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A fluorinated detergent, CF3(CF.)sC;Hs-O-maltose, was reconsti-
tuted into a lipid bilayer model membrane system to demonstrate
the feasibility of determining solvent accessibility and membrane
immersion depth of each fluorinated group by °F NMR. Apolar
oxygen, which is known to partition with an increasing concen-
tration gradient toward the hydrophobic membrane interior, ex-
hibits a range of paramagnetic relaxation effects on '°F nuclei,
depending on its depth in the membrane. This effect, which is
predominately associated with spin-lattice relaxation rates (R4)
and chemical shifts, can be amplified greatly with minimal line
broadening by increasing the partial pressure of O; at least 100-
fold (i.e., Po, greater than 20 bar). The differences of longitudinal
relaxation rates at 20 bar of oxygen pressure to those under
ambient pressure (R2°°*" — RY) are largest for those fluorine groups
expected to be most deeply buried in the membrane bilayer. This
result contrasts with the reverse trend, which is observed on
addition of a membrane surface-associated paramagnetic species,
4-(N,N-dimethyl-N-hexadecyl) ammonium-2,2,6,6-tetramethylpip-
eridine-1-oxyl iodide (CAT-16) at ambient pressures. Thus, differ-
ential relaxation rates may be observed in 19F-labeled membrane-
associated molecules resulting from the addition of apolar oxygen
under high pressure. The results demonstrate that the degree of
solvent accessibility and membrane immersion depth of specific
fluorinated species in membrane-associated macromolecules can
be probed by '°F NMR.

paramagnetic O; | spin-lattice relaxation times | bicelles | model
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he degree to which site-specific labels penetrate a biological
membrane represents critical information in understanding
the interaction of small organic molecules, drugs, and proteins
with membranes. One way of ascertaining relative immersion
depth in a membrane by NMR would be to measure the
paramagnetic contribution to the spin-lattice relaxation rates of
specific nuclei arising from oxygen, whose diffusional accessi-
bility is known to increase with immersion depth in the bilayer
(1). This paper explores the potential of such an approach by
using the 'F nucleus as a probe and a semiperfluorinated
detergent that inserts into the lipid bilayer. The prospects of
applying this technique to larger membrane-associated mole-
cules and proteins are discussed in light of these results.
Membrane-associated proteins, now known to constitute
nearly one-third of all proteins (2-3), represent an important
class of macromolecules for which there is no clear technique for
the determination of three-dimensional structure with atomic
resolution. Although significant progress has been made by both
high-resolution NMR by using detergent micelles (4-5) and
electron and x-ray diffraction from two- and three-dimensional
crystals (6-7), each method relies on stringent sample condi-
tions. High-resolution NMR samples must consist of small
micellar aggregates without intermediate timescale motions (8),
whereas electron and x-ray diffraction techniques require dif-
fractable membrane protein crystals. Solid-state NMR is less
restrictive in the sense that it requires only that the membrane

protein be uniaxially aligned in the magnetic field to achieve
acceptable resolution.

The combination of site-directed spin labeling and ESR
spectroscopy provides a means of studying membrane proteins
without the need for alignment or crystallization. In this case, a
spin-labeled derivative such as (1-oxyl-2,2,5,5,-tetramethylpyr-
roline-3-methyl) methanethiosulfonate may be reacted readily
with the sulfhydryl group of a single cysteine residue in the
protein or its mutant. By comparing ESR spectra and saturation
decay rates, in the presence of both a water-soluble shift reagent
[typically Ni(II)ethylenediaminediacetate or Ni(II)acetylaceto-
nate] and apolar (membrane-soluble) oxygen, the immersion
depth and solvent accessibility of the residue-specific nitroxide
may be determined reliably (9-13). This approach relies on the
property that oxygen preferentially partitions into membranes
with increasingly higher concentrations at greater depths in the
membrane (1). By studying versions of the protein in which each
residue is separately replaced by a cysteine spin-label conjugate,
it is possible to map out secondary structure and topography of
(reconstituted and fully active) membrane proteins by ESR. In
the spirit of this approach, we have used a fluorinated detergent
incorporated into a model membrane to investigate the sensi-
tivity of ’F NMR spectra and spin-lattice relaxation times to a
water-soluble paramagnetic shift reagent anchored to the mem-
brane and to membrane-soluble paramagnetic oxygen under
high oxygen partial pressures.

Fluorine NMR offers distinct advantages in the study of
membrane protein structure (14-17). In particular, sensitivity is
nearly that obtained by 'H, whereas the dispersion of chemical
shifts is nearly 100-fold larger than that of 'H. '°F chemical shifts
are also known to be very sensitive to local van der Waals and
electrostatic environments. In particular, the addition of para-
magnetic additives has a pronounced effect on '°F chemical
shifts and relaxation times (17-19). In some cases, chemical shift
changes can be observed from solvent-accessible '°F-labeled
sites simply by exchanging D,O for H,O (16, 20). Fluorine
labeling is relatively straightforward, and a variety of °F-labeled
residues are commercially available (17). Certain fluorinated
residues may also be incorporated biosynthetically and nearly
fully expressed (21-23). Alternatively, in a manner similar to that
described above for site-directed ESR spin labeling, fluorinated
substituents such as trifluoroethylthio (TET) may be attached
readily to the sulfhydryl groups of cysteine residues under
nondenaturing conditions (24). Fluorine labels such as TET are
unquestionably smaller and therefore less perturbing than com-
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parable ESR spin labels. One would expect this to result in more
uniform activities for site-directed mutants of membrane pro-
teins (25). The second potential advantage of site-directed
labeling by '°F NMR is that the chemical shift range of !°F is
sufficiently large to avoid significant spectral overlap from
biosynthetically labeled proteins with more than one label per
molecule. Here we report our first measurements, which dem-
onstrate the feasibility of 'F NMR to determine relative im-
mersion depth of specifically fluorinated species in membrane-
associated molecules by using apolar paramagnetic oxygen under
pressure.

Materials and Methods
3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecylfluoro B-D-octyl maltoside
(TFOM) was a gift from C. Sanders (Case Western Reserve
University, Cleveland, OH). Bicellar dispersions [15% (wt/vol)]
consisting of phospholipid, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and detergent, 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC) were prepared in 99.9% D,0O
(Isotec). DMPC/DHPC molar ratios (referred to hereafter as q)
of 0.5 or 1.0 were used. Typically, TFOM (2-5 mg) was combined
with DMPC/DHPC (approximately 250 mg) giving a
DMPC/TFOM molar ratio of between 20 and 50. The samples
were vortexed followed by a few cycles of freeze thawing and
centrifuging, after which a clear solution was obtained. Small
unilamellar vesicles (SUVs) consisting of a 15% (wt/wt)
dispersion of DMPC and 1,2-dimyristoyl-sn-glycero-3-
phosphoglycerol (DMPG) in a 15:1 molar ratio, and TFOM
(2 mg) per 600 wl solution, were obtained by sonicating the
lipid/TFOM dispersion over an ice bath for several minutes,
followed by centrifugation to remove heavy metal particles
resulting from sonication. All lipids (DMPC, DHPC, and
DMPG) were obtained from Avanti Polar Lipids. To study
TFOM in the absence of a membrane, approximately 0.6 mg of
TFOM was added to 600 ul deuterated methanol (Isotec). For
the studies of differential paramagnetic relaxation from a sur-
face-bound ESR spin label, 4-(N,N-dimethyl-N-hexadecyl) am-
monium-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (CAT-16)
(Molecular Probes) (approximately 4 mg) was added to the
NMR sample, which consisted of DMPC (60 mg) and DHPC (40
mg). For studies on paramagnetic relaxation from oxygen, the
sample was first equilibrated to 20 bar Po, for 1 week. NMR
experiments were performed by using a 5 mm OD (1.6 mm i.d.)
high-pressure NMR tube, purchased from Wilmad (Buena, NJ).
The threaded Teflon fitting (Wilmad) in the NMR tube was
permanently epoxied to a standard 1/8-inch Swagelok copper
fitting, which was connected via 1/8-inch copper tubing to a
three-way valve (for purging) and standard oxygen cylinder. An
identical setup was constructed for studying TFOM in bicelles
under pressurized nitrogen. To further prevent leakage between
the Teflon connection and Swagelok fitting, a small O-ring was
seated over the Swagelok ferrel, and the Swagelok nut was in turn
soldered to the copper tubing. On completion of the NMR
measurements, the pressurized sample was degassed by repeated
freeze thawing and studied under ambient oxygen partial
pressures.

19F NMR experiments were performed on a Varian INOVA
500 MHz high-resolution spectrometer by tuning the proton
channel of a 5-mm probe to the F resonance frequency
(470.327 MHz). All experiments were performed at 40°C, where
DMPC is expected to adopt bilayer domains within the isotropic
bicelle sample (26). Spin-lattice relaxation times were measured
by a simple inversion-recovery sequence {m—7—m/2—acquire}
by using a repetition time of 3.5 s. A total of 64 7values were used
to characterize the inversion-recovery decay curves. Each of the
decay curves proved to fit very well to a single exponential, and
the fitted uncertainties in 77 were typically less than 2%.
However, after repeating these measurements with several sam-
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Fig. 1.  Structural formulae of the fluorinated detergent TFOM, the phos-
pholipid DMPC, and the nitroxide spin probe CAT-16. Note that positions 3-8
designate the specific fluorinated sites on TFOM.

ples, we estimate the uncertainty of the relaxation rates to be 5%.
YF /2 pulse lengths were 5.2 us. A spectral width of 32 kHz
and acquisition time of 250 ms were used, with a delay of 100 us
after the last pulse preceding acquisition. Spectra were usually
processed with 2-20 Hz line broadening and referenced to an
internal standard of trifluoroacetic acid (—76.55 ppm). T
relaxation times and line widths were measured by using Varian
software. Usually, no more than 64 scans were necessary to
obtain the signal-to-noise ratios demonstrated below. To assign
the F NMR spectrum, nuclear Overhauser effect (NOE)
difference (27) and double quantum-filtered (DQF)-correlated
spectroscopy (COSY) (28-29) experiments were performed.
The NOE difference experiment involved selectively saturating
each of the six TFOM resonances by using mixing times between
100 ms and 500 ms. The (*F,'”F) DQF-COSY experiment
consisted of 1,024 complex points in the indirect dimension and
8,192 complex points in the direct dimension with a spectral
width of 23,229 Hz in each dimension.

Results and Discussion

The structures of the fluorinated membrane-associating species,
TFOM, the membrane-bound surface-associated spin label,
CAT-16, and the phospholipid, DMPC, are shown in Fig. 1. The
second constituent of the isotropic bicelle dispersion, DHPC, is
identical to DMPC except that the fatty acid chains each consist
of 6, rather than 14, carbon atoms. TFOM, which is readily
solubilized in the isotropic bicelle, is expected to anchor into the
membrane such that the fluorines at positions 3 through 8 would
be progressively immersed in the membrane interior. In this
study, all measurements were performed by using
DMPC/DHPC molar ratios of either 0.5 or 1.0. In bicellar
dispersions, the long chain lipid, DMPC, is known to organize as
a bilayer, whereas DHPC coats the hydrophobic edges of the
bilayer to form a disk-shaped aggregate, referred to as a bilay-
ered micelle or bicelle (30-34). If the molar ratio of DMPC to
DHPC is between roughly 2.5 and 5, these bicelles are observed
to align in a magnetic field. However, if a molar ratio of between
0.5 and 1.0 is used, the bicelle dimensions are believed to be
sufficiently reduced such that the system no longer aligns and the
fast tumbling rates of the bicelles lead to high-resolution NMR
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Fig. 2. '9F NMR spectra of TFOM in a 15% (wt/wt) isotropic bicelle
(DMPC/DHPC = 0.5) (A), a 15% (wt/wt) small unilamellar vesicle dispersion
consisting of DMPC/DMPG = 15:1 (B), and a 15% (wt/wt) isotropic bicelle
(DMPC/DHPC = 0.5), under 20 bar of oxygen partial pressure (C).

spectra (26, 35). The '°F NMR spectrum in Fig. 24 was obtained
from TFOM in a 15% isotropic bicellar dispersion consisting of
DMPC and DHPC (DMPC/DHPC = 0.5). The spectrum in Fig.
2B, which represents an identical concentration of TFOM in a
15% DMPC/DMPG (15:1 molar ratio) SUV system, reveals a
similar distribution of chemical shift resonances (Table 1),
although with poorer resolution than that in Fig. 24. The most
striking difference between the spectrum of TFOM in an
isotropic bicelle dispersion and an SUV is that the trifluorom-
ethyl resonance, which appears furthest downfield, is a doublet
in the SUV spectrum. These observations suggest that TFOM
inserts into the isotropic bicelle system in a manner similar to
that in the SUVs and that the trifluoromethyl doublet in the
SUV spectrum is related to packing differences of TFOM
between the inner and outer monolayers of the SUV. Assign-
ments of TFOM in the isotropic bicelle (Fig. 24) were made on
the basis of chemical shifts, NOEs, and J-couplings (36). The
furthest downfield peak, assigned to position 8, whose chemical
shift is characteristic of a trifluoromethyl resonance, gave a
positive NOE to the most upfield peak, assigned to position 7, in
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Fig. 3. Contour plot from a ('°F,'9F) double quantum-filtered-correlated
spectroscopy experiment of TFOM in an isotropic g = 0.5 bicelle at 40°C.
Indices 3-8 refer to the specific chain position on TFOM.

a difference NOE experiment. The difference NOE experiment,
which involved selective saturation, mixing, and detection of
signal (subtracted from off-resonance saturation, mixing, and
detection), revealed only one NOE from the trifluoromethyl
(8-position) to the 7-position and vice versa. The trifluoromethyl
resonance is a triplet, with splittings characteristic of the four-
bond J-coupling to the 6-difluoromethylene group (36). The
4-bond J-couplings between fluorinated substituents are typi-
cally much larger than three-bond couplings in perfluorinated
aliphatics (36-38). Although the triplet in the trifluoromethyl
resonance can be observed, no other J-couplings can be observed
directly in the spectrum. However, the four-bond couplings can
be seen easily from the (*°F,'°F) double quantum-filtered—
correlated spectroscopy experiment, as shown in Fig. 3. In this
case, the trifluoromethyl (8-position) clearly couples to position
6, which in turn couples to position 4, whereas position 7,
identified by the difference NOE experiment, couples to position
5, which in turn couples to position 3.

Attempts to identify resonances associated with sites close to
the surface of the membrane, either by differential shifts or line
broadening resulting from the addition of paramagnetic shift
reagents (Dy**, Dy3* EDTA, or Dy** DTPA or equivalent
complexes with Gd*") all failed. Although large downfield shifts
could be observed, each resonance gave almost exactly the same
shift with increasing amounts of shift reagent added. We at-
tribute this result to either fast exchange of the detergent,
TFOM, with coexisting micelles or penetration of the shift
reagent into the membrane. By comparison, in an oriented
bicelle medium consisting of a 25% (wt/wt) dispersion of TFOM

Table 1. Chemical shifts, referenced to trifluoroacetic acid (—76.55 ppm), and relaxation rates
from inversion recovery experiments of TFOM in the isotropic bicelle sample and SUV

Position 8o, ppm Ssuv S20bar — o RY, 51 R3Obar — Y  REAT16 _ RO
3 -114.083  —114.4 0.000 2.496 + .008 2.45 *+ .05 18.2 + .66
4 -124.091  —124.4 0.019 2.056 +=.004 291+ .05 12.93 + .20
5 -122.934  —123.1 0.070 2.047 + .006 3.15 = .06 12.72 + .27
6 —123.939  —124.2 0.098 1.972 * .005 3.20 = .05 12.93 *+ .20
7 -127.345  —1275 0.155 1.588 + .003 3.71 + .05 7.48 = .16
8 —82.39 —-82.2,—82.4 0.183 1.200 = .001 4.18 + .02 6.61 = .04

80 and dsyy represent chemical shifts in the isotropic bicelle and SUV, and 830ar — 8o represents chemical shift
changes in the TFOM at 20 bar (Po,), relative to the isotropic bicelle at ambient pressure. R? represents the
spin-lattice relaxation rates of TFOM at ambient pressure. R3°*" — RS and R{AT ~ '8 — R represent changes in the
relaxation rates by introducing oxygen partial pressures of 20 bar or by addition of the surface nitroxide spin label,

CAT-16.
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and DMPC/DHPC = 3, differential downfield shifts resulting
from addition of Dy3* EDTA could be seen for position 3,
confirming our assignment and the notion that position 3 lies
closest to the membrane—water interface.

Membrane-soluble and water-soluble ESR spin labels have
been used widely in NMR studies of membrane proteins and
membrane peptides, primarily in detergent micelles to determine
surface exposure and immersion depth (39-44). In general,
these experiments involve the addition of spin-labeled probes, in
which the nitroxide or paramagnetic species is located (on a lipid
or fatty acid chain) at a particular depth in the micelle. Alter-
natively, the spin label can be attached to the headgroup of a
lipid or simply solubilized in the water region. Because the
paramagnetic spin labels affect NMR relaxation times and hence
peak heights of resonances associated with nuclear splns within
an approximate 15- A radius of the spin label, changes in peak
heights of one- or two-dimensional NMR spectra relate directly
to water accessibility or depth of the specific nuclear spins in the
micelle. By using paramagnetic species that are confined to
either the membrane interior or the water region, membrane
immersion depth may be determined similarly by power-
saturation ESR experiments of spin labels attached directly to
cysteine residues, introduced at a site of interest in the mem-
brane protein. However, the changes in the nitroxide ESR
spin-lattice relaxation time, 73, are the result of collision-
mediated (Heisenberg exchange) interactions between the
paramagnetic species and nitroxide label. In contrast, NMR
spin-lattice relaxation times are shortened by the addition of
paramagnetic species through dipolar relaxation mechanisms
and therefore depend on the motionally averaged distance, s,
between the nuclear and paramagnetic species. Therefore, the
power saturation ESR experiments provide information on local
mobility and collisional access of paramagnetic species, whereas
the NMR measurements more accurately reflect distance. In
particular, the paramagnetlc contribution to the nuclear spin-
lattice relaxation rate, 1/ Tl , is given in the short correlation time
limit (w7, << 1) as (45-46)

4 iy ( 15
RY = +—5 1
! 15 r?S 375 1+ w§7§ ’ (1

where w; and wg define the nuclear and electronic Larmor
frequencies, whereas y; and ys represent the respective gyro-
magnetic ratios, 7s characterizes the motion of the r;g vector, and
Wis proportional to the local concentration of the paramagnetic
species. The concentration of molecular oxygen in the mem-
brane, CO, is given by Henry’s law (at least up to partial
pressures of 100 bar) and may be expressed in terms of a partition
coefficient, K, between the membrane and water (43), such that

C8, = K,aPo, , [2]

where ay is Henry’s Law constant (5.9 X 10'7 bar~l-cm™3). By
using a membrane partition coefficient of 2.9 (46), the concen-
tration of molecular oxygen in the membrane at a partial
pressure of 20 bar is estimated to be 3.6 X 10'%-cm ™3, or 4.5% of
the concentration of the lipids. Thus, we can express the
observed spin-lattice relaxatlon rate at 20 bar, R{", in terms of
a paramagnetic component Rl, and a nonparamagnetic com-
ponent, R|. By measuring the spin-lattice relaxation rates at 20
bar and at ambient oxygen partial pressures after degassing the
sample, we can determine R} from the difference,

RP = R30bar — RO [3]

This procedure assumes there are no conformational or dynamic
changes introduced by the pressure. Generally, conformational
or dynamical effects of pressure are not observed in model
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membranes by NMR below 200 bar (47-48). Furthermore,
Kimmich and Peters have made careful control measurements of
'H T, relaxation times in lipid vesicles under equivalent N,
partial pressures to demonstrate that changes in relaxation times
arise from paramagnetic relaxation effects with oxygen (46). In
our hands, '°F T} measurements of TFOM in bicelles at equiv-
alent N, pressures resulted in slightly enhanced relaxation rates
from the equivalent measurement at ambient pressure, although
there were no depth-dependent effects.

One important advantage of the use of paramagnetic oxygen
to influence fluorine spin-lattice relaxation times effectively in
the model membrane is that this effect is not observed to
contribute to severe line broadening at the pressure studied with
the exception of a marginal broadening observed in the triflu-
oromethyl group. Here, the spin-lattice relaxation times are
considerably longer than spin-spin relaxation times, and the
paramagnetic oxygen is predominantly 7 effective. Further-
more, as evidenced by the spectrum in Fig. 2C of TFOM in an
isotropic bicelle dispersion under 20 bar Po,, the chemical shift
resonances change only slightly in comparison to the line widths.
However, a clear downfield shift is observed to increase with
chain position on introduction of oxygen at 20 bar partial
pressure (Table 1). The most significant effect of the higher
oxygen concentrations for this sample involves spin-lattice re-
laxation rate enhancement. These changes in spin-lattice relax-
ation rates are reported in Table 1 for positions 3 through 8
because of the introduction of oxygen at 20 bar partial pressure
or because of the addition of the surface-associated nitroxide
spin label, CAT-16. The changes in relaxation rates (R7"*" — RY)
pr0V1de a measure of the paramagnetic relaxation term alone,
R}, which through Eq. 1 is directly proportional to the local
oxygen concentration. Similarly, the difference, Rf*"'® — RY,
reflects the paramagnetic interactions between the various flu-
orine spins and the surface-bound nitroxide probe. In this way,
it is possible to factor out relaxation processes possibly not
related to 1mmer510n or surface accessibility. The dlfference
R — RY, is exquisitely sensitive to chain posmon R30b2r RO
is largest for the trifluoromethyl position (i.e., R3"* — R} =
4.2 s71), which is expected to be most buried i 1n the membrane.

m ¢ =0.5 bicelle, Po,= 20 bar

RP [3—1] O g=0.5 bicelle + CAT-16
1 + methanol, Po_ = 20 bar
44 : ; : ‘ —2 : 20
421 q] L]
118
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38} 116
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3.6F 144
34 o m
112
32t @ L]
L I
3 ? 1 T I . 110
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Fig. 4. Paramagnetic relaxation rates (R}) of TFOM in an isotropic q = 0.5

bicelle under 20 bar of oxygen partial pressure (solid squares). Paramagnetic
relaxation rates at ambient pressures on addition of a surface-anchored
nitroxide spin label, CAT-16, are shown as open squares. The corresponding
rates in methanol under 100 bar of oxygen partial pressure are shown as
crosses. Note that the left-hand scale applies to the solid squares, and the
right-hand scale applies to the open squares and crosses.
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Moreover, this difference decreases monotonically within the
uncertainty toward the 3-position (i.e., R’ — R} = 2.45s71),
consistent with the anticipated immersion depth profile of the
fluorine labels in the membrane. These results are summarized
in Fig. 4, where the paramagnetic relaxation rates arising from
oxygen are observed clearly to increase with chain position or
equivalently membrane immersion depth. In contrast, the para-
magnetic relaxation rates resulting from the addition of CAT-16
generally decrease with increasing immersion depth. The third
profile in Fig. 4 represents the dependence of paramagnetic
relaxation rates of TFOM in methanol because of the addition
of oxygen at 100 bar. Because the concentration of TFOM was
such that it was below the critical micelle concentration, oxygen
should be equally accessible to each position, leading to an
almost flat line as shown in Fig. 4.

Conclusions

In summary, the changes in '?F NMR spin-lattice relaxation rates
induced by the presence of oxygen at 20 bar or greater partial
pressure are a sensitive indicator of membrane immersion depth
of fluorinated membrane-associated molecules in model mem-
branes, such as detergent micelles and isotropic bicelles. The
trend in which the paramagnetic relaxation rate, R3®*" — RY,
increases with position along the detergent chain is attributed to
the fact that positions 3 through 8 are increasingly immersed in
the membrane, in keeping with the depth-dependent solubility
properties of oxygen. The opposite trend of paramagnetic re-
laxation rates with chain position was observed on addition of
CAT-16, which is consistent with the fact that the paramagnetic
spin label is located on the surface of the membrane. It is
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important to emphasize that molecular oxygen does not lead to
deleterious line broadening, as is the case in NMR applications
of spin labels to probe membrane depth. This is partly because
of the favorably short electronic relaxation time of oxygen and
the differences in spin-lattice and spin-spin relaxation rates in
these systems. Finally, in contrast with membrane immersion
studies that combine spin labels and NMR, molecular oxygen can
be added easily and removed, thereby requiring a single sample.
The effects of pressure on local conformation or dynamics can
also be neglected safely at 20 bar.

The results suggest that it should be possible to make use of
changes in oxygen-induced '"F NMR spin-lattice relaxation
times to probe immersion depth of site-directed °F-labeled
membrane proteins in detergent micelle and model membrane
systems. These conclusions are supported by similar relaxation
studies of specifically fluorinated cholesterols in model mem-
branes, which will be reported in a subsequent paper. Recently,
a similar study showed that proton spin-lattice relaxation rates
can be used to monitor accessibility of oxygen to the interior of
a water-soluble protein (49). However, it should be emphasized
that our methodology is intended to probe the surface or
topography of a membrane-associated macromolecule or mem-
brane protein whose labels are exposed to the lipid bilayer milieu
rather than the more heterogeneous interior of a water-soluble
protein.
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