the lower,
more hydrophobic region. Molecular collision probabilities determined by 'H magic angle spinning nuclear Overhauser
enhancement spectroscopy indicate a highly dynamic reorientation of the probe in the membrane due to thermal fluctuations.
A broad distribution of the fluorophore in the lipid bilayer is observed with a preferential location in the upper acyl
chain/glycerol region. The distribution of the NBD group in the membrane is quite similar for both the long- and the short-chain
analog. However, a slight preference of the NBD group for the lipid-water interface is found for C12-NBD-PC in comparison
with C6-NBD-PC. Indeed, as shown by dithionite fluorescence assay, the long-chain analog reacts more favorably with
dithionite, indicating a better accessibility of the probe by dithionite present in the aqueous phase. Forces determining the

location of the fluorophore in the lipid water interface are discussed.

INTRODUCTION

In recent years intracellular trafficking of lipids has become
a field of broad interest in cell biology. To follow the
destiny of lipids, in particular of phospho- and glycolipids,
various fluorescent analogs of those lipids have been syn-
thesized and applied. Mostly analogs have been used that
bear a short-chain fatty acid residue in one of the two
sn-positions, usually the sn2-position, while a long fatty
acid residue is on the other position. Typically, the fluores-
cent moiety is linked to the short-chain residue such as, for
instance, glyco- and phospholipid analogs with a fluores-
cent 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)-labeled C6
(caproyl) or C12 (dodecanoyl) chain in the sn2-position and
a palmitoyl or myristoyl residue in the sn/-position (see Fig.
1). Those analogs can be easily incorporated into mem-
branes and have been used to assess the trans-bilayer redis-
tribution of lipids across the plasma membrane and various
intracellular membranes of eukaryotic and prokaryotic cells
(Hrafnsdottir et al., 1997; Tang et al., 1996; Smeets et al.,
1994; Comfurius et al., 1990; Pomorski et al., 1996, 1999;
Connor et al., 1990, 1994; Colleau et al., 1991). To this end,
for example, their back-exchange to bovine serum albumin
(BSA) or the conversion of their NBD moiety into a non-
fluorescent group due to the chemical reaction with the
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nonpermeant dithionite have been employed (Pomorski et
al., 1994, 1995; MclIntyre and Sleight, 1991). C6-NBD-
labeled analogs can be more easily incorporated into mem-
branes as well as back-extracted to BSA due to their shorter
chain in the sn2-position as opposed to C12-NBD analogs.
From these properties, it is generally believed that C12-
NBD analogs reflect more appropriately the respective en-
dogenous lipid counterparts that, e.g., cannot be extracted
by BSA.

From fluorescence quenching by spin-labeled phospho-
lipids, it has been concluded that the polar properties of the
NBD group attached to phospholipid chains causes a loop-
ing back of the fluorescent moiety toward the membrane
surface (Chattopadhyay and London, 1987). No difference
of the average localization in the membrane of the NBD
group between C6-NBD-PC and C12-NBD-PC has been
found. However, this fluorescence-quenching approach did
not allow assessment of the dynamical behavior of the
localization of the NBD group parallel to the membrane
normal and its dependence on the attachment site of the
NBD moiety on the flexible chain. Furthermore, there is
disagreement about the exact localization of the NBD group
in the lipid-water interface. Although the spin probe
quenching assay suggests a localization of the NBD group
in the more hydrophobic glycerol/upper chain region (Chat-
topadhyay and London, 1987), analysis of fluorescence
properties in various dielectric media led to the conclusion
that the fluorophore explores a slightly more hydrophilic
environment in the phosphate/glycerol region (Mazeres et
al., 1996).

Recently, 'H magic angle spinning nuclear Overhauser
enhancement spectroscopy (‘H MAS NOESY) has been
applied quantitatively to investigate membrane structure
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and dynamics by measuring contact probabilities between
lipid protons (Feller et al., 1999; Huster and Gawrisch,
1999; Huster et al., 1999). The '"H MAS NOESY method is
also very well suited to determine localization of small
molecules such as ethanol (Holte and Gawrisch, 1997) or
indole analogs (Yau et al., 1998) in the membrane. Typi-
cally, a broad distribution of these molecules in the bilayer
rather than an exactly confined localization is found. This
dynamic distribution profile is due to the fast motions of the
molecules in the membrane resulting in the roughness of the
membrane surface as revealed by x-ray measurements
(Petrache et al., 1998; White and Wiener, 1996; Wiener and
White, 1992).

Here, we report quantitative two-dimensional (2D)
NOESY NMR data to assess the dynamical reorientation of
the NBD moiety of C6-NBD-PC and C12-NBD-PC in
1-palmitoyl-2-oleoyl- sn-glycero-3-phosphocholine (POPC)
vesicles. The quantitative analysis of cross-relaxation rates
of NBD with lipid signals proves that the NBD group of
both analogs is preferentially localized in the glycerol/upper
chain region of the membrane, consistent with previous
results by Chattopadhyay and London (1987). However,
finite probabilities of contact between the NBD moiety and
the bilayer center as well as the lipid headgroup, respec-
tively, emphasize the dynamic properties of the probe and
the width of the distribution range in the membrane. In
membranes containing these NBD analogs, the order of
chain segments localized in the lower, hydrophobic part is
decreased. This is consistent with a looping back of the
NBD-labeled chains to the lipid-water interface. The reori-
entation of the fluorescent moiety toward the aqueous en-
vironment was slightly more pronounced for the C12-NBD
analog in comparison with C6-NBD-PC. In agreement with
this observation we found a faster reduction of the NBD
moiety by dithionite at the lipid-water interface for the
C12-NBD analog in PC vesicles in comparison with the
C6-NBD analog.

MATERIALS AND METHODS
Materials

1-Palmitoyl-2-[6-[(7-nitro-2—1,3-benzoxadiazol-4-yl)amino] caproyl]-sn-
glycero-3-phosphocholine (C6-NBD-PC), 1-palmitoyl-2-[6-[(7-nitro-2—
1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine
(C12-NBD-PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-ds,-2-oleoyl-sn-glycero-3-phosphocholine (POPC-dy,), and egg
yolk phosphatidylcholine (egg-PC) were purchased from Avanti Polar Lipids
(Alabaster, AL) and Sigma (Deisenhofen, Germany), respectively, and used
without further purification. The chemical structure of the two phospholipid
analogs is depicted in Fig. 1.

Sample preparation

For NMR measurements, lipids were mixed in chloroform and evaporated
under a stream of nitrogen. Subsequently, the lipid film was redissolved in
approximately 500 ul of cyclohexan, frozen in liquid nitrogen, and lyoph-
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FIGURE 1 Chemical structure of the phospholipid analogs C6-NBD-PC
(a) and C12-NBD-PC (b) used in this study. The protons on the ring system
utilized for the magnetization exchange with lipid signals measured in the
NOESY experiment are labeled A and B.

ilized in a vacuum of less than 50 ubar resulting in a fluffy powder. Lipid
powder was hydrated to 50 wt % with deuterium-depleted H,O or D,O for
’H and '"H NMR experiments, respectively. Lipid suspensions were vor-
texed, stirred and gently centrifuged for equilibration of the lipid water
suspension. Then, lipid samples were transferred into 5-mm glass vials for
static NMR experiments or 4-mm rotor inserts for MAS NMR experiments
and sealed.

For fluorescence experiments, large unilamellar vesicles (LUVs) of
egg-PC were symmetrically labeled with C6-NBD-PC or C12-NBD-PC;
i.e., both membrane leaflets were labeled with the analogs. For that, lipids
(egg-PC and NBD-lipids) dissolved in chloroform were combined in a
glass tube and dried under nitrogen. Hepes-buffered saline (HBS, 150 mM
NaCl, 10 mM Hepes, pH 7.4) was added to give a final lipid concentration
of 4 mM (egg-PC) and 40 uM (NBD-lipids), respectively, and lipids were
hydrated by vigorous vortexing followed by five freeze-thaw cycles for
equilibration (Mayer et al., 1985). LUVs were prepared using the extrusion
technique (extruder from Lipex Biomembranes, Vancouver, Canada) by
filtration through 0.1-um pores (10 cycles) at 40°C (Hope et al., 1985).

'H MAS NMR

"H MAS NMR experiments were carried out on a Bruker DRX600 spec-
trometer (Karlsruhe, Germany) at a resonance frequency of 600.13 MHz at
a temperature of 30°C. The MAS spinning frequency was 10 kHz. Spectra
were acquired at a spectral width of 6.7 kHz with a typical 90°-pulse length
of 5.7 us. Two-dimensional NOESY experiments (Wagner and Wiithrich,
1982; Jeener et al., 1979) were carried out with phase cycling in the States
mode at mixing times of 1, 150, 300, and 450 ms. A total of 256 complex
data points were collected in the indirect dimensions with 16 transients per
increment at a relaxation delay of 4 s between successive scans. A square
sine-bell window function was used in both dimensions before processing.

Peak volumes in 2D NOESY spectra were integrated using AURELIA
software (Bruker Analytische Messtechnik, Rheinstaedten, Germany).
NOE build-up curves were fitted to a spin pair model (Macura and Ernst,
1980) yielding cross-relaxation rates (o3;) according to

A;i(ty) = (4;(0)/2)(1 — exp(—20yt))exp(—t,/Ty). (1)

The variable 4;(%,,,) represents the cross-peak volume at mixing time ¢, and
A;;(0) the diagonal peak volume at mixing time 0. The value 1/7}; defines
a rate of magnetization leakage toward the lattice. Cross-relaxation rates
were obtained from fits of experimental cross-peak volumes at varying
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mixing times to Eq. 1 using the nonlinear regression curve fitter in
SigmaPlot (Jandel Scientific Software, San Rafael, CA).

2H and 3'P solid-state NMR

3P NMR spectra were accumulated on a Bruker DSX400 NMR spectrom-
eter operating at 162.12 MHz using a high-power probe equipped with a
5-mm solenoid sample coil. A Hahn-echo pulse sequence with a 90°-pulse
length of 5 ws, a 50-us delay between pulses, a spectral width of 125 kHz,
and a relaxation delay of 1 s was used. Broadband proton decoupling was
applied during the pulse and acquisition periods.

H NMR spectra were also recorded on a Bruker DSX400 NMR
spectrometer at a resonance frequency of 61.48 MHz. Spectra were accu-
mulated applying a phase-cycled quadrupolar echo pulse sequence (Davis
et al., 1976) using 3.5-us 90° pulses separated by a 50-us delay, a spectral
width of 200 kHz, and a recycle delay of 0.4 s. All solid-state NMR
measurements were carried out at a temperature of 30°C.

2H NMR powder spectra were de-Paked (Sternin et al., 1983) using the
algorithm of McCabe and Wassall (1995) as described in detail in Huster
et al. (1998). Smoothed order parameter profiles (Lafleur et al., 1989) were
determined from the quadrupolar splittings (Av,,) according to

_3equ
4

Avg S(n), ()

where e?qQ/h is the quadrupolar coupling constant (167 kHz for deuterons in
the C—?H bond) and S(n) the chain order parameter for carbon number 7.

Dithionite assay and fluorescence measurements

Dithionite destroys the NBD fluorescence by chemical reduction of the
respective NO group (Mclntyre and Sleight, 1991). The dithionite-medi-
ated decrease of NBD fluorescence of LUVs symmetrically labeled with
C6-NBD-PC or C12-NBD-PC was followed. Fifty microliters of labeled
LUVs were diluted in 2 ml of HBS, and fluorescence intensity was
monitored at 25°C (see inset of Fig. 7). After 30 s, dithionite was added
(left arrow in the inset of Fig. 7) from an ice-cold 1 M stock solution in 100
mM Tris, pH 10, to give various final concentrations. At the end of each
measurement Triton X-100 was added (final concentration 0.5% (v/v)) to
allow the reduction of all analogs (see right arrow in the inset of Fig. 7).
Fluorescence was measured at an Aminco Bowman spectrometer series 2
(Rochester, NY) with an excitation and emission wave length of 470 and
540 nm, respectively, and slit widths of 4 nm. After subtraction of the
baseline, curves were normalized to the fluorescence intensity in the
absence of dithionite (mean fluorescence intensity in the first 30 s; see
Fig. 7).

At dithionite concentrations above 100 mM, the reduction of fluores-
cence was too rapid to be resolved with this method (see inset of Fig. 7).
Therefore, we followed the decrease of fluorescence at higher dithionite
concentrations using a stopped-flow equipment (RX 1000 Rapid Kinetics
from Applied Photophysics, Surrey, UK) connected to the fluorescence
spectrometer. The two chambers of the stopped-flow device were filled
with the solution of labeled LUVs (100 uM egg-PC, 1 uM NBD-PL) and
with the dithionite solution having different concentrations. After mixing
both solutions, fluorescence was followed at 540 nm (excitation 470 nm,
slit width each 4 nm) with a time resolution of 0.1 s at 25°C. The dead time
of the stopped-flow apparatus is 10 ms. Five to ten single measurements
under identical conditions were accumulated for improving the signal-to-
noise ratio. The curves of fluorescence decay were fitted to the sum of two
exponentials (see Results) using the software SigmaPlot.
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RESULTS
3P and ?H NMR

Fig. 2 shows *'P and ?H NMR spectra of POPC-d;, in the
absence and presence of NBD analogs incorporated at a
molar ratio of 3:1. The motionally averaged axially sym-
metric >'P shielding tensors are indicative of a lamellar
liquid crystalline membrane phase both in the presence (Fig.
2, b and c) and absence (Fig. 2 a) of the NBD analogs. The
chemical shift anisotropy Ao has been obtained from line
shape simulation of the *'P powder patterns (dashed lines).
In the presence of NBD-PC, Ao decreases slightly from
Ao = 45.8 ppm for pure POPC membranes to Ao = 44.1
ppm for C6-NBD-PC and Ao = 43.7 ppm for C12-NBD-
PC, respectively. An exponential line broadening of 1.5,
2.8, and 2.9 ppm was used in the simulation of spectra a, b,
and c, respectively. For spectrum b, a slight orientation in
the magnetic field was assumed for the simulation modeled
by an ellipsoidal distribution with an axis ratio of 0.9 to 1.

H NMR spectra of chain-deuterated POPC-d;, in the
absence (Fig. 2 d) and presence of C6-NBC-PC (Fig. 2 e)
and C12-NBD-PC (Fig. 2 f) are shown in the right column
of Fig. 2. The presence of the NBD analogs affects the
width of the quadrupolar splittings. Although the larger
quadrupolar splittings are only weakly reduced, a more
pronounced reduction of the narrow quadrupolar splittings

n
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FIGURE 2 *'P (left column) and *H (right column) spectra of POPC-ds,
in the absence (a and d) and in the presence of C6-NBD-PC (b and e) and
C12-NBD-PC (c and f) at 50 wt % H,O and a temperature of 30°C. The
molar ratio of NBD analogs and POPC was 1:3. Dashed lines represent line
shape simulation for the *'P powder patterns using a chemical shift
anisotropy of Ao = 45.8 ppm (a), Ao = 44.1 ppm (b), and Ao = 43.7 ppm
(o).
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that correspond to the terminal methylene groups of the
lipid chains is observed.

To quantify these changes along the hydrophobic chains,
smoothed chain order parameter profiles (Lafleur et al.,
1989) and difference order parameter plots (Nezil and
Bloom, 1992) are generated (Fig. 3). Order parameter pro-
file analysis reveals NBD induced changes of lipid chain
order. Lipid chain order of POPC is decreased in the pres-
ence of both lipid analogs. The order decrease is more
pronounced for middle and lower chain segments whereas
upper chain segments experience only a moderate order
decrease (Fig. 3 b). Such order changes are consistent with
a preferential localization of the NBD moiety at the lipid-
water interface. Interface location of the NBD group pro-
vides lower and middle chain segments with more motional
freedom than the upper chain and correspondingly de-
creases molecular order (see Discussion).

Quantitative '"H MAS NOESY cross-peak analysis

In Fig. 4, the "H MAS spectrum of a 3:1 (mol/mol) mixture
of POPC and C6-NBD-PC at a spinning speed of 10 kHz is
depicted. The assignment of the pure phospholipid spectrum
is found in literature (Forbes et al., 1988b; Volke and
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FIGURE 3 Order parameter profiles (@) and difference order parameter
plots (b) for the >H NMR spectra at 30°C shown in Fig. 2. Order parameter
profiles are shown for POPC-d;, in the absence (H]), and in the presence
of 25 mol % C6-NBD-PC (A) and C12-NBD-PC (V). Difference order
parameter plots are obtained by subtraction of the order parameter profile
of POPC-dj, in the absence of the NBD analog from the profile calculated
in the presence of C6-NBD-PC (A) and C12-NBD-PC (V), respectively.
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FIGURE 4 600 MHz 'H MAS spectrum of C6-NBD-PC in a POPC
phospholipid matrix at 50 wt % D,O at a spinning speed of 10 kHz and a
temperature of 30°C.The inset shows the downfield region of the spectrum
with the proton signals from the NBD ring system at a 20-fold amplifica-
tion. The molar ratio of NBD analogs and POPC was 1:3.

Pampel, 1995). As shown by a double quantum filtered
COSY experiment (Rance et al., 1983) in chloroform solu-
tion under high-resolution NMR conditions, the methylene
group in the short chain next to the nitrogen (see Fig. 1) is
superimposed with the signal of the CH,-N of the phospho-
lipid headgroup (3 protons at 3.7 ppm). The other methyl-
ene signals of the short fatty acid chain appear slightly
downfield shifted from most of the chain methylene signals.
The two proton signals of NBD were assigned according to
the reference of pure NBD provided in the Integrated Spec-
tral Data Base System for Organic Compounds (http://
www.aist.go.jp/RIODB/SDBS/). The signal of proton B of
the NBD ring system (see Fig. 1) is rather narrow whereas
proton A exhibits some broadening. The origin of this
broadening is unknown at the moment but could be related
to the vicinity of the charged dipole on the ring system.
In Fig. 5 a contour plot of the NBD-B region of the 2D
NOESY spectrum of C12-NBD-PC/POPC (1:3, mol/mol) at
a mixing time of 300 ms is plotted showing the cross-peaks
of the B signal of the NBD ring with all other lipid signals.
As demonstrated previously, lipid-lipid cross-peaks are of
intermolecular origin except for directly neighboring meth-
ylene groups (Huster et al., 1999). Furthermore, a very
strong intramolecular cross-peak between the NBD-B and
NBD-A signals is present. Intermolecular NBD-lipid cross-
peaks with all other resolved peaks in the spectrum are
found covering the entire range from the hydrophobic ter-
minus of the phospholipid chains to the headgroup protons.
Intensity differences between the cross-peaks are due to
varying number of protons contributing to the magnetiza-
tion exchange as well as differences in the contact proba-
bility between those protons. Therefore, only a quantitative

Biophysical Journal 80(2) 822-831



826
ppm
] > CH,
T "!((’(:—))v].' (CH,),
. RSSS CH,-C-CO
1 < CH,-CO
- =" CH,
T (@) CH,-C=
2.50 — ?
- <= N(CHg)s, ¥
: CHa-N, chain and
- G-3
] [=3 &3
? P-O-CH,, oc and G-1
6.00 —
7 [—>4 CH=CH, G-2
- @’ NBD-A
7.50 ~
] @ NBD-B, diagonal peak

AL LLARALLA L) AL ALARRS L

8.40 830 820 ppm

FIGURE 5 Contour plot of the NBD-B region of a 'H MAS NOESY
spectrum at a mixing time of 300 ms showing the cross-peaks of the
NBD-B proton with all other lipid signals. Data were recorded in a
phase-sensitive mode. All cross-peaks have positive intensity. A total of 16
transients per #, increment have been accumulated, yielding in a total
acquisition time of approximately 5 h. The molar ratio of NBD analogs and
POPC was 1:3.

analysis of cross-relaxation rates provides insights into lo-
calization of the NBD group in the lipid bilayer.

The NOESY cross-peaks were integrated and cross-
relaxation rates determined according to Eq. 1. Cross-peak
volumes can be well fitted with the spin pair exchange
model. The reproducibility of cross-relaxation rate determi-
nation between independent experiments is typically around
*10-15% (Huster and Gawrisch, 1999); therefore, a rather
accurate value for the cross-relaxation rates can be pro-
vided. Absolute cross-relaxation rates for contacts between
the NBD ring and various phospholipid protons are plotted
in Fig. 6 for both NBD analogs. All cross-relaxation rates
for C12-NBD-PC are approximately 10% smaller compared
with C6-NBD-PC, which presumably indicates a slightly
different mixing ratio in the two preparations. Cross-relax-
ation rates reflect the probability of contacts between pro-
tons. Highest probability for NBD-lipid contacts is found
for both the upper part of the fatty acid chain and glycerol
region, a region that is commonly referred to as the lipid-
water interface. Significantly smaller probabilities are found
for contacts between NBD group and the middle part and,
even smaller, the terminus of the chains. Similarly, contact
probability decreases toward the lipid headgroup.

Although within the experimental error, small differences
of the contact probability profiles are detected between the
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FIGURE 6 Cross-relaxation rates (s~ ') between the B proton of the
NBD ring system (see Fig. 5 for assignment) and protons of phospholipid
analogs for C6-NBD-PC (@) and C12-NBD-PC (b) in mixture with POPC
(1:3, mol/mol). Cross-relaxation rates represent the contact probability for
the B proton of the NBD group with the respective protons of POPC
(Huster et al., 1999). Cross-relaxation rates were calculated using the
two-spin exchange model (Macura and Ernst, 1980) according to Eq. 1.

two NBD analogs. For C12-NBD-PC, contact probability
for the upper part of the chain is somewhat reduced whereas
a higher contact probability with the glycerol is observed
(Fig. 6 b). On the other hand, the contact probability with
the headgroup is somewhat smaller. From the NMR data, a
distribution of the NBD group localization in the lipid
bilayer can be concluded with a pronounced preference at
the upper chain/glycerol region.

Fluorescence measurements

To obtain independent evidence for the localization of the
NBD moiety, we have measured the dithionite-mediated
reduction of the NBD group of C6-NBD-PC and C12-NBD-
PC, respectively, in egg-PC-LUVs. Upon addition of dithio-
nite at various concentrations (up to 200 mM) to the cuvette
containing labeled LUVs, we observed a rapid drop of the
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fluorescence intensity to ~50% of the initial value (Fig. 7,
inset, shown only for C12-NBD-PC at 10 and 100 mM
dithionite). This fluorescence decrease is caused by the
irreversible reaction of dithionite with the NBD analogs
localized on the outer leaflet, i.e., the leaflet exposed to
dithionite. The rapid decline was followed by a very slow
phase of fluorescence loss. Very likely, this corresponds to
reduction of analogs on the inner leaflet subsequent to
permeation of dithionite. It is already known that dithionite
permeates lipid bilayers only very slowly (Mclntyre and
Sleight, 1991). After solubilization of LUVs by addition
of Trition X-100 all analogs on the inner leaflet became
immediately accessible to dithionite (Fig. 7, inset, right
arrow).

Cuvette experiments do not allow resolving appropriately
the initial phase of the fluorescence decrease at dithionite
concentration =100 mM (see Fig. 7, inset, curve D). In
those experiments mixing time is of the order of only ~1 s.
Therefore, we employed a stopped-flow technique to follow
the decrease of fluorescence in the presence of dithionite at
=100 mM. For example, the kinetics of fluorescence de-
crease of C6-NBD-PC and C12-NBD-PC upon mixing with
100 mM dithionite is shown in Fig. 7. Similar to the cuvette
experiments carried out in parallel, we found a rapid drop of
the fluorescence intensity by ~50% consistent with the
complete reduction of analogs in the outer leaflet.

The initial rapid decrease of fluorescence upon addition
of dithionite was faster for C12-NBD-PC compared with

1.0
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FIGURE 7 Reduction of NBD-labeled analogs in egg-PC liposomes by
dithionite at 25°C. Reduction of the fluorescence intensity of C6-NBD-PC
(curve A) and C12-NBD-PC (curve B) was measured in the presence of 100
mM dithionite employing a stopped-flow device as described in Materials
and Methods. At time # = 0, mixing was started. Curves are the average of
five single measurements. Kinetics are fitted to the sum of two exponen-
tials (see Materials and Methods and Results). (/nsef) Reduction of C12-
NBD-PC was measured in a cuvette experiment (see Materials and Meth-
ods and Results); 10 mM (curve C) or 100 mM (curve D) dithionite were
added (left arrow) and the fluorescence intensity was measured. Subse-
quently, analogs on the inner leaflet were made accessible to dithionite by
solubilization of vesicles by Triton X-100 (0.5%) (right arrow).
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C6-NBD-PC (shown for 100 mM dithionite; compare
curves B and A4, Fig. 7). This difference was observed over
the entire concentration range of dithionite employed. To
quantify the kinetics, experimental curves were fitted to two
exponentials. The rate constant k,; corresponds to the reac-
tion of dithionite with analogs on the outer leaflet, which
can be considered as pseudo-monoexponential. Permeation
of dithionite and its reaction with analogs on the inner
leaflet were lumped into the rate constant k,. Although the
two monoexponentials fit the experimental curves well (see
Fig. 7) we are aware that this treatment is an oversimplifi-
cation. However, our main goal was to determine k.

The values for &, in dependence on dithionite concentra-
tion are shown in Fig. 8. It can be seen that &, depends on
the dithionite concentration reaching a plateau value at
~200 mM dithionite (Fig. 8). Independent of the dithionite
concentration we found a higher rate constant k, for C12-
NBD-PC in comparison with C6-NBD-PC; e.g., at 200 mM
dithionite, k, of C12-NBD-PC was ~1.4 times of that of
C6-NBD-PC. As expected, the rate constant k, (data not
shown) is at least more than one order of magnitude lower
in comparison with k, for both analogs. Above 10 mM
dithionite, the difference is even more pronounced, amount-
ing to more than two orders of magnitude. By that obser-
vation and the similar order parameter profiles of both
analogs (see above), we can conclude that the reduction of
NBD is not affected by an analog-dependent perturbation of
the lipid bilayer organization giving rise to the faster reduc-
tion of C12-NBD-PC by dithionite. From these results, we
conclude that compared with C6-NBD-PC, the NBD group

0.5
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0.3

rate (s)

0.2

0.1 A

0.0 T T T T T
0 50 100 150 200

dithionite (mM)

FIGURE 8 Reduction of the NBD moiety of analogs on the outer leaflet
of egg-PC vesicles as a function of the dithionite concentration. Kinetics of
cuvette experiments (=50 mM) and stopped-flow measurements (=100
mM) were fitted to the sum of two exponentials (see Materials and
Methods and Results). The rate constant k, reflecting the kinetics of
reduction of analogs on the outer leaflet is shown for C6-NBD-PC (A) and
C12-NBD-PC (V). Data of three to five independent measurements are
shown (average = standard error of estimate). Data were fitted as described
in Materials and Methods and Results.
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of CI12-NBD-PC is more strongly exposed to the polar
interface and, therefore, reacting more efficiently with the
polar dithionite.

DISCUSSION

Localization of the covalently attached NBD ring
system in the lipid-water interface

The three methods employed in this study reveal 1) a highly
dynamic reorientation of the sn2-chain-attached NBD group
parallel to the membrane normal and 2) a preferential lo-
calization of NBD in the lipid-water interface, which 3) is
more pronounced for the C12-NBD-PC analog.

A small decrease in the *'P chemical shift anisotropy of
the PC headgroup is observed in the presence of both NBD
analogs. This indicates a change in the chemical environ-
ment of the lipid phosphate groups consistent with the
looping back of the NBD group. The change in the phos-
phorous chemical shift anisotropy is somewhat larger for
the long-chain analog, but this difference is within experi-
mental error of =1 ppm.

The “H NMR order parameter analysis provides a qual-
itative measure of the NBD localization. The ring system
placed in the glycerol/upper chain region of the lipid mem-
brane acts as a spacer between neighboring lipid molecules
providing lower lipid chain segments with more motional
freedom. As a result, a decrease of molecular order for the
lower part of the chain is detected. Similar changes in *H
NMR order parameters have been reported for small mole-
cules located in the lipid water interface of a membrane
such as ethanol (Barry and Gawrisch, 1995) or indole ana-
logs (Yau et al., 1998). Typically, similar order changes are
obtained at higher loadings for ethanol or indole analogs
(molar ratios in these studies were between 0.6 and 0.9).
Therefore, we conclude that the upturning acyl chain of
NBD-PC analogs may contribute to the disordering of the
lipid matrix.

Converting changes of lipid chain order into area per
molecule changes (Seelig and Seelig, 1974; Nagle, 1993),
the NBD induced lipid chain disordering corresponds to an
increase in average area per POPC molecule of approxi-
mately 2.0 and 1.9 A? for C6-NBD-PC and C12-NBD-PC,
respectively. Assuming an average cross-sectional area per
POPC molecule of 62 A? in the bilayer (Pabst et al., 2000),
these changes represent an ~3% increase of the area per
molecule.

A more quantitative picture of the NBD localization is
provided by the '"H MAS NOESY measurement. It has been
established that NOESY cross-relaxation rates in lipids re-
port intermolecular contact probabilities between molecular
segments (Huster and Gawrisch, 1999; Huster et al., 1999).
Initially, this appeared surprising in consideration of the
multitude of lipid motions on time scales covering several
orders of magnitude. However, as shown by a combined
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NMR and molecular dynamics simulation study (Yau and
Gawrisch, 2000; Feller et al., 1999), only the rather slow
motions of the entire lipid molecule significantly contribute
to cross-relaxation, i.e., the lateral diffusion of lipid mole-
cules with a correlation time for a two-site exchange of 170
ns (Pastor and Feller, 1996). Due to the covalent attachment
to the lipid chain, it is reasonable to assume that the NBD
moiety also experiences this motion. Therefore, a similar
correlation time is likely to modulate cross-relaxation be-
tween NBD and lipid segments although smaller molecules
in the lipid-water interface may perform faster motions that
modulate the NOE (Holte and Gawrisch, 1997).

The influence of spin diffusion as an alternative mecha-
nism for magnetization transfer compared with direct con-
tacts has been discussed in several papers (Chen and Stark,
1996; Forbes et al., 1988a). Typically, 'H-'H cross-relax-
ation rates in monounsaturated lipids are much smaller than
1 s~ (Yau and Gawrisch, 2000), which indicates that spin
diffusion can be neglected at mixing times of a few hundred
milliseconds. Furthermore, as shown recently, cross-relax-
ation rates in specifically deuterated lipid membranes where
spin diffusion is blocked by deuteration are indistinguish-
able from nondeuterated samples, proving that spin diffu-
sion does not contribute significantly to magnetization ex-
change up to mixing times of the order of 500 ms (Huster
and Gawrisch, 1999).

Protons of the NBD group exchange magnetization with
all lipid protons (Figs. 5 and 6). Despite the dynamical
reorientation of the NBD group, a clear maximum of the
contact probabilities is obtained for magnetization exchange
with the glycerol/upper chain segments, suggesting a pref-
erential localization in that region. Furthermore, finite con-
tact probabilities of NBD protons with protons of the hy-
drophobic chain terminus as well as of the lipid headgroup
are obtained emphasizing again the dynamical reorientation
of the probe around the localization of lowest free energy.
The distribution of the contact probability obtained for NBD
is in qualitative agreement with the profiles obtained for
other interface-located molecules such as ethanol and indole
(Yau et al., 1998; Holte and Gawrisch, 1997).

From differences of the cross-relaxation profiles between
the two NBD analogs we surmise for C12-NBD-PC a po-
sition of the NBD group slightly closer to the aqueous phase
in comparison with that of C6-NBD-PC. Although within
experimental error, cross-relaxation rates of the upper chain
with NBD decrease and those of the glycerol with NBD
increase slightly for C12-NBD-PC compared with Co6-
NBD-PC. Indeed, support for this result is given by the
accessibility of dithionite to the NBD groups. The more
efficient destruction of the NBD fluorescence for C12-
NBD-PC strongly suggests a better accessibility for this
analog by dithionite. Because dithionite permeates lipid
membranes only very slowly (MclIntyre and Sleight, 1991)
it can be concluded that the more efficient reaction of
dithionite with C12-NBD-PC is due to a localization of the



Membrane Localization of Lipid-Bound NBD

probe closer to the aqueous environment. Of course, this
approach does not allow determination of the dynamical
reorientation of the NBD group as provided by the NMR
techniques applied here.

Some uncertainties may arise from the different NBD
analog concentrations applied in NMR and fluorescence
measurements. For sensitivity reasons, NMR measurements
have to be carried out at much higher loads of NBD analogs
in the membrane. However, because both NMR and fluo-
rescence report the looping back of the acyl chains and the
NBD location in the lipid water interface it is unlikely that
the high analog concentration used in the NMR measure-
ments influences its location in the lipid water interface of
the bilayer.

The localization of the fatty-acid-attached NBD group of
lipid analogs revealed by our study agrees with previous
results by Chattopadhyay and London (1987). Nevertheless,
the localization of the fluorescence probe determined by a
fluorescence-quenching assay represents an average over at
least several angstroms due to the distribution depths of
fluorophores and spin labels (Chattopadhyay and London,
1987). In contrast, our NOESY NMR data provide a quan-
titative picture of the dynamic width of the NBD distribu-
tion profile, which extends over the entire width of a mem-
brane leaflet. They are also in agreement with the proposed
looping back of the NBD group to the lipid-water interface
(Chattopadhyay and London, 1987). This looping back is
considered as a serious disadvantage for employing those
analogs as reporters of the endogenous lipids. For the latter,
a reorientation of the hydrophobic chains toward the polar
interface of the membrane has been regarded as rather
atypical. However, very recently it has been shown by 2D
MAS NOESY NMR that due to the high degree of motional
disorder in phospholipid membranes direct contacts of the
hydrocarbon chains with the headgroups are significant
(Huster and Gawrisch, 1999; 2000; Huster et al., 1999).
This implies that looping back of flexible acyl chains with
an attached NBD group may not be in qualitative contrast to
the behavior of unlabeled chains. Nevertheless, the distri-
bution profile of the terminal CH4 group of a phospholipid
chain has its maximum at lower and middle chain segments
whereas contacts with upper chain, glycerol, and headgroup
segments have a significantly smaller probability (Yau and
Gawrisch, 2000; Huster et al., 1999). Although molecular
disorder due to thermal energy is responsible for the occa-
sional phospholipid chain upturns, the orientation of the
NBD ring system toward the lipid-water interface is driven
by other forces (see below).

Thus, our study underlines that conclusions from the
behavior of those NBD-labeled phospholipid analogs for the
organization and dynamics of respective endogenous phos-
pholipids have to be drawn with caution for the following
reasons: 1) the presence of an artificial (NBD) moiety, 2)
the localization of this moiety in the membrane due to the
looping back behavior, and 3) the accompanied perturbation
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of lipid chain order. In particular, the NBD group may
significantly influence the affinity to membrane proteins,
e.g., to lipid translocators. Furthermore, due to its localiza-
tion in the lipid-water interface, the NBD moiety is sensitive
to properties of this interface and their alterations. For
instance, changes of the surface potential may effect the
position of the NBD group perpendicular to the membrane
surface. Although this would recommend the use of those
analogs for detecting interface properties (see below),
changes of the localization of the NBD group may affect the
affinity of analogs to membrane proteins not relevant for
endogenous lipids. As already mentioned, analogs with a
longer fatty acid chain in the sn2-position such as the
C12-NBD-PC are considered to better reflect the behavior
of endogenous lipids than those with a short fatty acid chain.
From our study, we can add that this is not related to a
diminished looping back of the NBD moiety of analogs with
a longer fatty acid chain compared with those of a shorter
chain. Rather, we suggest that the preference in choosing
C12-NBD-analogs over C6-NBD-analogs may arise from a
deeper insertion of the sn2-fatty acid chain and its loop into
the hydrophobic part of the membrane resulting in a more
stable insertion. Eventually, being aware of the structural
limitations, the use of those analogs has been shown to
contribute significantly to understanding of transbilayer dy-
namics and of intracellular trafficking of lipids.

What interactions determine the preferential
localization of the NBD ring system in the
lipid-water interface?

A number of factors have to be considered when the phys-
ical background for the experimentally determined localiza-
tion of the NBD group is explored. First of all, aromatic
compounds exhibit a high propensity toward a hydrophobic
environment due to the hydrophobic effect. However, this
mechanism would account for NBD localization in the
membrane core rather than in the interface. Therefore, spec-
ificities of the NBD ring system as well as of the fluid
bilayer milieu have to be taken into account.

NBD is an aromatic molecule that carries localized
charges as well as a dipole moment arising from both the
fixed charge distribution and the asymmetry in electron
density over the ring system. On the other hand, the phos-
pholipid surface/interface exhibits a complex electrostatic
environment with fixed charges due to the phosphate and
choline groups as well as dipole moments arising from the
carbonyl groups of the upper chains, the water molecules,
and the PC headgroup dipole (Gawrisch et al., 1992). There-
fore, a variety of favorable Coulombic, dipole-charge, and
dipole-dipole interactions may decrease the free energy of
the NBD ring if located in the membrane interface.

An additional electrostatic interaction that has to be con-
sidered is the cation-7 electron interaction between the
positively charged choline and the NBD group of the lipid.
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The aromatic ring system of NBD gives rise to an electric
quadrupole moment that interacts with positive charges.
These cation- electron interactions are a relevant factor in
determination of biological structures and their dynamics
(Dougherty, 1996).

Hydrogen bonds represent a further favorable interaction
of the NBD group in the lipid-water interface. The imino
group and the oxygens of the NBD probe may form hydro-
gen bonds with the lipid carbonyls, water molecules, and the
lipid headgroup. Finally, lipid-induced contributions to the
minimum of free energy have to be considered as lipid
chains undergo a disordering due to the interface localiza-
tion of NBD, which increases chain entropy.

At the moment, no quantitative estimate can be given for
the individual contribution of the various interactions. Most
likely, the polar NO, group will be that part of the NBD
moiety that will orient most strongly toward the aqueous
phase whereas the part linked to the lipid chain will point
toward the membrane interior. The interface localization
may then be determined by a force equilibrium between the
hydrophobic interactions dragging the ring system deeper
into the membrane core and the electrostatic interactions
and hydrogen bonding of NBD with the lipid headgroup, the
carbonyl, and water molecules pushing the NBD group to
the lipid-water interface. However, a remarkable observa-
tion of our study is that the looping back of the NBD group
is not reduced for the C12-NBD-PC analog compared with
C6-NBD-PC. On the contrary, in particular the dithionite
assay suggests a stronger exposure of the NBD group of
C12-NBD-PC to the lipid-water interface. We hypothesize
that this might be due to the longer C12 chain providing a
flexibility that allows the NBD group to extend farther into
the aqueous phase.

The lipid-water interface of phospholipid membranes
also hosts other aromatic compounds such as amino acid
side chains and indole analogs (Wimley and White, 1993;
Yau et al.,, 1998; Persson et al., 1998), emphasizing the
importance of that region for protein membrane interactions
(White and Wimley, 1999). The membrane thickness and
structural complexity of the lipid-water interface of a mem-
brane is due to the constantly fluctuating lipid molecules
performing a large variety of reorientations on a time scale
from micro- to picoseconds (Huster et al., 1999; Pastor and
Feller, 1996; Wiener and White, 1992). The localization of
the chain-attached NBD ring system in the lipid-water in-
terface makes it a useful probe for investigation of phenom-
ena occurring in that region. However, the motional free-
dom and fast thermal fluctuations of the probe must be
considered.
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