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There is considerable interest in the use of perfluorocarbons as oxygen carriers in clinical
settings; however, little is known regarding the molecular interactions made by these apolar
compounds with biological membranes or their effect on membrane structure. NMR spectroscopy
was used to investigate the interaction of perfluorooctyl bromide (PFOB) with 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers. °F NMR spectra demonstrate that PFOB
partitions into POPC bilayers but that it saturates at a remarkably low membrane concentration
of approximately 2 mol %. °F chemical shifts indicate that this membrane-bound PFOB
experiences a local environment similar in polarity to that of hexane, suggesting that the
compound resides within the hydrocarbon core of the lipid bilayer. This hydrocarbon location
was refined by measuring paramagnetic enhancements of 1°F nuclear relaxation for membrane-
bound PFOB produced by Gd3** and O,. The data clearly localize PFOB to the center of the
membrane hydrocarbon and show how paramagnetic enhancements of nuclear relaxation
produced by O, may be used to localize small molecules within bilayers. ?H and 3P NMR
experiments demonstrate that PFOB produces no significant changes in either acyl chain or

headgroup structure even at saturating membrane concentrations.

Introduction

Perfluorocarbons (PFCs) have been evaluated as
oxygen carriers in a variety of clinical settings because
they readily solubilize gases.»~* Perfluorooctyl bromide
(PFOB) is a dense, biochemically inert liquid with a high
spreading coefficient and is highly hydrophobic and only
weakly lipid soluble.24~8 Following in vivo administra-
tion, PFOB is not metabolized and is eliminated as
vapor from the body by exhalation via the lung. In
addition to being evaluated as an intravenous emulsion
for temporary oxygen transport during surgery,’8 it is
also being evaluated in conjunction with a technique
known as partial liquid ventilation (PLV) for patients
with acute respiratory distress syndrome (ARDS).6.9.10
PLV with PFOB has been shown to improve gas
exchange to a greater extent than simple gas ventilation
in a variety of preclinical animal models of acute lung
injury.23211 In parallel, a reduction in lung inflamma-
tion as manifested by reductions in neutrophil influx,
alveolar hemorrhage, and vascular leakage is observed.
While PLV with PFOB appears to attenuate lung injury
that can occur during conventional mechanical ventila-
tion,612.13 PFOB also appears to attenuate a variety of
proinflammatory responses in vitro.14~16 Recent studies
have indicated that some of these effects may be in part
related to the lipid solubility of the PFC and that the
effects on erythrocyte osmotic responses and platelet
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aggregation responses correlate with the lipid solubility
of the PFC.Y

Despite their clinical importance, there is virtually
no information on the interactions made by perfluor-
carbons such as PFOB with lipid bilayers. These mol-
ecules are hydrophobic, and they have some lipid
solubility. As a result, they may alter the dynamics or
packing of lipids within membranes. Previous studies
have been carried out on smaller but related haloge-
nated and perfluorinated compounds that violate the
Meyer—Overton rule. These compounds are sometimes
referred to as nonimmobilizers, and they violate the
Meyer—OQverton rule because they exhibit strong mem-
brane partitioning but lack anesthetic potency.'8 These
nonimmobilizers localize differently than do anesthetics
in membranes; anesthetic compounds tend to localize
at the membrane interface whereas the nonimmobilizers
reside within the membrane hydrocarbon.1%2% Remark-
ably, nonimmobilizers have no measurable effect on
membrane hydrocarbon packing or acyl chain dynamics.

In the present study, we report measurements di-
rected at determining the partitioning and membrane
distribution of PFOB as well as its effect on lipid pack-
ing. These measurements are performed in fluid-phase
model membrane systems formed from palmitoylo-
leoylphosphatidylcholine (POPC) and make use of bi-
layer oxygen gradients to produce paramagnetic enhance-
ments in nuclear relaxation. PFOB is found to localize
within the central hydrocarbon core, but it has surpris-
ingly limited membrane solubility. At saturating con-
centrations, this compound has no measurable effect on
lipid chain dynamics or lipid headgroup conformation.

© 2002 American Chemical Society

Published on Web 11/07/2002



Perfluorooctyl Bromide

R FR FR FR F
Br.

\A FFFFFFFF

FLI

F

L |

LALL
UL

-70 -80 -90 -100 -110  -120 PPM

Figure 1. Structure of PFOB and °F NMR spectra: (A) neat
PFOB; (B) PFOB in micelles and in POPC bilayer vesicles;
(C) PFOB in hexanes. All spectra were recorded at 37 °C.

Table 1. Chemical Shifts for Neat PFOB, Micellar PFOB,
PFOB Bound to POPC Bilayers, and PFOB in Hexane

neat micellar bilayers and 5% PFOB
position PFOB? PFOB?2 bound PFOB2 in hexane?
1 —63.83 —63.85 —63.01 —62.41
2 —-117.59 —117.6- —116.08 —116.28
3 —-121.18 —121.19 —119.95 —119.94
4 —121.90 —121.93 —120.70 —120.70
5 —12291 —122.92 —121.70 —121.68
6 —129.91 —129.92 —121.60 —121.68
7 —-126.61 —126.62 —125.05 —125.26
8 —81.93 —81.94 —79.93 —80.34

[

n ppm relative to external CFClz. Temperature is 37 °C.
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Figure 2. °F chemical shift differences between PFOB bound
to POPC bilayers and PFOB micelles in aqueous solution (#),
neat PFOB and PFOB micelles in aqueous solution (M), and
PFOB bound to POPC bilayers and PFOB in hexanes (a).

Results

Chemical Shifts Reveal Partitioning and Satu-
rable Binding of PFOB to Bilayers. Figure 1A shows
the 1°F spectrum and structure of neat PFOB. In the
19F NMR spectrum, eight resonance peaks are observ-
able, one for each carbon position. The peak assignments
and chemical shifts are listed in Table 1. These reso-
nance assignments were made previously?! but were
confirmed here using 1°F double-quantum-filtered cor-
relation spectroscopy (COSY).

Shown in Figure 1B is a spectrum of POPC bilayers
containing 3 mol % PFOB. This spectrum has two sets
of resonances, one with chemical shifts nearly identical
to those observed for neat PFOB (Figure 1A and Table
1) and a second set that is broader with chemical shifts
similar to those observed for PFOB in hexanes (Figure
1C and Table 1). Figure 2 contains a summary of three
sets of chemical shift differences: PFOB in the presence
of bilayers versus PFOB micelles in aqueous solution,
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Figure 3. PFOB binding to POPC large unilamellar vesicles.
Bound versus total mol % PFOB is plotted.

neat PFOB versus PFOB micelles in aqueous solution,
and PFOB in the presence of bilayers versus 5% PFOB
in hexanes. The chemical shift similarity of the broad
PFOB resonances, particularly those due to positions
3—6, to the analogous resonances of PFOB in hexanes
suggests that the broad resonances are due to PFOB
that is in a hydrocarbon environment, presumably
within the lipid bilayer hydrocarbon.

To determine which 19F resonances were arising from
PFOB that was membrane-associated, 1°F NMR spectra
were recorded for bilayers and supernatant following
centrifugation of POPC bilayers in D,0 containing 3 mol
% PFOB. The spectrum of the centrifuged bilayers was
dominated by the broad resonances shown in Figure 1B,
while the *°F NMR spectrum of the clear supernatant
was dominated by narrow peaks having chemical shifts
similar to those observed for neat PFOB. The distribu-
tion of resonance intensity in the bilayer and superna-
tant confirms that the broad resonances are due to
PFOB that is bound to the POPC bilayers, while the
set of narrow resonances is associated with PFOB
micelles in solution. PFOB must be present in solution
in a micellar form because the chemical shifts in
solution are virtually identical to those seen for neat
PFOB (see Figure 2) and because the aqueous solubility
of PFOB is below the limit of detection for the present
19F NMR experiments.! 19F chemical shifts are highly
dependent on environment, and the similarity of the
chemical shifts for PFOB bound to bilayers to those seen
for PFOB in the presence of hexane suggests that PFOB
is located in the hydrocarbon region of the POPC
bilayers. The °F resonances due to bilayer-bound PFOB
are broader than the neat PFOB or PFOB micelle
resonances because the reorientation of bound PFOB
is slower than neat or micellar PFOB reorientation.

By use of 1°F NMR, the incorporation of PFOB into
lipid bilayers was followed as a function of the total
concentration of PFOB. Under the conditions of this
experiment, the lipid is present at high concentrations
and PFOB partitions completely into bilayers at low
levels of PFOB. Figure 3 shows the mole fraction of
PFOB incorporated into POPC as a function of concen-
tration. At low levels, PFOB is completely associated
with POPC bilayers; however, saturation is reached at
2 mol % and further addition of PFOB results in the
formation of PFOB micelles. A very similar binding
curve was generated independently using gas chroma-
tography (data not shown). The 1°F line widths due to
PFOB bound to bilayers are constant over the PFOB
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concentration range studied, suggesting that the ag-
gregation state of bound PFOB is independent of PFOB
concentration. It should be noted that because the
aqueous solubility of PFOB is very low,! the monomer
concentration of PFOB in solution is much lower than
the concentration of PFOB in bilayers.

Paramagnetic Enhancements of NMR Relax-
ation Produced by Gd3" and O; Localize PFOB to
the Bilayer Center. To obtain additional information
on the membrane location of PFOB, we examined the
effect of gadolinium and molecular oxygen on PFOB
spin—Ilattice relaxation. Gd®* has been shown to bind
to the phosphate moiety of bilayer phospholipids, and
because it is paramagnetic, it enhances nuclear spin
relaxation in a distance-dependent manner.22 Molecular
oxygen is also paramagnetic but is concentrated in the
hydrocarbon core of the bilayer.232* We measured
relaxation enhancements due to Gd®™ and O, for the 13C
resonances of POPC and the 1°F resonances of perfluo-
rooctanoic acid (PFOA). These data yielded a relation-
ship between relaxation enhancement and intrabilayer
segmental location. We then measured analogous re-
laxation enhancements for the °F resonances of PFOB
and were able to interpret them in terms of intrabilayer
location.

The 13C spin—lattice relaxation rate enhancement
(Tipara %) promoted by different concentrations of Gd3*
in POPC is shown in Figure 4A, and as expected, the
largest observable enhancement occurs at the head-
group methylene adjacent to the phosphate (choline
o-CHy). When 0.5 or 1.5 mM Gd3* is present, enhance-
ments at the choline o-CH> are 9- and 27-fold greater
than the unenhanced rate. Relaxation enhancements for
the glycerol carbons could not be measured because of
the large line broadening and consequent reduction in
signal-to-noise caused by Gd3". Substantial enhance-
ments were seen for other positions located near the
POPC phosphate group, and the size of the enhance-
ments decreased as the distance between the POPC
phosphate and the enhanced nucleus increased. En-
hancements observed for the fatty acyl chain methyl-
enes and methyl groups were much smaller than those
observed in the headgroup. The positional dependence
of these enhancements is consistent with Gd3* binding
to the POPC phosphate group.

The effect of Gd®* on °F intrabilayer PFOB spin—
lattice relaxation is shown in Figure 4B. Gd3" had no
effect on micellar PFOB relaxation (not shown). The
presence of 0.5 mM Gd3* caused a small (7—20%) T;!
increase for all positions of PFOB bound to POPC. When
larger amounts of Gd®* were added to bilayers contain-
ing PFOB, larger Typara * are observed (Figure 4B). The
portion of the relaxation rate caused by Gd3* is sub-
stantial above 0.5 mM Gd3" with Gd3" enhancement
accounting for approximately 19—36% and 41—52% of
the total rate at 1.5 and 5 mM Gd3™, respectively. The
increase in PFOB relaxation due to the presence of Gd®*+
at all Gd®* concentrations studied (Figure 4B) was much
smaller than that observed in the POPC headgroup
(Figure 4A). This observation indicates that the bound
PFOB is not located in the headgroup or glycerol
backbone region of the POPC bilayers and therefore
must be in the hydrocarbon region.

Intermolecular nuclear spin—Ilattice relaxation en-
hancement due to an unpaired electron spin is propor-
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Figure 4. (A) POPC 3C spin—lattice relaxation enhance-
ments induced by 0.5 (®) or 1.5 mM (M) Gd3*. POPC segment
positions are shown on the x axis. (B) °F spin—lattice
relaxation enhancements for PFOB bound to POPC. Enhance-
ments were induced by 0.5 (@), 1.5 (H), or 5 mM (¢) Gd3*.

tional to y,%/b3 (see Appendix), where v, is the nuclear
magnetogyric ratio and b is the distance of closest
approach of the electron and nuclear spins. Thus, one
can use the ratio (yc? be®)/(ye?bc®) to convert 19F spin—
lattice relaxation rates due to intermolecular dipolar
interactions to 13C rates. We used the °F PFOB spin—
lattice relaxation rate enhancements obtained in the
presence of 1.5 mM Gd3* to estimate analogous 13C
rates. These 13C rate enhancements can then be com-
pared with those obtained for POPC acyl chain reso-
nances to yield information on the location of PFOB that
is bound to POPC bilayers. Figure 5A is a plot of POPC
acyl chain and PFOB 13C spin—Ilattice relaxation rate
enhancements due to 1.5 mM Gd3*. The POPC head-
group and glycerol 13C rate enhancements are consider-
ably higher than those observed for the acyl chain region
(Figures 4A and 5A). POPC acyl chain 13C rate enhance-
ments for those segments located closer to the center of
the bilayer than the second methylene from the carboxyl
group are similar to each other and relatively small. The
PFOB 13C rate enhancements are similar to each other
and approximately 10 times lower than the smallest
POPC acyl chain 13C rate enhancements. The PFOB and
POPC acyl chain 3C rate enhancements are consistent
with a bilayer hydrocarbon location for PFOB. Detailed
guantitative comparison of the PFOB and POPC 13C
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Figure 5. (A) '3C spin—lattice relaxation enhancements for
PFOB (®) and POPC (M) due to 1.5 mM Gd** at 37 °C. (B) 13C
spin—lattice relaxation enhancements for PFOB (), PFOA (a),
and POPC (@) due to 17 atm of O, at 25 °C.

rate enhancements due to Gd3* is not possible for
reasons that will be discussed below.

The paramagnetic enhancement of PFOB, PFOA, and
POPC nuclear spin—Ilattice relaxation by molecular
oxygen was measured and is shown in Figure 5B. Here,
the 19F relaxation rates have been converted to '3C rates
as described above. The dependence of the oxygen-
induced relaxation rate enhancements on POPC seg-
ment position primarily reflects the bilayer O, gradient.
Relaxation enhancement is smallest for the headgroup
nuclei and increases as one proceeds to the methyl ends
of the acyl chains. Nuclear relaxation rate enhance-
ments are proportional to oxygen—nuclear proximities
and therefore comparison of PFOB and PFOA rates with
those of POPC will indicate the intrabilayer locations
of PFOB and PFOA relative to POPC. The rate en-
hancements observed for PFOA are similar to those
observed for the analogous positions of the POPC acyl
chains. PFOA positions 3—6 overlap in the 19F spectrum,

Journal of Medicinal Chemistry, 2002, Vol. 45, No. 25 5537

| Membrane
== Headgroup
| Region

adgroup
egion

Figure 6. Location of PFOB in POPC bilayers. The POPC
bilayer coordinates were obtained from Scott Feller (http://
persweb.wabash.edu/facstaff/fellers/coordinates/popc.pdb). The
PFOB was energy-minimized and placed in a bilayer location
that is consistent with chemical shift and relaxation data.

and only a single relaxation time can be measured for
these positions. Two partially overlapping peaks were
observed for position 8 due to the asymmetry of the
inner and outer leaflets of the bilayer. The measured
relaxation at this position was not a single exponential,
and consequently, this position was not included in our
analysis. The PFOA is almost fully unprotonated under
our experimental conditions (pH 8), and consequently,
one would expect that PFOA would occupy a bilayer
location that is similar to that of the POPC acyl chains.
The relaxation data support the expected PFOA loca-
tion. The PFOB nuclear spin—Ilattice relaxation rate
enhancements due to oxygen (Figure 5B) are somewhat
greater than those observed for PFOA and are the same
as those observed near and at the end of the POPC acyl
chain. Thus, the average intrabilayer location of PFOB
is near the bilayer center as shown schematically in
Figure 6.

PFOB Has No Effect on the Headgroup or Acyl
Chain Configuration of POPC Bilayers. Multila-
mellar dispersions containing PFOB and deuterated
phosphatidylcholine were prepared in order to assess
the effect of PFOB on bilayer phosphatidylcholine
conformation. Lipids deuterated exclusively in the
headgroup (choline perdeuterated DMPC-d;3 or choline
a-POPC-d,) or sn-1 acyl chain position (sn-1 palmitoy-
loleoylphosphatidylcholine-ds;) were used. The phos-
phatidylcholine dispersions contained 0, 2.5, 5, or 20 mol
% PFOB, and 2H and 3P spectra were collected at 25
and 37 °C. The 2H quadrupolar splittings and 3P
residual chemical shift anisotropies were measured as
described in Experimental Section. The 2H and 3P NMR
data are in the Supporting Information. Most 2H qua-
drupolar splittings are unchanged (within experimental
error) in the presence of high levels of PFOB. In a few
cases, small changes that are on the order of 1% can be
observed. A large body of work has shown that these
guadrupolar splittings reflect acyl chain dynamic con-
formation and are related to acyl chain length, area, and
configuration; they are highly sensitive indicators of
bilayer structure.?5-27 The data indicate that PFOB,
when present at levels of up to 20 mol %, has no
significant effect on the structure of POPC bilayers at
25 and 37 °C.



5538 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 25

Discussion

One of the goals of the current study was to determine
whether PFOB has an effect on lipid bilayer structure
or organization, and we examined both the acyl chain
and headgroup regions of the bilayer. The data show
that high levels of PFOB have virtually no effect on lipid
bilayer structure and the lack of an effect of PFOB on
bilayer structure is likely due to its low level of
incorporation. Data obtained here from 1°F NMR indi-
cate that PFOB saturates in POPC bilayers at ap-
proximately 2 mol % and that subsequent addition of
this compound results in the formation of PFOB micelles
within the aqueous phase. The formation of these two
pools of PFOB can easily be seen in Figure 1B, and
resolution of these pools in the spectrum indicates that
the exchange of PFOB is slow on the NMR time scale
(1076 s). This remarkable result is not entirely unex-
pected. PFOB is somewhat lipophobic, having a limited
solubility in olive oil of 37 mM (or approximately 10 mol
%).1 The formation of micelles in solution at higher
concentrations is consistent with the observation that
PFOB is very hydrophobic and its monomeric form has
very low water solubility (~107° M).

When bound to lipid bilayers, the 1°F shifts of the
PFOB fluoromethylene groups (particularly positions
3—6) in POPC bilayers are very similar to those of PFOB
in hexane; therefore, it is likely that PFOB is located
in the hydrocarbon region of the bilayer. Enhancements
of nuclear spin relaxation by Gd3* and molecular oxygen
were used to further assess the bilayer location of PFOB.
Bilayer POPC 13C relaxation rate enhancements due to
Gd3* (Figure 4A) are consistent with previous work
indicating that the Gd3* binds to the POPC phosphate
group.??2 While interactions between Gd3* and POPC
headgroup nuclei are likely to be primarily intramo-
lecular, interactions between Gd3** and POPC acyl chain
nuclei are likely to be primarily intermolecular, as is
the case for dipolar interactions between headgroup and
acyl chain H in bilayers.?82° The measured °F PFOB
relaxation enhancements can be used to calculate
analogous 3C enhancements as shown in the Appendix,
facilitating comparison of PFOB and POPC enhance-
ments and identification of the binding location of PFOB
in bilayers. Comparison of Figures 4A and 5A shows
that the PFOB enhancements due to Gd3* are several
orders of magnitude smaller than those observed for the
POPC headgroup. Therefore, PFOB is not located in the
headgroup or glycerol region of POPC bilayers and
therefore must be located in the bilayer acyl chain
region. Inspection of Figure 5A shows that the smallest
POPC enhancements are about an order of magnitude
greater than the PFOB enhancements. This observation
suggests that PFOB is located near the center of the
bilayer. Unfortunately comparison of Gd3*-induced 13C
PFOB and POPC relaxation enhancements cannot
provide high-resolution structural information because
the difference in the translational diffusion rate of the
Gd3**—POPC and Gd*"—PFOB electron—nuclear vectors
is unknown and because the Gd3*—POPC acyl chain and
the Gd3"—PFOB distances of closest approach are not
known.

More precise information about the location of PFOB
in the bilayer hydrocarbon region was obtained from
nuclear spin—Ilattice relaxation experiments in the
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presence and absence of O,. Molecular oxygen is para-
magnetic and more soluble in hydrocarbon solvents than
in aqueous solutions. Previous studies have shown that
an O, concentration gradient exists in lipid bilayers
where the O, concentration at the bilayer center is
higher than at the bilayer interface.?32* Oxygen con-
centration gradients have been used to determine the
membrane localization of proteins using site-directed
spin labeling,®® and intrabilayer locations of 1°F-labeled
molecules can be determined by examining the effect
of O, on 1°F spin—lattice relaxation rates.31.32

We have examined the effect of pressurized (17 atm)
0, on PFOB and PFOA 1°F and POPC 13C spin—Ilattice
relaxation rates. The 1F PFOB and PFOA relaxation
enhancements can be converted to equivalent 3C en-
hancements (see Appendix) in order to facilitate a
comparison with the 33C POPC enhancements. This
conversion of 1°F to 13C rates was shown to be valid by
comparing °F and 13C data for neat PFOB. The 13C rate
enhancements for PFOB, PFOA, and POPC will all be
directly proportional to O,—13C proximities (eq 4, Ap-
pendix), and the POPC enhancements can be used for
a bilayer depth calibration because the locations of the
POPC 13C nuclei in bilayers are well-characterized.
Thus, by comparison of PFOB and PFOA 13C O,
enhancements to those for POPC, the positions of nuclei
for PFOB or PFOA in bilayers can be obtained.

The 13C PFOB, PFOA, and POPC relaxation enhance-
ments due to O, are shown in Figure 5B. Because the
POPC enhancements are proportional to the O, con-
centration, the POPC data in Figure 5B are a profile of
the O, concentration across the bilayer. The transbilayer
O, profile in Figure 5B qualitatively agrees with the
transbilayer polarity profile obtained by White and co-
workers for DOPC based on X-ray and neutron diffrac-
tion data3® and the transmembrane oxygen concentra-
tion profile for rod outer segment disks.?®> The O,-
induced 3C relaxation enhancement for PFOA is similar
to that observed for the POPC acyl chains, and the data
in Figure 5B allow one to structurally distinguish the
molecular segments in the bilayer hydrocarbon region
that are closer to the aqueous-hydrocarbon interface
from those that are closer to the center of the bilayer.
Taken together, the PFOA enhancements suggest that
the PFOA occupies a bilayer position that is similar to
that occupied by the POPC acyl chains. This PFOA
location is similar to those found in other studies of
other fatty acids.3* Thus, the determined PFOA location
supports the validity of our localization method.

The Oz-induced 13C PFOB relaxation enhancements
for all positions are similar to each other, larger than
the PFOA enhancements, and similar to the enhance-
ments observed in the last three segments of the POPC
acyl chains (Figure 5B). We have also examined the
effect of O, on 13C POPC and °F PFOB chemical
shifts31:3235 (data not shown), and the results are in
agreement with the analogous relaxation data. The 13C
POPC shifts due to 17 atm of O, gradually increase as
one proceeds from the carbonyl to the methyl end of the
fatty acyl chains. The 1°F PFOB shifts for all positions
are similar (standard deviation is +5%; maximum
difference is 13%), and when normalized to 13C, they
are similar to the three carbons at the methyl end of
the acyl chains. The effect of O, on both relaxation and
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chemical shifts indicates that the average location of
PFOB is the center of the bilayer as shown in Figure 6.
Owing to the dynamic nature of the bilayer hydrocarbon
region, it is likely that there is some distribution of
PFOB intrabilayer locations; however, our data do not
allow us to assess that distribution. The PFOB intra-
bilayer location is consistent with the very low solubility
of PFOB in water (~107° M) and molecular dynamics
simulations that indicate a lower interfacial attraction
for CF, and CF3 groups relative to CH, and CH3 groups,
respectively.36

Prosser and co-workers have pioneered the use of
transbilayer oxygen concentration gradients and °F
NMR to obtain high-resolution structural information
on molecules residing in membranes.31:3235 They have
related Os-induced relaxation enhancement to mem-
brane depth by measuring the relaxation enhancement
of different cholesterols having °F atoms at known
membrane depths and fitting the results to a Gaussian
function.®? Our work differed from that of Prosser in
that we related relaxation enhancement to membrane
depth by measuring bilayer phospholipid 13C relaxation
and assumed no functional form for the relationship
between relaxation enhancement and bilayer depth.
Advantages of our approach include the facts that no
specific labeling of molecules and no functional form for
the transbilayer oxygen gradient are required for es-
tablishing the relationship between relaxation enhance-
ment and membrane depth. Our approach has the
disadvantages that one must use relaxation theory to
convert 19F relaxation rates to 13C rates, and owing to
the smaller magnetgyric ratio for 13C, the O,-induced
13C relaxation enhancements are smaller than analo-
gous 1°F enhancements.

The behavior of PFOB is similar to that observed for
some fully halogenated molecules such as 1,2-dichloro-
hexafluorocyclobutane, which violate the Meyer—Over-
ton rule.’®1° The Meyer—Overton rule predicts that a
molecule’s anesthetic potency will be proportional to its
solubility in hydrocarbons such as olive oil; however,
molecules such as 1,2-dichlorohexafluorocyclobutane
partition strongly into hydrocarbon phases but have
little or no anesthetic activity (they are referred to as
nonimmobilizers). Like PFOB, these nonimmobilizers
locate within the hydrocarbon core of the bilayer and
have little effect upon acyl chain conformation. The
membrane location obtained here for PFOB is consistent
with the fact that PFOB does not obey the Meyer—
Overton rule and is a nonimmobilizer.

In summary, F NMR provides clear evidence that
PFOB has limited solubility in lipid bilayers and that
it saturates the bilayer at a concentration of ap-
proximately 2 mol %. A careful examination of bilayers
using 2H and 3P NMR indicates that PFOB has no
measurable effect on bilayer conformation even at levels
that vastly exceed membrane saturation. Paramagnetic
enhancements produced by Gd3* and O, demonstrate
that PFOB is localized in the center of the hydrocarbon
core when membrane-bound, a result that is agreement
with the °F chemical shifts of membrane-associated
PFOB. Despite the highly hydrophobic nature of per-
fluorocarbons, these results suggest that compounds
such as PFOB are remarkably inert toward lipid bilay-
ers.
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Experimental Section

Abbreviations. PFOA, perfluorooctanoic acid; PFOB, per-
fluorooctyl bromide; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine; PFC, perfluorocarbon; PLV, partial liquid
ventilation; ARDS, acute respiratory distress syndrome; SUV,
small unilamellar vesicle; Tipara™t, Spin—Ilattice relaxation rate
due to paramagnetic species; Tiintra 1, SPin—lattice relaxation
rate due to intramolecular interactions; Tiiner 1, Spin—lattice
relaxation rate due to intermolecular interactions.

Sample Preparation and **C and °F NMR. All lipids
were obtained from Avanti Polar Lipids (Alabaster, AL).
Medical grade PFOB was supplied by Alliance Pharmaceutical
Corp. (San Diego, CA). Hexanes (reagent grade), PFOA, and
GdCl; were from Aldrich (Milwaukee, WI). Dry POPC was
dispersed in 10 mM K;HPO4, pH 7 (5% H,0O, 95% D-0O).
Samples containing a range (1—20 mol %) of PFOB concentra-
tions were prepared by adding an appropriate amount of PFOB
to each sample. The final POPC concentration was 50 mM.
Samples were mechanically mixed and then frozen and thawed
seven times. Finally samples were extruded through a 0.1 um
pore filter (Poretics, Osmonics Inc.) 20 times. The final sample
volume was 4 mL, and the samples were transferred to 10 mm
NMR tubes (513-7PP, Wilmad Glass, Buena, NJ). All mea-
surements of PFOB binding to POPC were made at 37 °C. The
effect of gadolinium (Gd®*) on phospholipid *C and PFOB °F
spin—lattice relaxation was examined by preparing samples
in the same way as described above with the following
exceptions. The POPC concentration was 100 mM, and no
buffer was used. Appropriate amounts of 50 mM GdCl; were
added to the hydrated POPC before freeze—thawing. The effect
of pressurized molecular oxygen (O,) on °F and 3C spin—
lattice relaxation in neat PFOB and POPC bilayers containing
PFOB or PFOA was examined.?%2 An aliquot of PFOA in
methanol was dried in a conical centrifuge tube, and 2 mL of
100 mM POPC hydrated with 10 mM K;HPO,, pH 8 (5% H-0,
95% D,0), was added. The mixture was vortexed and then
freeze—thawed seven times. Subsequently the bilayers were
briefly (3 x 30 s) sonicated with a probe sonicator (Heat
Systems, Farmingdale, NY). Unsonicated lipid and sonicator
tip particles were separated from small unilamellar vesicles
(SUV) by centrifugation in a clinical centrifuge at 4000 rpm
for 10 min. The final PFOA concentration was 2 mol %.
Samples containing PFOB were prepared similarly with the
following exception. An appropriate volume of PFOB was
added to hydrated POPC before freeze—thawing. The final
PFOB concentration was 2 mol %. Samples were put in thick-
walled 5 or 10 mm NMR tubes with a valve at the top (Wilmad
Glass, 1.5 mm wall thickness). The tube interior was then
flushed with the appropriate gas for several minutes and then
pressurized to 250 psi (17 atm). All pressurized samples were
prepared in duplicate; one was pressurized with N, and the
other with O,. Relaxation rates due to the presence of O, were
obtained by subtracting the rates for samples containing N»
from the rates for samples containing O,. Control experiments
showed that the relaxation rates obtained for samples pres-
surized with N, were the same as those in the presence of
atmospheric air.

13C and F NMR spectra were recorded at 125.749 and
470.441 MHz, respectively, on a Varian Unity Inova 500
spectrometer. Data were processed with Varian VNMR soft-
ware, Felix97 (MSI, San Diego, CA) or Nuts (Acorn NMR,
Livermore, CA). Spectra were recorded at 25 and 37 °C, and
F chemical shifts were referenced to external CFCls. The
inversion recovery technique was used to measure spin—lattice
relaxation times.3’

Membrane Localization of PFOB from Paramagnetic
Enhancements of Spin—Lattice Relaxation. The bilayer
locations of the POPC and PFOA nuclei are known and could
be used to localize the nuclei of PFOB by comparison of the
spin—lattice relaxation enhancement of PFOB, PFOA, and
POPC nuclei due to Gd3" and O,. Oxygen concentration
increases from the surface and the center of bilayers,?3%
whereas Gd®* is expected to have a maximal concentration
near the membrane surface.?? We measured *C POPC, °F
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PFOB, and **F PFOA relaxation rates and used the last two
sets of rates to calculate °C rates. These *C PFOB and PFOA
rates could then be compared with the POPC rates. The
Appendix contains theoretical and experimental justification
for calculation of **C PFOB and PFOA spin—lattice relaxation
rates based on the analogous °F rates. The Appendix also
contains theoretical justification for interpretation of the spin—
lattice rates in terms of the intrabilayer localization of PFOB.

Centrifugation. Extruded bilayer vesicles described above
were spun at 50000 rpm (170300g) for 2 h in a Sorvall T-1270
rotor and Sorvall OTD65B ultracentrifuge. The bilayers floated
to the top of the centrifuge tube and were separated from the
clear solution below the bilayers with a Pasteur pipet.

Sample Preparation and ?H and 3P NMR. A mixture
of 10% deuterated phosphatidylcholine and 90% POPC was
dried overnight under vacuum and then hydrated with 10 mM
K2PO4, pH 7.0; the phosphatidylcholine concentration was 0.5
M. Samples containing 20 mol % PFOB were prepared by
adding an appropriate amount of PFOB to the hydrated
phospholipid followed by vortex mixing and seven freeze—thaw
cycles. Samples containing smaller amounts of PFOB were
prepared as above, but additional phospholipid was added
immediately after the PFOB addition step in order to obtain
the desired PFOB concentration. The fraction of deuterated
lipid was constant.

The NMR spectrometer consisted of an Oxford Instruments
8.45T magnet and primarily Tecmag, Doty Scientific, ENI, and
Henry Radio components. MacNMR (Tecmag, Houston) and
Nuts (Acorn NMR, Livermore, CA) were used to process the
spectra. The quadrupole echo sequence®® was used to collect
?H NMR spectra at 55.42 MHz. The 90° pulse width was 2.5
us, the delay between pulses was 40 us, and the sweep width
was 200 kHz. The recycle time was 300 ms, and typically
100 000 scans were collected. Free induction decays were
apodized with 100 Hz exponential line broadening, zero-filled
twice to 16 394 points and Fourier transformed. The phase-
cycled Hahn echo pulse sequence® was used to collect 1P NMR
spectra at 146.15 MHz. The 90° pulse width was 8 us, the delay
between pulses was 50 us, and the sweep width was 100 kHz.
Continuous wave 'H decoupling was used during the free
induction decay acquisition time, and the decoupling field
strength (yH,/(2x)) was 35 kHz. The recycle time was 2 s, and
typically 5000 scans were collected. Free induction decays were
apodized with 50 Hz exponential line broadening, zero-filled
twice to 16 384 points, and Fourier transformed.
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Appendix

The enhancement of the POPC 3C spin—lattice
relaxation rates by Gd3* is promoted by both intramo-
lecular and intermolecular interactions. Gd®* binds to
the headgroup phosphate of POPC and has strong
dipolar interactions with nearby 13C nuclei in the
headgroup and glycerol backbone. Dipolar interactions
between bound Gd3* and 2C nuclei in the acyl chains
are likely to be predominantly intermolecular and
therefore modulated by translational diffusion, as is the
case for headgroup—acyl chain 'H dipolar interactions
in phospholipid membranes.?®2° As the distance be-
tween bound Gd3** and the observed POPC 3C nucleus
increases, the dominant relaxation enhancement mech-
anism will switch from intramolecular to intermolecu-
lar. An exact description of the relative contributions
of intramolecular and intermolecular interactions to the
relaxtion enhancement of all POPC 13C nuclei due to
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bound Gd3* is not available. However, our interpreta-
tion of the relaxation enhancement data in terms of
relative distances between bound Gd3* and POPC 13C
nuclei does not rely on precise quantitation of intramo-
lecular and intermolecular contributions to relaxation.
Other dipolar interactions in the current study that are
modulated by translational diffusion include those
between bound Gd3* and the °F nuclei of PFOB and
PFOA, those between O, and the 13C nuclei of POPC,
and those between O, and the °F nuclei of PFOB and
PFOA.

Nuclear spin—lattice relaxation due to an electron—
nuclear dipolar interaction that has a fixed distance (i.e.,
intramolecular) is described by4°

S(S
|2 szhz[%]{jz(ws —w) +

3ji(@)) + 6] (ws + @)} (1)

- 2
Tlintra t= E A4

where vy, and ys are the nuclear and electron magneto-
gyric ratios, A is Planck’s constant divided by 2x, S is
the electron spin quantum number, and b, is the
distance between nuclear (I) and electron (S) spins. The
spectral density function for rotational diffusion is
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where w is the angular resonance frequency and 7. is

Uty = Utg + UTyg + 1T, ©)

where tr is the rotational correlation time for the
electron—nuclear vector and T1s and Tas are the electron
spin—lattice and spin—spin relaxation times, respec-
tively.

Lipid and paramagnetic probe diffusive motions de-
termine the enhancement of the POPC acyl chain 13C
and PFOA and PFOB °F spin—Ilattice relaxation rates
by Gd3* and O,. The spin—Ilattice relaxation rate of a
nuclear spin in the presence of an independently dif-
fusing electron spin is*

T

1 327 N, \[SltP,
linter T m Vi 1000 b3
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where all symbols have the same meaning as above, N,
is Avogadro’s number, [S] is the electron spin concen-
tration, po is the probability of collision between the
electron and nuclear spins, b is the distance of closest
approach of the electron and nuclear spins, and ¢ is the
translational correlation time for the electron—nuclear
vector and is given by

1z, = 1t + g (5)

where 7y and 7is are the translational correlation times
for the nuclear and electron spins, respectively. Because
Ti2s < 11, the appropriate spectral density function for
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nuclear relaxation due to intermolecular interactions
with Gd3* and O, is

145
1+s +?+§

with

w4+ (T,e + Too) Y2
S=b ( 1SD 28) (7)

where b has the same meaning as above, i is (—1)"2, w
is the angular resonance frequency, Tis and Tss are the
electron spin—lattice and spin—spin relaxation times,
and D is the sum of the diffusion coefficients of mol-
ecules that contain the | and S spins.

One can use eq 4 to obtain the following relationship
between intermolecular spin—Ilattice relaxation enhance-
ments for 19F and 13C assuming that the spectral density
is constant.

-1 2 3
TlinterF _ YE bC

- ch bF3

(8)
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The subscripts F and C refer to 1°F and 13C, respectively.
As above, b is the distance of closest approach of the
paramagnetic species which enhances relaxation and
the relaxing nucleus and is equal to the sum of the van
der Waals radii of the interacting species. For the case
of Oz, Tiinterr YT1interc * = 17.5, and for Gd®*, Tyinterr Y/
Tiinterc * = 16.9. O, because of its short electron spin
relaxation times and correlation time, dominates the
relaxation enhancements observed for PFOB, PFOA,
and POPC and consequently conversion of 1°F enhance-
ments to 13C enhancements, and comparison of PFOB,
PFOA, and POPC enhancements is straightforward. We
tested the O, case experimentally by measuring the O,
enhancement of 19F and 3C spin—lattice relaxation in
neat PFOB. The °F relaxation rates were similar for
all positions as were the 13C rates. The largest difference
between positions was 21%, but the large majority of
positions differed by less than 3%. The average experi-
mental Tiinterr Y/ T1interc > Was 19.4 + 0.87. This agrees
well with the theoretical value, which is 17.5. Some or
all of the difference between the experimental and
theoretical values may be due to the possibility that the
distance of closest approach between O, and 2C is
underestimated by the sum of the oxygen and carbon
van der Waals radii because the fluorines attached to
each carbon may sterically increase the oxygen—carbon
distance of closest approach.

Supporting Information Available: ?H NMR spectra
and quadrupolar splittings in the presence and absence of
PFOB for both headgroup and chain-labeled POPC. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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