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Abstract Deuterium (*H) NMR has been used to
observe perturbation of dipalmitoylphosphatidylcholine
(DPPC) bilayers by the pulmonary surfactant protein B
(SP-B) at concentrations up to 17% (w/w). Previous
’H NMR studies of DPPC/dipalmitoylphosphatidyl-
glycerol (DPPQG) (7:3) bilayers containing up to 11% (w/
w) SP-B and DPPC bilayers containing up to 11% (w/w)
synthetic SP-B indicated a slight effect on bilayer chain
order and a more substantial effect on motions that
contribute to decay of quadrupole echoes obtained from
bilayers of deuterated DPPC. This is consistent with the
perturbation of headgroup-deuterated DPPC reported
here for bilayers containing 6 and 9% (w/w) SP-B. For
the higher concentrations of SP-B investigated in the
present work, “H NMR spectra of DPPC deuterated in
both the headgroup and chain display a prominent
narrow component consistent with fast, large amplitude
reorientation of some labeled lipid. Similar spectral
perturbations have been reported for bilayers in the
presence of the antibiotic polypeptide nisin. The obser-
vation of large amplitude lipid reorientation at high
SP-B concentration could indicate that SP-B can induce
regions of high bilayer curvature and thus provides some
insight into local interaction of SP-B with DPPC. Such
local interactions may be relevant to the formation, in
vitro and in vivo, of tubular myelin, a unique structure
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found in extracellular pulmonary surfactant, and to the
delivery of surfactant material to films at the air—water
interface.
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Abbreviations DPPC: 1,2-dipalmitoyl-sn-glycero-3-
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dipalmitoyl-sn-glycero-3-phosphocholine -

DPPC-d,: 1,2-dipalmitoyl-sn-glycero-3-phospho-(a,f
perdeutero)-choline

Introduction

In lungs, surface tension at the air—water interface is
reduced by the presence of a surfactant layer derived
from a lamellar protein—lipid complex secreted into the
alveolar hypophase by type II cells. Approximately 80%
of this material, by weight, is accounted for by phos-
pholipids including DPPC, which represents ~40% of
the total phospholipid, and PG, which accounts for up
to 10% of the phospholipid (Yu et al. 1983; Goerke
1998; Veldhuizen et al. 1998). Proteins account for
5-10% of the total surfactant weight.

Surfactant protein B (SP-B), a 79-residue hydropho-
bic protein, is an essential requirement for effective
surfactant function. It forms disulfide-linked homodi-
mers with regions of amphipathic a-helix and a net
charge of +12 (Curstedt et al. 1990; Hawgood et al.
1998). The resistance of SP-B to thermal denaturation is
demonstrated by the similarity of its circular dichroism
spectra for 90 and 20 °C (Andersson et al. 1995). The
extent to which SP-B inserts into phospholipid bilayers
has been reported to depend on the way in which mix-
tures are reconstituted (Cruz et al. 1998). SP-B has been
found to promote lipid mixing and fusion of vesicles
containing anionic phospholipids (Poulain et al. 1992).
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Deuterium (*H) NMR was previously used to observe
the motions of chain-deuterated lipids in dipal-
mitoylphosphatidylcholine (DPPC) bilayers containing
synthetic SP-B (Morrow et al. 1993a) and DPPC/
dipalmitoylphosphatidylglycerol (DPPG) (7:3) bilayers
containing SP-B from porcine lung extract (Dico et al.
1997). These studies showed that SP-B interacts similarly
with DPPC and DPPG and that, for concentrations up
to 11% (w/w), SP-B has little effect on bilayer chain
order in the liquid-crystalline phase. The presence of SP-
B did eliminate coexistence of liquid crystal and gel
domains near the bilayer transition, and resulted in the
change from liquid crystal to gel proceeding continu-
ously as the temperature was lowered. SP-B also had a
substantial effect on motions that determine the decay of
quadrupole echoes from deuterons on labeled lipids in
protein—lipid mixtures.

Natural surfactant is a complex mixture of proteins
and lipids. If interactions between specific components
can result in nonuniform distributions, then local con-
centrations of a particular component might deviate
from the observed physiological average for that com-
ponent. In this work, we report “H NMR observations
of chain-deuterated and headgroup-deuterated DPPC in
bilayers containing SP-B concentrations up to 17% (w/
w). These observations suggest that high local concen-
trations of SP-B might substantially perturb bilayer
organization and dynamics by inducing regions of high
bilayer curvature. This could be relevant to under-
standing how protein-lipid interactions within the sur-
factant complex contribute to the transformation of
material from bilayer morphology to structures with
surface activity.

Materials and methods
Lipids

The chain-perdeuterated phospholipids DPPC-dg, and choline-la-
beled DPPC-d, were obtained from Avanti Polar Lipids Inc.
(Alabaster, AL) and were used without further purification.

Protein preparation

SP-B

Surfactant protein B was prepared from porcine lung lavage
fluid (Curstedt et al. 1988; Taneva and Keough 1994; Taneva
and Keough 1995). The protein was isolated from lipid extracts
of surfactant using gel exclusion chromatography on Sephadex
LH-60 in chloroform/methanol (1:1 v/v) plus 2% by volume 0.1 M
HCI.

Analytical methods and sample preparation

Concentrations of SP-B were estimated by the fluorescamine
method using bovine serum albumin as standard (Udenfriend et al.
1972) and were verified by amino acid analysis (Sarin et al. 1990).
Lipid concentrations were determined by phosphorus analysis
(Bartlett 1959; Keough and Kariel 1987).

Samples containing lipid and SP-B were first codissolved in
chloroform/methanol (1:1 v/v). Solutions were dried, evacuated
overnight in the presence of P,Os, and then hydrated in buffer
containing 135mM NaCl and 15mM HEPES at pH 7.0 as
described by Dico et al. (1997).

Deuterium NMR

Wideline ’H NMR observations were performed using a locally
constructed spectrometer and a 3.55-T superconducting solenoid.
Spectra were obtained using a quadrupole echo pulse sequence
(Davis et al. 1976) with n/2 pulse lengths ranging from
3.74.8 pus. The number of transients averaged was typically
30,000-40,000 per spectrum, but ranged from 12,000 to 80,000
depending on the amount of deuterated material present in a
given sample. For samples containing chain-deuterated lipids, the
7/2 pulses of the quadrupole echo sequence were typically sepa-
rated by 35 ps and the free-induction decays were oversampled
by a factor of two (Prosser et al. 1991) to give effective dwell
times of 4 and 2 ps for liquid-crystalline and gel-phase samples,
respectively. Spectra were symmetrized by zeroing the imaginary
channel before Fourier transformation. Spectra of choline-deu-
terated lipids were obtained with a 7/2 pulse separation of 50 ps
and an effective dwell time, after oversampling, of 10 ps. For
echo decay experiments, the pulse separations were varied to
provide the ranges implicit in each decay shown. For a given
sample, the number of transients used to obtain a spectrum was
typically 2-3 times larger than the number averaged in the cor-
responding echo decay experiment. For each series of measure-
ments, the sample was first warmed to 60 °C. Spectra and echo
decay times were then obtained for a series of decreasing
temperatures. The sample was allowed to equilibrate at each
temperature for at least 30 min before the start of data acquisi-
tion. The conformation of SP-B is expected to be stable over the
range of temperatures used in this work (Andersson et al. 1995).

Results

Figure 1 shows “H NMR spectra for choline-labeled
DPPC-d, bilayers containing SP-B up to 17% by weight.
In the absence of protein, three doublets can be seen in
the highest temperature spectra. The shapes of these
doublets are characteristic of fast axially symmetric
reorientation. For multilamellar vesicle samples, the axis
of symmetry for reorientation is typically the bilayer
normal, and the prominent edges of the doublet arise
from molecules reorienting about bilayer normals that
are perpendicular to the applied magnetic field. The
splitting of a given doublet is proportional to the ori-
entational order parameter, Scp = (3cos’0—1)/2, where 0
is the angle between the CD bond and the axis about
which the molecule is reorienting, and the average is
over motions of the CD bond that modulate the quad-
rupole interaction with correlation times that are short
relative to the characteristic time scale (~107° s) of the
H NMR measurement (Davis 1983).

The two largest splittings in the DPPC-d, liquid
crystal spectra correspond to the o and f choline deu-
terons. The smallest splitting arises from slight labeling
of choline methyl groups. Between 42 and 41 °C, there is
an abrupt transition from fast axially-symmetric reori-
entation in the liquid-crystalline phase to slower reori-
entation in the gel phase.
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Fig. 1a—d Deuterium NMR spectra for bilayers of choline-labeled
DPPC-d, containing a no SP-B, b 6% SP-B, ¢ 9% SP-B, and d 17%
SP-B by mass. Where they can be resolved, the largest and second
largest splittings correspond to the o and f choline deuterons,
respectively. The small doublet with ~1 kHz splitting arises from
partial deuteration of choline methyl groups. Samples were
hydrated in buffer containing 135mM NaCl plus 15mM HEPES

The splittings of « and f choline deuterons are known
to undergo counterdirectional shifts in response to
changes in average headgroup orientation resulting from
electrostatic or steric interactions (Seelig et al. 1987;
Fiech et al. 1998). The small changes in o and f§ deuteron
splittings upon addition of 6% SP-B likely reflect a slight
change in average headgroup orientation upon binding
of the protein. The more substantial departure of the
lineshape from a superposition of well-defined doublets
with increasing SP-B concentration suggests a significant
perturbation of lipid motion at higher SP-B concentra-
tion.

As the concentration of SP-B is increased, the change
from liquid crystal to gel becomes more continuous. The
prominent edges of the o« and  doublets broaden and
become indistinguishable but the width of the corre-
sponding feature remains typical of bilayer organization.
This implies a change in the correlation time, but not the
amplitude of the headgroup motions, for those mole-
cules contributing to the residual normal bilayer feature.
At the same time, the striking emergence of a very
narrow spectral component with increasing SP-B con-
centration suggests that some molecules are undergoing
more isotropic reorientation as the SP-B concentration
increases.
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Fig. 2 Quadrupole echo decay times (75,) for DPPC-d, containing
e no SP-B, 0 6% SP-B, = 9% SP-B, and 0 17% SP-B by mass.
Samples were hydrated in buffer containing 135mM NaCl plus
15mM HEPES

Figure 2 shows quadrupole echo decay times for the
choline-labeled samples. The general temperature and
protein concentration dependences of the echo decay
times are qualitatively similar to what has been observed
previously for signals from chain-deuterated and head-
group-deuterated lipid in bilayers containing pulmonary
surfactant protein C (SP-C) (Simatos et al. 1990; Mor-
row et al. 1993b). Deuterons precessing after an initial
7/2 radio frequency pulse dephase due to heterogeneity
of the orientation-dependent quadrupole interaction.
Dephasing is reversed by a second n/2 pulse at time
7 and an echo forms at time 27. Motions which alter the
orientation-dependent quadrupole interaction during
the time 2t contribute to echo decay. For motions with
correlation times (t.) that are short compared to the
inverse spectral width, the contribution to the echo de-
cay rate is proportional to 7. (Abragam 1961). For slow
reorientations, the contribution to the echo decay rate is
proportional to ! (Pauls et al. 1985). Just above the
liquid crystal to gel transition, slow long-range motions,
such as bilayer undulation or diffusion across bilayer
curvature, and faster local lipid motions, such as reori-
entation about the bilayer normal or internal lipid mo-
tions, can both contribute to the echo decay rate (Bloom
and Sternin 1987; Bloom and Evans 1991; Stohrer et al.
1991). On cooling through the transition, the correlation
times for all motions are expected to increase. For mo-
tions that are already in the slow regime in the liquid-
crystalline phase, the contribution to echo decay will
decrease on cooling into the gel phase. For faster local
motions, the increase in correlation time on cooling into
the gel phase will result in an increased contribution to
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echo decay. The transition into the gel phase may result
in local motions, such as reorientation about the bilayer
normal or rotation of lipid segments about bonds,
slowing such that their contributions to the echo decay
rate become inversely proportional to 7. If so, the
contributions to echo decay from such motions will
decrease as temperature is reduced further. The observed
increase in echo decay time with decreasing temperature
just below the liquid crystal to gel transition likely re-
flects further slowing of such local motions (Kilfoil and
Morrow 1998).

Figure 2 shows that the average headgroup deuteron
echo decay times in the liquid-crystalline phase range
from ~1200 ps for the pure lipid to ~900 ps for the
highest SP-B concentration. These average decay times
are slightly longer than what is observed in the liquid-
crystalline phase for dimyristoylphosphatidylcholine
chain deuterons in the absence of protein, and sub-
stantially longer than what is observed for chain deute-
rons in the presence of protein (Simatos et al. 1990).

Figure 3 shows H NMR spectra for chain-perdeu-
terated DPPC-d, containing 15% SP-B (w/w). Selected
spectra from DPPC-dg, alone are shown for compari-
son. In the absence of protein, the liquid-crystalline
spectra of DPPC-dj; are superpositions of Pake doublets
arising from fast, axially symmetric reorientation of CD
bonds with respect to the bilayer normal. The distribu-
tion of splittings reflects the dependence of orientational
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Fig. 3a, b Deuterium NMR spectra at selected temperatures for a
DPPC-dg, bilayers and b DPPC-dg; bilayers containing 15% SP-B
by weight. Some of the DPPC-dy, spectra (panel A) were shown, in
a different form, in Kilfoil and Morrow (1998). Samples were
hydrated in buffer comprising 135mM NacCl plus 15mM HEPES

order parameter on position along the acyl chain, that
characterises the liquid-crystalline phase of saturated
phospholipid bilayers. Below the sharp transition into
gel phase, DPPC-dg, spectra are characteristic of reori-
entation that is of intermediate rate and less axially
symmetric on the time scale of the measurement.

The DPPC-dg, spectra at high SP-B concentration are
very similar to the headgroup deuteron spectra under
similar conditions. They are also extremely similar to
spectra reported by El Jastimi et al. (1999) for DPPC-d,
bilayers in the presence of the antibiotic polypeptide
nisin at a polypeptide to lipid ratio of 0.2. The narrow
central feature is characteristic of fast, large amplitude
reorientation. Intensity decreases continuously from the
central feature out to a splitting comparable to that of
the spectrum for protein-free DPPC-dy,, but the prom-
inent edges characteristic of fast axially symmetric
reorientation in liquid crystal DPPC-dy, bilayers are
absent. Doublets arising from specific methylene deute-
rons along the acyl chain cannot be resolved.

Figure 4 shows the temperature dependence of
DPPC-ds, first spectral moments and quadrupole
echo decay times at high SP-B concentration. First
moments for DPPC-dg, alone are shown for compari-
son. Fog)r a spectrgcm flw), the first spectral moment,

M, = [of(w)do/ [ f(w)do is proportional to the

orientational orderoparameter averaged over all deuter-
ated segments. The presence of 15% (w/w) SP-B sub-
stantially reduces DPPC-ds, chain order in both the
liquid crystal and gel phases. This differs from the effect
of SP-B at lower concentrations, where it has little effect
on liquid crystal chain order and induces a slight
decrease in gel phase chain order (Morrow et al. 1993a;
Dico et al. 1997).

The quadrupole echo decay times for DPPC-dg,
containing 15% (w/w) SP-B are shorter than those
typically observed from DPPC-dy, alone (Kilfoil and
Morrow 1998) but do display a qualitatively similar
temperature dependence. In the absence of protein,
quadrupole echo decay times in the liquid-crystalline
phase of DPPC-dg, are typically between 800 and
1,000 ps. The effect of SP-B on quadrupole echo decay
time in the liquid-crystalline phase thus appears to be
more pronounced for chain deuterons than for head-
group deuterons.

Discussion

Previous “H NMR observations of DPPC and DPPC/
DPPG (7:3) bilayers containing SP-B showed that, for
protein concentrations up to 11% (w/w), SP-B perturbs
DPPC chain order only slightly in the liquid-crystalline
phase (Morrow et al. 1993a; Dico et al. 1997). The
observations reported here suggest that at higher con-
centrations, SP-B can have a substantially greater effect.
If local concentrations of surfactant components can
depart from average values found in natural surfactant,
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Fig. 4a, b Temperature dependence of a first spectral moments
(M) and b quadrupole echo decay times for ¢ DPPC-dj, bilayers
containing 15% SP-B by weight. First spectral moments and
quadrupole echo decay times for o DPPC-dg, alone, taken from
Kilfoil and Morrow (1998), are shown for comparison. Samples
were hydrated in buffer comprising 135mM NaCl plus 15mM
HEPES

perturbation of bilayer properties by high concentra-
tions of SP-B might be directly relevant to understand-
ing how protein—lipid interactions contribute to the
reorganization of material implicit in the maintenance of
a surfactant layer in lungs. The most pronounced per-
turbations observed here provide some insight into the
nature of protein—lipid interactions that may be relevant
to the formation of tubular myelin-like structures (see
below).

The observation of narrow spectral components in
the liquid-crystalline phases of different samples con-
taining both headgroup-deuterated and chain-deuter-
ated DPPC at high SP-B concentration suggests that
entire molecules undergo large amplitude reorientations
in those regions most perturbed by SP-B. The reorien-
tation giving rise to such motional narrowing could re-
sult from fast diffusion of molecules through highly
curved bilayer regions or from rapid modulation of bi-
layer orientation by large amplitude undulations. The
gel-phase spectra of headgroup and chain deuterons at
high SP-B concentration are characteristic of more usual
bilayer organization and the narrow component is ab-
sent or much smaller. It is thus unlikely that the narrow
component observed in the liquid-crystalline phase re-
flects substantial protein-induced fragmentation of the
bilayer into small particles that can reorient rapidly.

In addition to the prominent narrow component, a
feature with a width characteristic of the normal liquid-
crystalline bilayer phase appears in the spectra of both
headgroup-deuterated and chain-deuterated DPPC at
high SP-B concentration. The absence of prominent
doublet edges corresponding to different methylene
segments in either the headgroup or the acyl chain
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implies that, for molecules contributing to this feature,
SP-B perturbs the timescale for reorientation without
substantially altering the amplitude of reorientation or
local bilayer organization. This is consistent with the
reduction in quadrupole echo decay time observed for
both chain and headgroup deuterons in the presence of
SP-B.

Decay of the quadrupole echo signal from deuterated
lipids in the liquid-crystalline phase can reflect reorien-
tation due to motions that are fast enough to contribute
to motional narrowing or motions, referred to as adia-
batic, that are too slow to contribute to motional nar-
rowing (Bloom and Sternin 1987). The contribution to
quadrupole echo decay rate from a fast motion is pro-
portional to both the correlation time for that motion
and the second moment of that part of the quadrupole
interaction modulated by that motion. The enhanced
amplitude of reorientation responsible for the emergence
of a narrow spectral component likely accounts for at
least part of the protein-induced reduction in quadru-
pole echo decay time for the liquid-crystalline phase.

These observations at high SP-B concentration are
consistent with the existence of bilayer regions having
varying degrees of increased local curvature. Rapid
diffusion of lipid molecules across the most highly
curved portions of the bilayer could result in the en-
hanced motional narrowing, reflected by the narrow
components of the headgroup-deuteron and chain-deu-
teron spectra for high SP-B concentration. Slower
reorientation resulting from diffusion over less highly
curved regions could reduce the quadrupole echo decay
time, and thus the resolution of residual bilayer spectral
features, without contributing substantially to motional
narrowing of the lipid spectra.

It is interesting that the spectra observed in this study
for DPPC-d, bilayers containing 15% SP-B (w/w) are
so similar to those reported by El Jastimi et al. (1999) for
DPPC-dg, bilayers in the presence of nisin at a poly-
peptide to lipid ratio of 0.2. Like the spectra reported
here for high SP-B concentration, the DPPC-dg,/nisin
spectrum for R=0.2 displayed a narrow feature char-
acteristic of isotropic molecular reorientation and the
remnant of a more normal lipid bilayer spectrum with
individual methylene doublets broadened to the extent
of being unresolvable (El Jastimi et al. 1999). The au-
thors of the DPPC-dg,/nisin study interpreted the nar-
row feature and the short quadrupole echo decay time as
being due to lipid diffusion across highly curved bilayer
planes. This interpretation was supported by the obser-
vation of thread-like aggregates and globular structures
in electron micrographs of samples with the same com-
position as the sample from which the NMR spectrum
was obtained.

The observations reported here suggest that at high
concentrations, SP-B may also promote formation of
highly curved bilayer regions. Such perturbation of bi-
layer morphology by SP-B at high concentration may
provide some insight into how surfactant protein pro-
motes the reorganization of bilayer material, initially
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secreted as lamellar bodies, into surface active material
at the alveolar air—water interface. The unusual struc-
tural form of extracellular surfactant called tubular
myelin, when observed in vivo and in vitro, displays
areas of apparently intersecting or abutting bilayers with
very high curvature (Suzuki et al. 1989; Williams et al.
1991). A local increase of SP-B abundance in these areas
could correlate with the types of perturbations that we
have observed in this work for high SP-B concentra-
tions.
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