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Abstract SP-Bg_,5 is a synthetic peptide comprising the
N-terminal helix of the essential lung surfactant protein
SP-B. Rat lung oxygenation studies have shown that
SP-Bg ;5 retains some of the function of full-length SP-B.
We have used deuterium nuclear magnetic resonance
(*H-NMR) to examine the influence of SP-Bg -5 on the
mixing properties of saturated PC and unsaturated PG
lipids in model mixed lipid bilayers containing dipalmi-
toylphosphatidylcholine (DPPC) and palmitoyl-oleoyl-
phosphatidylglycerol (POPG), in a molar ratio of 7:3. In
the absence of the peptide, “H-NMR spectra of DPPC/
POPG mixtures, with one or the other lipid component
deuterated, indicate coexistence of large liquid crystal and
gel domains over a range of about 10°C through the liquid
crystal to gel transition of the bilayer. Addition of SP-Bg_»5
has little effect on the width of the transition but the
spectra through the transition range cannot be resolved into
distinct liquid crystal and gel spectral components sug-
gesting that the peptide interferes with the tendency of the
DPPC and POPG lipid components in this mixture to phase
separate near the bilayer transition temperature. Quadru-
pole echo decay observations suggest that the peptide may
also reduce differences in the correlation times for local
reorientation of the two lipids. These observations suggest
that SP-Bg 5 promotes a more thorough mixing of
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saturated PC and unsaturated PG components and may be
relevant to understanding the behaviour of lung surfactant
material under conditions of lateral compression which
might be expected to enhance the propensity for saturated
and unsaturated surfactant lipid components to segregate.
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Introduction

Respiration is facilitated by a surfactant layer that
reduces surface tension at the air—water interface in
alveoli (Pattle 1955; Clements 1957). The surface active
layer is composed of a lipid—protein mixture initially
secreted in the form of lamellar bodies by alveolar type
II cells (Perez-Gil and Keough 1998). Approximately
90% of the dry surfactant material mass is lipid and
~85-90% of the lipid is phospholipid (Yu et al. 1983;
Goerke 1998; Veldhuizen et al. 1998). Approximately
80% of the phospholipid is phosphatidylcholine (PC) and
~10% is phosphatidylglycerol (PG) (Veldhuizen et al.
1998; Postle et al. 2001). Up to half of the PC and most
of the non-PC phospholipid is unsaturated (Zuo et al.
2008a). While lateral compression of monolayers enri-
ched in dipalmitoylphosphatidylcholine (DPPC) can
reduce surface tension at the air—water interface, in vivo
effectiveness also depends on the presence of additional
components, including unsaturated lipids, anionic lipids,
surfactant proteins, and Ca2+, that influence the rate of
surfactant material adsorption to the air—water interface
(Keough 1998; Zuo et al. 2008a).
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Four proteins account for ~10% of surfactant dry
weight (Yu et al. 1983; Goerke 1998). Of these, the two
hydrophobic proteins, SP-B and SP-C, are thought to
facilitate adsorption and spreading of surfactant lipid
material from lamellar reservoirs to the surface active
layer and to facilitate association of multilayer structures
with the surface active layer during expiration (Perez-Gil
and Keough 1998; Goerke 1998; Zuo et al. 2008a). SP-B is
the lung surfactant protein with the strongest capacity to
promote lipid adsorption and surface tension reduction
at the air—water interface (Revak et al. 1988) and is the
only one essential for life (Nogee et al. 1994; Clark et al.
1995).

SP-B monomers (molecular mass 8.7 kDa) have 79
amino acids including six cysteines that form three intra-
molecular disulphide bonds (Johansson et al. 1991;
Hawgood et al. 1998). Another cysteine participates in an
intermolecular bridge so that SP-B forms a 17.4 kDa dimer
in its native state (Beck et al. 2000). SP-B monomers
contain four amphipatic, a-helical regions and an overall
positive charge (Vandenbussche et al. 1992; Andersson
et al. 1995). ’H-NMR has been used to study the interac-
tion of SP-B with DPPC alone (Morrow et al. 1993, 2004)
and with one or both components in DPPC/dipalmitoyl-
phosphatidylglycerol (DPPG) mixtures (Dico et al. 1997;
Morrow et al. 2007). Large SP-B concentrations (~ 17%
w/w) qualitatively altered lipid chain packing in 1,2-per-
deuterodipalmitoyl-sn-glycero-3-phosphocholine  (DPPC-
dgy) bilayers (Morrow et al. 2004). At 13% (w/w) in
mixtures of DPPC/DPPG (7:3), SP-B was found to lower
the chain orientational order of both lipid components,
slightly, both above and below the main transition (Morrow
et al. 2007). SP-B did not significantly change the transi-
tion width in DPPC-dg,/DPPG (7:3) but slightly narrowed
the transition in DPPC/DPPG-dg, (7:3).

Various peptides based on segments of SP-B have been
studied. High resolution NMR structural studies have been
done on an N-terminal-based SP-B peptide (SP-B;;_»s) in
methanol (Kurutz and Lee 2002), a C-terminal-based
peptide (SP-Bg;_7g) both in organic solvent and in sodium
dodecyl sulphate (SDS) micelles (Booth et al. 2004), and a
peptide comprising SP-B residues 8-25 and 63-78 (termed
mini-B), also incorporated into SDS micelles (Sarker et al.
2007). All retained substantial regions of amphipathic, o-
helical conformation.

In this study, we used “H-NMR to study the interaction
of an SP-B N-terminal peptide fragment (SP-Bg ,5) with
both lipid components of bilayers containing DPPC and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG)
in a molar ratio of 7:3. SP-Bg_,5 includes the first amphi-
pathic «-helical portion of SP-B and has a net charge of
+4. Surfactant preparations containing N-terminal helical
fragments of SP-B enhance oxygenation and lung
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compliance in surfactant-deficient animal models (Revak
et al. 1991; Walther et al. 2002) and biophysical prop-
erties such as surface tension reduction and dynamic
respreading (Veldhuizen et al. 2000; Ryan et al. 2005;
Serrano et al. 2006). The N-terminal fragment chosen for
this study includes a tryptophan residue (position 9) that
appears to be key in the function of full-length SP-B,
since its oxidative modification has severe effects on the
activity of surfactant (Serrano et al. 2006; Manzanares
et al. 2007). Knowledge of how specific SP-B segments
interact with lipid materials contributes to understanding
of the relationship between structure of the complete
SP-B molecule and its functional role in surfactant and
also supports the development of improved artificial
surfactants with suitable SP-B fragments in place of
animal-derived full-length SP-B.

The primary focus in this work is on how SP-Bg_,s
affects lipid mixing properties and domain growth in a
model surfactant mixture containing saturated PC and
monounsaturated PG lipids. The selected lipid composi-
tion facilitates comparison with other studies in which a
7:3 PC/PG ratio has been used to model lipid compo-
nents of surfactant material. This lipid composition is
popular for biophysical studies of lung surfactant com-
ponents (e.g. Pastrana-Rios et al. 1994; Zasadzinski et al.
2001; Antharam et al. 2008) because it approximates
the physiological ratio of saturated and unsaturated
chains and provides significant anionic lipid content. An
important difference between this study and an earlier
one involving DPPC/DPPG mixtures (Morrow et al.
2007) is that the lipid composition in the current study
more closely approximates the ratio of saturated to
unsaturated chains in lung surfactant. This is significant
because domain formation is potentially relevant to lung
surfactant function (Zuo et al. 2008a) and the mixing
properties of saturated and unsaturated lipid components
may affect the lateral distribution of components in
functional surfactant. Using “H-NMR to examine phase
separation in nominally identical mixtures, with one or
the other lipid deuterated, provides an indication of the
extent to which interaction with SP-Bg_,5 influences the
mixing properties of lipid components in this model
surfactant mixture.

Materials and methods
Lipids

Dipalmitoylphosphatidylcholine, POPG, and their chain-
deuterated versions DPPC-dg, and POPG-d;; were all
purchased from Avanti Polar Lipids Inc. (Alabaster, AL)
and used without further purification.
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Polypeptide

Synthetic polypeptide based on the N-terminal segment of
surfactant protein B (SP-Bg »5) was purchased from the
University of Calgary Peptide Services (Calgary, Canada)
where it was produced by solid phase peptide synthesis and
purified to >90% purity by high-pressure liquid chroma-
tography. The peptide stock was stored in dry form at
—20°C.

Bilayer sample preparation

Bilayer preparation was modelled on an approach used
earlier (Morrow et al. 2007). The lipid mixtures, either
DPPC-dg, plus POPG (7:3) or DPPC plus POPG-d3,; (7:3),
were first dissolved and mixed in chloroform/methanol 1:1
(v/v). For each sample, total lipid mass was about 25 mg.
Lipid concentration in each sample was determined using
phosphorus analysis (Bartlett 1959; Keough and Kariel
1987). For samples containing peptide, dry SP-Bg »5 was
weighed out and added so that peptide was 3.5% of the
total mass. This is equivalent to 1 peptide molecule per 76
lipid molecules, a molar peptide: lipid ratio similar to that
used in a previous study with full-length SP-B (Morrow
et al. 2007). Solvent was removed by rotary evaporation at
~50°C followed by at least 8 h of further drying under
vacuum. Dry samples were hydrated using 10 mL of buffer
(10 mM TRIS/145 mM NaCl/1 mM EDTA in deuterium-
depleted water, pH 7.4) at 46°C with vortexing every
10 min for 1 h. A 2-ml aliquot was removed for analysis by
differential scanning calorimetry. The remaining 8 ml
volume of each sample was then centrifuged at 50,000g
and 4°C for 30 min. The supernatant was removed after
which the pellet was re-suspended in 1 ml of supernatant.
Calcium chloride in solution was added to achieve an
overall Ca®" concentration of 5 mM in a 4 ml volume of
sample suspension. The sample was centrifuged again at
5,000g for 15 min to remove excess buffer. The resulting
suspension was transferred to a 400 pl NMR tube. To test
for reproducibility, two samples of each peptide-containing
sample were prepared independently and subjected to the
same series of experiments.

H-NMR

Wideline “H-NMR experiments were performed using a
locally constructed spectrometer utilising a 9.4 T super-
conducting solenoid (Magnex Scientific, Concord, CA).
Spectra were acquired using a quadrupole echo pulse
sequence (Davis et al. 1976) comprising a pair of 7/2 pulses
(3.7-4 ps) separated by a 35 ps delay. Free-induction
decays were acquired with a 1 ps dwell time and oversam-
pling to give effective dwell times of 4 and 2 ps for liquid

crystalline and gel phase samples, respectively (Prosser et al.
1991). The number of transients averaged was typically
4,000 for samples containing DPPC-dg, and 4,000-16,000
for samples containing POPG-d3;. Spectra used for first
spectral moments were symmetrised by zeroing the imagi-
nary channel before Fourier transformation.

The sample tube and probe coil were enclosed in a
copper oven and maintained to within & 0.1° of selected
temperatures using a digital temperature controller (model
325, LakeShore Cryotronics, Westerville, OH). Data col-
lection started at 44°C and decreased in steps of 2°C down
to 10°C with a final step to 5°C. Samples were allowed
to equilibrate for at least 20 min after each cooling step
before data collection.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry scans were performed
using a Microcal (Northhampton, MA) MC-2 instrument.
Each of the sample suspensions scanned contained 3 mg
of lipid. Following equilibration at ~12°C, each sample
was scanned at 30°C/h. Using Origin 6.1 (OriginLab
Corp., Northhampton, MA), segments of baseline span-
ning a few degrees above and below the transition on
each scan were selected and fit to a quadratic. The
resulting baseline function was subtracted from each scan
to give AC,, versus temperature. Each sample was scanned
at least twice.

Results

Figure 1 shows spectra at selected temperatures for dis-
persions of DPPC-dg,/POPG (7:3) and DPPC/POPG-d3,
(7:3), both without peptide, and for both lipid mixtures
with 3.5 % (w/w) SP-Bg_»5 incorporated. At high temper-
ature, spectra for all samples are superpositions of Pake
doublets characteristic of fast, axially symmetric reorien-
tation of the deuterium-labelled saturated chain in liquid
crystalline phase multilamellar vesicles. The distribution of
doublet splitting reflects variation of orientational order
with position along the chain. The liquid crystalline spectra
for DPPC-ds,/POPG (7:3) (Fig. 1a) are characterised by
limited resolution. Similar resolution was observed from a
second preparation of DPPC-dg,/POPG and may reflect
perturbation of DPPC-dg, dynamics by POPG. At low
temperatures, the spectra are characteristic of more ordered
chains undergoing reorientation that is not axially sym-
metric on the characteristic time scale (~107>s) of the
’H-NMR experiment. These spectra do not provide a basis
for distinguishing between the P4 and L phases and we
will simply identify them as characteristic of the gel phase.
Intensity in the gel phase spectra extends to about twice the
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Fig. 1 *H-NMR spectra at selected temperatures for a DPPC-dg,/
POPG (7:3), b DPPC/POPG-d;; (7:3), ¢ DPPC-dg/POPG
(7:3) + 3.5% N-terminal SP-B peptide and d DPPC/POPG-d3;
(7:3) + 3.5% N-terminal SP-B peptide. All samples were hydrated
in TRIS buffer containing 5 mM Ca>" at pH 7.4

maximum splitting for the liquid crystalline phase spectra.
The prominent feature spanning 15-20 kHz, in the low-
temperature spectra, arises from deuterated chain methyl
groups which continue to reorient rapidly in the gel phase.

Spectra for the samples with and without SP-Bg_,s
incorporated are distinguished by their behaviour in the
temperature range spanning the liquid crystal to gel tran-
sition. For DPPC-dg,/POPG (7:3) (Fig. la), gel phase
spectral characteristics begin to emerge as the sample is
cooled through 36°C. From this temperature down to
~18°C, the DPPC-d4,/POPG (7:3) spectra are superposi-
tions of liquid crystal and gel spectral components
implying a broad range of two phase coexistence in the
DPPC/POPG temperature-composition phase diagram.
Observation of distinct liquid crystal and gel spectral
components implies that coexisting domains are large
enough that spectral averaging due to diffusion across
domain boundaries can be neglected over the characteristic
time scale of the >H-NMR experiment. At 16°C, liquid
crystalline features are effectively absent. The DPPC/
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POPG-ds; (7:3) spectra (Fig. 1b) indicate coexistence of
liquid crystal and gel phase domains over a similar range of
temperatures. Taking into account the effect, on transition
temperatures, of deuterating one or the other lipid com-
ponent in each mixture, the upper limit of two phase
coexistence seen for this mixture is consistent with the
liquidus line in the DPPC/POPG phase diagram obtained
earlier using DSC and '>*C-NMR (Wiedmann et al. 1993).
The liquid crystalline spectral components seen here persist
to slightly lower temperature than might be expected from
the earlier work.

Acyl chain perdeuteration lowers the transition for
DPPC-dg, bilayers by ~4°C relative to the transition for
unlabelled DPPC bilayers (Davis 1979). The downward
shift in the transition for DPPC-dg,/POPG (7:3), relative
to the corresponding transition for the same mixture with
no deuterium-labelled lipid, is expected to be slightly
larger than the shift for DPPC/POPG-d3; (7:3) which
contains fewer deuterated chains. A more significant
difference between the spectral series in Fig. 1a and b is
the rate at which the fraction of each lipid in the ordered
phase grows with decreasing temperature. The higher
proportion of gel phase spectral component in DPPC-d,/
POPG (7:3) (Fig. la), compared with DPPC/POPG-d3,
(7:3) (Fig. 1b) at corresponding temperatures, in the two
phase range, reflects the stronger tendency of POPG to
resist ordering.

Figure Ic shows spectra at selected temperatures for
DPPC-dg,/POPG (7:3) with 3.5% (w/w) SP-Bg_»s incor-
porated. The higher resolution of the liquid crystalline
spectrum for this sample may reflect a peptide-induced
change in the effect of POPG on DPPC-dg, dynamics. In
addition, the behaviour of this dispersion through the
transition region is significantly different from that of the
corresponding lipid mixture with no peptide present. As
temperature is lowered from 36 to 32°C, doublet splittings
increase significantly, indicating increased orientational
order, but spectra in this range remain indicative of axially
symmetric reorientation. Below 32°C, the spectrum
broadens continuously into one characteristic of the gel
phase without displaying a superposition of liquid crystal
and gel spectral components at any temperature. For
DPPC/POPG-d3; (7:3) plus 3.5% (w/w) SP-Bg »5 (Fig. 1d),
the increase in splittings of the axially symmetric spectrum
before it begins broadening into the gel phase spectrum is
not as large but the change from liquid crystal to gel is
again continuous with no significant superposition of liquid
crystal and gel components.

One interesting consequence of the continuous phase
change displayed by both peptide-containing samples
(Figs. 1c, d) is that the gel-like spectra at temperatures
around 28°C, for which the motion has departed signifi-
cantly from axially symmetric, still display prominent
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shoulders at approximately £19 kHz. As noted below, the
persistence of a spectral feature with this splitting below
the transition is reflected in the temperature dependence of
the first spectral moments for these samples.

Figure 2 shows the result of applying a de-Pake-ing
transform (McCabe and Wassall 1995) to the 38°C spec-
trum for each sample to obtain spectra corresponding to a
single bilayer orientation. Comparison of individual dou-
blet splittings for corresponding samples with and without
peptide shows that the peptide increases chain orienta-
tional order slightly for both lipids in the liquid crystalline
phase.

For a bilayer system containing lipids with perdeuter-
ated saturated chains, the first moment of the H-NMR
spectrum is proportional to average orientational order of
the deuterated chains and is given by

20 -15  -10 -5 0 5 10 15 20

Fig. 2 Spectra corresponding to a single bilayer orientation (normal
perpendicular to magnetic field) obtained by applying a de-Pake-ing
transform to 2H-NMR spectra for a DPPC-dg,/POPG (7:3), b DPPC-
de/POPG (7:3) + 3.5% N-terminal SP-B peptide, c DPPC/POPG-d3;
(7:3), and d DPPC/POPG-d3; (7:3) + 3.5% N-terminal SP-B peptide
at 38°C. Vertical lines are to aid comparison of splittings for
corresponding spectra with and without peptide

_Jo of(@)do
I f(w)dw

where flw) is the spectrum. Figure 3 shows the temperature
dependence of M, for each of the lipid mixtures with and
without SP-Bg 5 incorporated. Figure 3a shows M, for a
control sample of DPPC-dg,/POPG (7:3) and average val-
ues of M, for two samples of this lipid mixture containing
SP-Bg 55. Error bars for the peptide-containing sample
points were estimated by calculating the deviation from the
mean for pairs of measurements at each temperature and
averaging those deviations, separately, for temperatures
above and below the transition midpoint. Figure 3b shows
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Fig. 3 a Temperature dependence of H-NMR first spectral moments
for DPPC-dg,/POPG (7:3) (solid circle) and for DPPC-dg,/POPG
(7:3) + 3.5% N-terminal SP-B peptide (open circle). b Temperature
dependence of “H-NMR first spectral moments for DPPC/POPG-d5,
(7:3) (solid square) and for DPPC/POPG-d5; (7:3) 4+ 3.5% N-termi-
nal SP-B peptide (open square). ¢ Comparison of first spectral
moments for DPPC-d,/POPG (7:3) + 3.5% N-terminal SP-B peptide
(open circle) and for DPPC/POPG-d3; (7:3) + 3.5% N-terminal SP-B
peptide (open square). Open symbols are averages of results for two
independent preparations of each peptide-containing sample. Error
bars were estimated by averaging the deviation from the mean for
pairs of measurements at each temperature above and below the
transition midpoint. All samples were hydrated in TRIS buffer
containing 5 mM Ca** at pH 7.4
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M, results for corresponding samples containing DPPC/
POPG-d3; (7:3).

For both peptide-free samples, M, goes from low values,
characteristic of liquid crystalline phase, to high values,
characteristic of the more ordered gel, as the sample is
cooled through the range of temperatures in which spectra
are observed to be superpositions of liquid crystal and gel
components. Below the transition, M, values are higher for
DPPC-dg,/POPG (7:3) than for DPPC/POPG-d3; (7:3).
This suggests that in the gel phase, the saturated chains of
POPG-d3; are more sensitive to local disruption of chain
packing by the neighbouring oleyol chain of POPG than
are the saturated chains of DPPC-dg, in the same mixture.

Figure 3a, b also show M; values for the two lipid
mixtures with SP-Bg_»5 present. In DPPC-dg,/POPG (7:3)
(Fig. 3a), the presence of the peptide slightly increases
average DPPC-dg, chain orientational order in the liquid
crystalline phase as noted above with regard to Fig. 2. The
temperature range over which M increases at the transition
is not significantly changed by the peptide despite the
apparent absence of macroscopic phase separation in the
presence of the peptide. An inflection, at 31-32°C, in the
plot of M; vs T for DPPC-ds,/POPG plus peptide was
apparent in both of the data sets, from independent prep-
arations of that mixture, that were averaged to obtain the
open symbols in Fig. 3a. The temperature of this inflection
coincides with a rounding of the prominent doublet edges
characteristic of axially symmetric reorientation at higher
temperature. The apparent peak in the values of M just
below the transition temperature range coincides with the
persistence of prominent shoulders in the gel-like spectra
below 30°C for the DPPC-ds,/POPG (7:3) plus SP-Bg_»5
mixture.

In DPPC/POPG-d5, (7:3) (Fig. 3b), presence of the
peptide again has only a slight ordering effect in the liquid
crystal phase. Across the transition range of temperatures,
though, M, values for the peptide-containing samples are
significantly increased relative to the corresponding lipid-
only sample. The DPPC/POPG-d;; (7:3) bilayers with
peptide present also display significantly higher M, values,
just below the transition temperature range, than the cor-
responding lipid-only samples but do not give rise to such a
prominent peak in M, just below the transition.

Figure 3c compares the temperature dependence of M,
for peptide-containing samples of both lipid mixtures. It is
apparent that the M; values for the labelled lipids in the
DPPC/POPG mixtures are more similar in the presence of
SP-Bg ;5 than in the lipid-only bilayers.

Figure 4 shows DSC scans, obtained prior to concen-
tration and addition of calcium, for the two lipid mixtures
with and without peptide present. Superimposed traces
show the results of consecutive scans on each sample.
Taking into account the effects of chain perdeuteration on
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Fig. 4 Differential scanning calorimetry traces for a DPPC-de,/
POPG (7:3), b DPPC-de,/POPG (7:3) + 3.5% N-terminal SP-B
peptide, ¢ DPPC/POPG-d;; (7:3), and d DPPC/POPG-d;;, (7:3) +
3.5% N-terminal SP-B peptide. Samples contained 3 mg of lipid and
were suspended in 1.2 ml of TRIS buffer in the absence of Ca>".
Superimposed traces show the results of consecutive scans on each
sample

the transitions temperatures of one or the other lipid
component, the scans for DPPC-dg,/POPG (7:3) and
DPPC/POPG-d5; (7:3) are in good agreement with earlier
DSC results for non-deuterated mixtures of DPPC and
POPG at the same ratio (Wiedmann et al. 1993). In DSC
scans of DPPC-d,/POPG (7:3) and DPPC/POPG-d5, (7:3)
suspensions with calcium added (not shown), the comple-
tion temperature of the transition was found to be 1-2°C
higher than for the corresponding lipid-only samples
without calcium present. Despite the difference in calcium
content between the DSC and NMR suspensions, there is
satisfactory agreement between the width of the transitions
inferred from DSC scans (Figs. 4a—d) and from the tem-
perature dependences of M; for corresponding samples
(Fig. 3).

Quadrupole echo decay experiments reflect lipid reori-
entations with correlation times comparable to the
~1077 s characteristic time of the “H-NMR experiment.
The decay rate for the echo component corresponding to a
particular deuteron is the sum of echo decay rate contri-
butions from each of the motions that modulates the
quadrupole interaction experienced by that deuteron.
The initial rate at which an observed echo decays with
increasing 2t is a weighted averaged over all of the
observed deuterons. The quadrupole echo decay times
reported here are the inverse of this averaged echo decay
rate.

Figure 5 shows the temperature dependence of quadru-
pole echo decay times for each of the lipid mixtures with
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Fig. 5 a Temperature dependence of ’H-NMR quadrupole echo
decay times for DPPC-ds,/POPG (7:3) (solid circle) and for DPPC-
der/POPG (7:3) + 3.5% N-terminal SP-B peptide (open circle).
b Temperature dependence of H-NMR quadrupole echo decay times
for DPPC/POPG-d3; (7:3) (solid square) and for DPPC/POPG-d;,
(7:3) + 3.5% N-terminal SP-B peptide (open square). ¢ Comparison
of quadrupole echo decay times for DPPC-ds,/POPG (7:3) + 3.5%
N-terminal SP-B peptide (open circle) and for DPPC/POPG-d5,
(7:3) + 3.5% N-terminal SP-B peptide (open square). Error bars
were estimated by averaging the deviation from the mean for pairs of
measurements at each temperature above and below the transition
midpoint. All samples were hydrated in TRIS buffer containing 5 mM
Ca®** at pH 7.4

and without SP-Bg_,5 incorporated. In the liquid crystalline
phase, there are contributions to the echo decay rate from
slow motions, such as bilayer undulations and diffusion
over curved bilayer surfaces, and from faster local motions
such as fluctuations of overall chain orientation and pos-
sibly rotation about the bilayer normal. The contributions
to echo decay rate from slower motions decrease as tem-
perature is lowered and correlation times increase (Bloom
and Sternin 1987; Weisz et al. 1992). Contributions from
these motions can be sensitive to morphology of the mul-
tilamellar vesicle samples (Stohrer et al. 1991).
Contributions to echo decay rate from faster motions
increase along with increasing correlation times as tem-
perature is lowered toward the transition. The weak
dependence of echo decay rate on temperature in the liquid

crystalline phase, as seen in Fig. Sa for DPPC-ds,/POPG
(7:3) without peptide, may be a net effect of contributions
from both fast and slow motions. As temperature is
lowered through the range of two phase coexistence, con-
tributions to echo decay rate from undulations and
diffusion continue to decrease but more local single-mol-
ecule motions slow and begin to contribute strongly to echo
decay rate below the transition. The result is a minimum in
average echo decay time near the midpoint of the transition
range. As the temperature is lowered further, contributions
to echo decay rate from local rotations decrease as these
motions continue to slow further. The maximum in echo
decay time near 12-14°C reflects the onset of significant
contributions from trans-gauche isomerization to echo
decay rate.

The temperature dependence of the average echo decay
time for DPPC/POPG-d5; (7:3) bilayers in the absence of
peptide is shown in Fig. 5b. In the liquid crystalline phase,
the average echo decay time is longer for POPG-d5; than
for DPPC-dg; in the corresponding mixture but echo decay
in the liquid crystalline phase can be sensitive to details of
vesicle morphology and the observed difference may not
indicate differences between the local environments of the
two lipid components. In the peptide-free mixtures, both
lipids do, however, pass through similar echo decay time
minima. For temperatures below the minimum, echo decay
time increases more slowly with decreasing temperature
for POPG- d3; than for DPPC-dg, in the corresponding
mixture. This likely indicates that single-molecule motions
freeze out more slowly with decreasing temperature for
POPG- d31 than for DPPC-d62.

Addition of SP-Bg ;5 affects the two lipid species in the
mixed bilayers differently. In the liquid crystalline phase of
DPPC-dg,/POPG (7:3), addition of SP-Bg »5 tends to raise
the echo decay time and thus decrease average echo decay
rate. In the liquid crystalline phase of DPPC/POPG-d3,
(7:3), the effect of SP-Bg_,s, if anything, is to lower the
average echo decay time which would correspond to an
increase in average echo decay rate. Through the transition
and below, the contributions to echo decay rate from
slower motions like bilayer undulations, which might be
sensitive to vesicle morphology, become less significant
and echo decay times are more reproducible. Below the
transition midpoint, echo decay is presumably dominated
by single-molecule reorientations moving into the slow
motion regime for these temperatures. For both lipids in the
mixture, the presence of SP-Bg_,5 results in a deeper echo
decay time minimum near the transition midpoint and a
more rapid increase in echo decay time below the mini-
mum as motions contributing to echo decay in the gel
phase freeze out. For temperatures below the onset of the
transition, the peptide-induced change in echo decay
behaviour is more substantial for POPG-d3, in the DPPC/
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POPG-d3; (7:3) than for DPPC-dg, in the corresponding
mixture.

Figure 5¢ compares the temperature behaviours of the
quadrupole echo decay times for DPPC-dg,/POPG (7:3)
plus 3.5 % SP-Bg_,5 and DPPC/POPG-d3; (7:3) plus 3.5%
SP-Bg »5. Addition of the peptide results in the quadrupole
echo time behaviours of the two lipid components being
slightly more similar to each other than in the peptide-free
mixtures above the transition midpoint and slightly less
similar to each other than in the peptide-free mixtures
below the transition midpoint.

Discussion

H NMR was recently used to compare the perturbing
effects of full-length SP-B on DPPC-dg, and DPPG-dg, in
DPPC/DPPG (7:3) mixed bilayers with one or the other
lipid component labelled (Morrow et al. 2007). The mixing
properties of components in DPPC/DPPG bilayers are
dominated by interactions in the headgroup region of the
bilayer. The temperatures for which two phase coexistence
was observed were above the main transition temperature
for DPPC-dg, alone (~37°C) which likely reflects inter-
action of Ca®" with DPPG. Average chain orientational
order was similar for both lipid components in peptide-free
DPPC/DPPG bilayer mixtures. Addition of 13% SP-B (w/
w) reduced chain order of both lipid components, both
above and below the transition. SP-B had little effect on the
temperature range over which two phase coexistence was
apparent in the DPPC-dg,/DPPG (7:3) bilayers and even
narrowed that temperature range slightly in the DPPC/
DPPG-dg; (7:3) bilayers. The results of the current study,
involving a peptide based on the N-terminal helix of SP-B
and a DPPC/POPG lipid mixture rather than DPPC/DPPG,
differ from the earlier study in interesting ways.

In the present work, two phase coexistence in both the
DPPC-dg,/POPG and DPPC/POPG-d5; mixtures, as seen in
Figs. 1a, c, is limited to temperatures below the DPPC-dg,
transition temperature and extends over a range of at least
10 degrees. In contrast, phase separation in DPPC/DPPG
(7:3) mixtures, which did not approximate the proportions
of saturated and unsaturated chains in natural surfactant,
was limited to a narrower range of temperatures (Morrow
et al. 2007).

The observation of distinct liquid crystal and gel spectral
components implies that coexisting domains must be large
enough that lipid environments are not averaged by diffu-
sion across domain boundaries in the characteristic
timescale (~ 107> s) of the *H-NMR experiment. Using a
lateral diffusion constant of ~1 x 10~'' m%*s for fluid
DPPC bilayers (Karakatsanis and Bayerl 1996), rms dis-
placement during the *H-NMR characteristic time is
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~20 nm. The observation of distinct liquid crystal and gel
spectral components through the transition range of the
lipid-only samples thus suggests that coexisting domains
must have dimensions larger than this characteristic length.

The M, results in Figs. 3a, b show that addition of 3.5%
(w/w) SP-Bg_»5 sharpens the transition of the DPPC/POPG-
d3; mixture slightly but has little effect on the width of the
transition in the DPPC-dg,/POPG mixture. More signifi-
cantly, for both peptide-containing mixtures through the
transition temperature range, the spectra (Figs. lc, d)
cannot be resolved into distinct liquid crystal and gel
spectral components. This places an upper limit of a few
tens of nanometers on the dimensions of any coexisting
liquid crystal and gel phase domains near the transition of
this mixture in the presence of SP-Bg »s. In effect, the
peptide interferes with the tendency of DPPC and POPG
components to phase separate near the bilayer transition
temperature. This is particularly interesting in light of
recent reports of nanometer-scale domains on compression
of functional lung surfactant extract monolayers (Zuo et al.
2008b) and the observation that SP-B promotes the for-
mation of nanometer-scale domain networks upon
compression of DPPC and DPPC/DPPG monolayers (Cruz
et al. 2004). The observation that this positively charged
peptide tends to promote more homogeneous mixing of
zwitterionic and anionic lipid components in this model
system also suggests that electrostatic interactions alone
may not be sufficient to account for the effect of SP-Bg_5
on DPPC/POPG mixing.

As can be seen from M, results in Figs. 2, 3, addition of
SP-Bg 5 raises average chain orientational order slightly
for both lipids in the liquid crystalline phase and more
substantially in the gel phase. This is qualitatively different
from the effect of full-length SP-B on DPPC/DPPG (7:3)
for which SP-B was found to reduce orientational order of
both lipid components both above and below the transition
temperature range. This difference may reflect the differ-
ence in unsaturated chain content between the lipid
mixtures used in the two studies as well as differences in
the effects of full-length SP-B and the SP-Bg_,5 peptide.

In general, whether accommodation of an additional
component in a bilayer raises or lowers average chain
orientational order is correlated with whether that compo-
nent promotes, respectively, a decrease or an increase in
average headgroup area per lipid relative to average chain
area per lipid. If an amphipathic peptide is located closer to
the headgroup level in a bilayer, it might be expected to
increase the average separation of lipid headgroups and
contribute to an average decrease in lipid chain orienta-
tional order. If the amphipathic peptide can locate deeper in
the membrane, the resulting reduction in lateral space
available to chains may be greater than the corresponding
reduction in space available to the headgroups resulting in
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a peptide-induced increase in lipid chain order. The posi-
tively charged residues on SP-B are arginine and lysine. In
both of these amino acid types, the positive charge is
located at the end of a flexible sidechain so that accom-
modation of the positive charges in the bilayer headgroup
region does not preclude a much deeper location for the
bulk of the peptide helix. The difference between the
effects of SP-B and SP-Bg_»5 on the chain orders of DPPC/
DPPG and DPPC/POPG respectively might thus reflect a
deeper average location, in the corresponding bilayer, for
SP-Bg »5 than for full-length SP-B. It should be noted,
though, that for a given average saturated chain orienta-
tional order, the corresponding available average area per
lipid headgroup should be greater in DPPC/POPG bilayers
than in DPPC/DPPG bilayers due to the average effect of
the oleoyl chain on area per lipid. This would be expected
to increase the susceptibility of the DPPC/POPG bilayer to
chain ordering influences and may also contribute to the
observed differences between responses of the two lipid
systems to either full-length SP-B or SP-Bg 5 peptide.

The NMR spectra of DPPC-dg,/POPG (7:3) and DPPC/
POPG-d3; (7:3) (Fig. 1) are indicative of significant phase
separation and two-phase coexistence through the transi-
tion. Spectra for the corresponding samples containing SP-
Bg_»s change more continuously through the transition
which indicates a more homogeneous mixing of the lipid
components on the NMR time scale. Despite this signifi-
cant difference, the DSC observations do not indicate a
substantial change in width or enthalpy of the mixture
transition in the presence of SP-Bg 5. Assuming lipid
masses of 3 mg for each of the DSC samples, the observed
transition peak areas in Fig. 4 correspond to average lipid
transition enthalpies of 6.9 kcal/mole and 7.0 kcal/mole for
DPPC-dg,/POPG (7:3) and DPPC/POPG-d;; (7:3) respec-
tively and 8.2 kcal/mole and 9.1 kcal/mole for the
corresponding mixtures containing SP-Bg 5. Given the
width of these transitions, however, baselines can only be
approximately determined and the difference between
these transition enthalpies may not be significant. It is
interesting to note, though, that the change in M, and thus
average chain orientational order, through the transition
(Fig. 3) is slightly larger for the samples containing peptide
than for the corresponding lipid-only samples. It is also
interesting to note that a weighted average (7:3) of the
reported transition enthalpies for DPPC (Mabrey and
Sturtevant 1976) and POPG (Fleming and Keough 1983) is
~7.9 kcal/mole. The similarity of this value to the tran-
sition enthalpies observed here is consistent with the
limited effect that peptide is observed to have on lipid
chain packing both above or below the transition. The
NMR and DSC observations both show that, regardless of
its effect on observable phase separation, the peptide has
little effect on the overall width of the transition.

Perturbation of the transition temperature of one or the
other lipid component, by deuteration, is not expected to
qualitatively change the phase behaviour of the mixture but
the shape of the excess heat capacity trace can be affected.
In particular, the prominence of a plateau on the high
temperature edge of the peak for DPPC-ds,/POPG plus
peptide (Fig. 4b), compared with magnitude of this feature
in the corresponding trace for DPPC/POPG-d3; plus pep-
tide (Fig. 4d), likely results from the shift in peak heat
capacity resulting from deuteration of the higher- versus
the lower-melting lipid component. It is significant that the
difference between the shapes of the DSC traces for the
peptide-containing samples are consistent with difference
between the corresponding first-moment plots. For DPPC-
de/POPG plus peptide, the plateau on the high temperature
edge of the excess heat capacity peak seems to correspond
with the inflection observed in M, versus T (Fig. 3a). For
DPPC/POPG-d3; plus peptide, the slight shift of the excess
heat capacity peak toward the higher temperature edge of
the transition corresponds to the sharper increase M, as
temperature of this sample is lowered through the transition
(Fig. 3b).

In a quadrupole echo experiment, the amplitude, A(27)
of the echo at time 27 following the initial pulse is a sum of
contributions from deuteron populations experiencing dif-
ferent motions so that

A(21) = ZAie*ZTR' (2)

where A; is proportional to the number of deuterons in a
given population and R; is the sum of contributions to the
quadrupole echo decay rate from the set of motions mod-
ulating the quadrupole interaction for that population of
deuterons. For short times, the observed echo decay time is
the inverse of the weighted average of the echo decay rates
for all deuterons in the sample.

The extent to which the quadrupole interaction of a
specified deuteron is modulated by a given motion, j, can
be characterised by the second moment, AMY, of that
modulation. Motions can be classified as fast if 7; < AMY,
or slow if 7; > Asz (Bloom and Sternin 1987). For fast
motions, R; = AMQT_,-, whereas for slow motions, R; o rfl
(Bloom and Sternin 1987; Pauls et al. 1985). Because
correlation times generally increase with decreasing tem-
perature, contributions to echo decay rate tend to increase
with decreasing temperature for fast motions and decrease
with decreasing temperature for slow motions. The result is
a maximum in the contribution to echo decay rate as a
given motion passes from fast to slow upon cooling of a
bilayer sample.

Despite efforts to minimise differences in average vesicle
morphologies by carefully controlling hydration protocols,
the possibility of significantly different contributions from
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slow motions to echo decay in the liquid crystalline phases
of DPPC-dg,/POPG (7:3) and DPPC/POPG-d5; (7:3) (solid
symbols in Figs. 5a, b respectively) cannot be ruled out. It
is thus difficult to draw conclusions from the observed
difference between the decay times of the two lipids in the
liquid crystalline phase of this mixture. As temperature is
lowered through the transition region, echo decay times for
both lipids in the peptide-free mixture pass through similar
minima. For temperatures below the minimum, echo decay
time increases more slowly with decreasing temperature
for POPG-d;; than for DPPC-ds, in the corresponding
mixture. This implies that single-molecule reorientations,
which increasingly dominate quadrupole echo decay as the
sample is cooled into the gel phase, freeze out more slowly
with decreasing temperature for POPG- d3; than for DPPC-
dep in corresponding bilayers. This may reflect a local
disordering effect of the unsaturated oleoyl chain on
POPG.

In the presence of peptide, the quadrupole echo decay
times for the two lipid components in the liquid crystalline
phase become more similar. While interpretation of quad-
rupole echo decay in the liquid crystalline phase is
complicated by the sensitivity of slow motion contributions
to details of vesicle morphology that can be difficult to
control, it is clear that interaction with the peptide does not
significantly increase differences in the motions of the two
lipids in the liquid crystalline phase.

Below the echo decay time minimum, echo decay times
for both lipid components in the peptide-containing sam-
ples increase more quickly with decreasing temperature
than for the same lipids in the peptide-free samples. In
effect, addition of SP-Bg_,5 deepens and sharpens the echo
decay time minimum. This implies that the correlation
times for motions that dominate echo decay, over this
temperature range, increase more quickly with decreasing
temperature in the presence of the peptide than in the
peptide-free bilayers. The peptide-induced change in echo
decay time behaviour over this temperature range is larger
for the POPG-d;; component than for the DPPC-dg,
component in these mixtures suggesting that the peptide
counters the tendency of the POPG to resist freezing out of
local rotational motions as temperature is lowered below
the transition midpoint.

Because echo decay below the transition midpoint is
dominated by more local motions which have slowed into
the slow motion regime, interpretation of differences near
and below the transition is simpler than in the liquid
crystalline phase. In the absence of peptide, single-mole-
cule POPG-d3; motions freeze out more slowly with
decreasing temperature, below the transition, than the
corresponding DPPC-dg, motions. Addition of the peptide
increases the correlation times, at a given temperature, for
local motions of both lipids but the resulting change is
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larger for POPG-d;; than for DPPC-dg,, suggesting that
addition of peptide reduces difference between the local
environments of the two lipid components at temperatures
below the transition midpoint.

The observed effects of the SP-Bg_5 peptide on quad-
rupole echo decay times for the two lipid components are
thus consistent with the suggestion, from inspection of the
spectra, that SP-Bg_,5 interferes with the tendency of the
saturated-chain DPPC and the mixed-chain POPG to phase
separate. This is most apparent through the transition
where, in the absence of peptide, it is possible to spectro-
scopically distinguish domains enriched in DPPC from
domains enriched in POPG. The echo decay results suggest
that even below the transition, where the samples are
spectroscopically homogeneous, the peptide alters the
local environments of DPPC and POPG, possibly by
decreasing the tendency of the two components to self-
aggregate.

The possibility that at least a portion of SP-B promotes
more thorough mixing of saturated PC and unsaturated PG
lipid components, in mixtures approximating the unsatu-
rated chain content of natural surfactant, may have
interesting implications for the behaviour of lung surfactant
material particularly under conditions of lateral compres-
sion which might be expected to enhance the propensity for
saturated and unsaturated lipid components to segregate.
Comparing the effects, on model surfactant mixtures, of
SP-Bg_»5 with those of other SP-B-derived peptides and
full-length SP-B should provide insight into the ways in
which the different SP-B helices, and interactions between
those helices, contribute to the role of SP-B in functional
surfactant.
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