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ABSTRACT: The location and depth of each residue of lung pulmonary surfactant protein B (SP-B1-25) in
a phospholipid bilayer (PB) was determined by fluorescence quenching using synthesized single-residue-
substituted peptides that were reconstituted into 1,2-dipalmitoyl phosphatidylcholine (DPPC)-enriched
liposomes. The single-residue substitutions in peptides were either aspartate or tryptophan. The aspartate
was subsequently labeled with theN-cyclohexyl-N′-(4-(dimethylamino)naphthyl)carbodiimide (NCD-4)
fluorophore, whereas tryptophan is autofluorescent. Spin-labeled compounds, 5-doxylstearic acid (5-DSA),
7-doxylstearic acid (7-DSA), 12-doxylstearic acid (12-DSA), 4-(N,N-dimethyl-N-hexadecyl)ammonium-
2,2,6,6-tetramethylpiperidine-1-oxyl iodide (CAT-16), and 4-trimethylammonium-2,2,6,6-tetramethylpi-
peridine-1-oxy iodide (CAT-1), were used in the quenching experiments. The effective quenching order
is determined by the accessibility of the quencher to a fluorescent group on the peptide. The order of
quenching efficiency provides information about the relative locations of individual residues in the PB.
Our data indicate that residues Phe1-Pro6 are located at the surface of PB, residues Tyr7-Trp9 are
embedded in PB, and residues Leu10-Ile22 are involved in an amphipathicR-helix with its axis parallel
to the surface of PB; residues Pro23-Gly25 reside at the surface. The effects of intermolecular disulfide
bond formation in the SP-B1-25 dimer were also investigated. The experiments suggest that the SP-B
helix A has to rotate at an angle to form a disulfide bond with the neighboring cysteine, which makes the
hydrophobic sides of the amphipathic helices face each other, thus forming a hydrophobic domain. The
detailed topographical mapping of SP-B1-25 and its dimer in PB provides new insights into the
conformational organization of the lung pulmonary surfactant proteins in the environment that mimics
the native state. The environment-specific conformational flexibility of the hydrophobic domain created
by SP-B folding may explain the key functional properties of SP-B including their impact on phospholipid
transport between the lipid phases and in modulating the cell inflammatory response during respiratory
distress syndrome.

Pulmonary surfactant is a product secreted by the lung
epithelial type II pneumocytes. A major function of the
surfactant is to reduce the surface tension across the air/
liquid interface, thereby preventing alveolar collapse (or
atelectasis) during lung deflation (1). The surfactant material
has the unique ability to coherently adjust the thickness and
tension of surface lining film during the ventilation cycle in
response to the changing volume of alveoli.

Lung surfactant consists of approximately 90% lipid and
10% protein by mass (2). The lipid component, composi-
tionally, is a mixture of 1,2-dipalmitoyl phosphatidylcholine
(DPPC)1 and minor fractions of acidic, unsaturated, and
neutral lipids. Taken alone, the lipid component is at least
an order of magnitude less efficient in adsorbing to the air/
liquid interface than the whole surfactant (3, 4). The
difference in efficiency is attributed to a comparatively small

but crucially important protein component of the surfactant.
There are at least four surfactant apoproteins, designated as
the surfactant protein A (SP-A), SP-B, SP-C and SP-D (5).
SP-A and SP-D are relatively large collagenous carbohydrate-
binding hydrophilic glycoproteins. SP-B and SP-C are
smaller surfactant-associated hydrophobic proteins. They are
directly interspersed into the lipid component of surfactant,
generating and maintaining the surface-active monolayer
film. SP-B has been ascribed many essential physiological
functions. These include promotion of lipid adsorption to
the air/liquid interface, dynamic surface tension lowering and
improvement of pressure-volume mechanics (3, 6, 7),
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thermodynamics of surfactant adsorption and respreading of
films from the collapse phase (8, 9), stabilization of lipid
monolayer films, membrane binding, and membrane fusion
(10, 11), and antimicrobial activity (12, 13). Deficiency of
SP-B results in disruption of lamellar bodies and tubular
myelin formation, loss of type II pneumocyte polarity (14),
and massive discharge of disrupted lamellar bodies into the
airway (15).

SP-B is a 79-amino acid residue lipophilic apoprotein. It
contains 52% hydrophobic amino acids and a substantial
number of basic groups, resulting in the net charge of+7.
SP-B is found as a∼17 kDa sulfhydryl-dependent ho-
modimer (16). The monomer is presumed to consist of four
(17) or five (18) amphipathic helices bundled together by
intramolecular disulfide bridges. The bridges are formed
between highly conserved cysteine residues. They are Cys8-
Cys77, Cys11-Cys71, and Cys35-Cys46 (17). The remain-
ing Cys48 forms an intermolecular disulfide bond responsible
for dimerization. The pattern of intramolecular disulphide
bonds and overall sequence similarity to sphingolipid-
activator proteins (saposins) establish SP-B as a representa-
tive of the saposin-like protein family (19). However, unlike
other members of this family, SP-B is more lipophilic, is
permanently lipid-associated, and exists as a dimer. At least
one three-dimensional structural model of SP-B has been
reported. It is for porcine SP-B on the basis of its 22%
sequence identity to NK-lysin, the only saposin-like domain
for which coordinates have been determined experimentally
(20). Despite the marginal sequence homology, the model
successfully confirmed the approximate locations of all four
major R-helices. In addition, it predicted a new previously
unknownR-helix presumably adjacent to the helix D. Yet,
the proposed spatial arrangement of the helices in the lipid-
associated mode needs additional corroboration; because NK-
lysin is water-soluble but SP-B is not, the model carries no
information about the tertiary structure of SP-B in ordered
lipid films.

Because of a specific mode of SP-B-lipid association, in
which extreme hydrophobicity of the protein coexists with
a substantial cationic charge, structural studies of SP-B in
the native phospholipid environment have proven to be
technically challenging. Therefore, it was concluded that
SP-B association with phospholipids may represent a more
complex mode than that of other membrane-spanning species
(21). The topographical organization of SP-B with respect
to the phospholipid environment was mainly studied using
synthetic analogues of the protein. Previous findings revealed
that in many instances a short positively charged N-terminal
fragment, which contains only the first 25 amino acids (SP-
B1-25), can effectively replace the full-length SP-B. For
instance, (1) in model surfactant films, both increase the
collapse pressure (while uncharged mutants do not), sug-
gesting that the cationic N-terminus of SP-B interacts with
anionic lipids to remove the driving force for lipid collapse
from the surface film (22-25); (2) according to pressure-
area isotherms, Brewster angle microscopy, and grazing
incidence X-ray diffraction measurements in mixtures, both
increase the fraction of fluid phase in the liquid-expanded/
liquid-condensed two-phase region (26); (3) both, and
especially a dimeric form of SP-B1-25, efficiently reduce the
surface tension in surface films (27); (4) both improve in
vivo function and sensitivity to plasma inhibition of clinical

surfactant in premature neonates (28, 29). These observations
underscore the critical importance of SP-B1-25 to the native
function of full-length SP-B. Therefore, elucidation of the
topographical organization of SP-B1-25 in the PB environ-
ment may be helpful in understanding the structure and
function of SP-B.

Interactions of SP-B and its fragments in lipid bilayers
and monolayers have been investigated using various ex-
perimental and theoretical techniques, such as attenuated total
reflection Fourier-transform infrared (FTIR) spectroscopy
(30), external reflection-absorption infrared spectroscopy
(31, 32), 13C-FTIR (33, 34), circular dichroism (CD) (32-
37), nuclear magnetic resonance (NMR) (38-41), Raman
spectroscopy (42), fluorescence anisotropy (43), tryptophan
fluorescence (40), and molecular modeling and molecular
dynamics simulations (20, 44). Most studies support a model
in which the amphipathic helices of SP-B interact with the
polar headgroup region of PB with its helical axes oriented
roughly parallel to the surface of the lipid-water interface
(43), the polar faces of the amphipathic helices interact with
solvent and phospholipid headgroups; the positively charged
residues interact electrostatically with anionic phospholipid
components of the surfactant, and the hydrophobic regions
face the acyl chains of phospholipids (21, 30, 37). On the
other hand, some observations suggest that SP-B1-25 may
be oriented at an oblique angle to the surface and partially
embedded in the lipid films (44). In addition, there are
differences in the literature concerning the length of the helix
portion of SP-B1-25 and the location of Trp9 on PB. Further
work is needed to answer these and other questions concern-
ing the structural mode of SP-B when it is anchored to
phospholipids in the water-lipid environment.

Fluorescence-quenching experiments that we performed
provide information about the location and depth of each of
the 25 SP-B1-25 residues in PB. The method involves
synthetic single-residue-substituted peptides, which allow
attachment of only one specific fluorescent group per peptide.
These peptides are used for measurement of the relative
efficiencies of quenching of peptide fluorescence by a spin-
labeled probe either attached at a certain position on the lipid
or dissolved in the aqueous phase (45-47). Comparative
analysis of relative quenching efficiencies with respect to a
specific spin-probe gives information on whether the fluo-
rescent group interacts with the probe. Only the groups within
a short contact distance interact. The quenching group can
be attached to the lipid at different locations on the fatty
acid. For instance, in our experiments, lipids with fatty acids
labeled at positions of carbon-5, carbon-7, carbon-12, and
the phosphate group were used. The location of a fluoro-
phore-labeled residue with respect to PB is determined by
the relative order of the measured quenching efficiencies.

Based on the sequence of human SP-B, the SP-B1-25-
mimic peptides, which carried either tryptophan or aspartate
single-residue substitutions at each amino acid position, were
synthesized and tested. Our studies suggest a topographical
model of SP-B1-25 in which the N-terminal residues Phe1-
Pro6 are located at the surface of PB, residues Tyr7-Trp9
are embedded in PB, residues Leu10-Ile22 (or Cys8-Ile22)
form an amphipathic helix with its axis roughly parallel to
the surface of BP, and residues Pro23-Gly25 are found at
the surface of PB, similar to Phe1-Pro6.
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MATERIALS AND METHODS

Materials. Chloroform (Chl), methanol (MeOH), 1,2-
dipalmitoyl phosphatidylcholine (DPPC), phosphatidylcho-
line (PC),L-phosphatidyl-DL-glycerol (PG), and cholesterol
were purchased from Sigma (St. Louis, MO).N-Cyclohexyl-
N′-(4-(dimethylamino)naphthyl)carbodiimide (NCD-4) and
spin-labeled probes, 4-trimethylammonium-2,2,6,6-tetra-
methylpiperidine-1-oxy iodide (CAT-1), 4-(N,N-dimethyl-
N-hexadecyl)ammonium-2,2,6,6-tetramethylpiperidine-1-
oxyl iodide (CAT-6), 5-doxylstearic acid (5-DSA), 7-dox-
ylstearic acid (7-DSA), and 12-doxylstearic acid (12-DSA),
were obtained from Molecular Probes, Inc. (Eugene, OR).

Peptide Design.Twenty peptides of the first 25 residues
of SP-B deduced from the sequence of human SP-B were
synthesized. An aspartate substitution was introduced into
each peptide, replacing one residue at a time. To test two
residues by using a single peptide, tryptophan was also
introduced in several triple-substituted peptides and in one
penta-substituted peptide. To keep only one tryptophan
residue per peptide, each multiple-substituted peptide carried
a silencing W9Y substitution, along with two or more test
mutations. These included F1W/Q19D, P2W/A20D, I3W/
M21D, P4W/I22D, L5W/P23D, P6W/K24D, and P2W‚P4A‚
P6A/G25D peptides. The substituted peptides probed in this
study are shown in Table 1.

Peptide Synthesis.The Peptide Synthesis Facility of the
Molecular Medicine Institute at the Center for Biotechnology
and Bioengineering of the University of Pittsburgh synthe-
sized the peptides. The peptides were synthesized on an
Omega 396 automated peptide synthesizer (Advanced
ChemTech, Louisville, Kentucky) following the FMOC
synthesis protocol. Crude peptides were analyzed, character-
ized, and purified by gel filtration (G-25 column), reversed-
phase high performance liquid chromatography (RP-HPLC,
486 and 600E by Waters Corporation). The correct mass was
later confirmed by electrospray mass spectroscopy (Quattro
II, Fisons Inc.).

Labeling of Synthesized Peptides with NCD-4 and Incor-
poration into Proteoliposomes.The synthesized peptides
were suspended in methanol and incubated with NCD-4 in

a molecular ratio of 40 nM NCD-4 to 1 nmol of peptide for
1 h at room temperature. The unbound reagent was removed
by dialysis with three separate changes of methanol. To
prevent peptide aggregation, 1:2 (peptide/lipid, g/g) of lipid
in a mixture, as described below, was added into the
suspension before the mixture was dried under a continuous
stream of nitrogen gas. The lipid/labeled peptide complex
was suspended in a buffer containing 100 mM KCl, 200 mM
sucrose, and 30 mM Tris-HCl, pH 7.0, at a final protein
concentration of 8 mg/mL.

Proteoliposomes were prepared as described previously
(27, 47) but with some modifications. Fifty milligrams of
the lipid mixture DPPC/PG/PC/cholesterol (25:12.5:5:7.5)
was suspended in a solvent of Chl/MeOH (1:2, v/v). The
lipid solution was dried under a continuous stream of nitrogen
at room temperature and resuspended in the buffer described
above to a final concentration of 50 mg/mL of lipid. The
suspension was vortexed and incubated at 55°C for 15 min.
The liposomes thus formed were sonicated for 1 min 2 times
at 37°C with a 30-s interval. NCD-4 (or tryptophan)-labeled
peptide was added to the liposome suspension at a ratio 1:50
(peptide/lipid) and incubated for 1 h at 37°C. Because of
the partial overlap between tryptophan emission and NCD-
4-labeled aspartate absorption bands, only a single fluoro-
phore group per each quenching experiment was used, that
is, multiple-substituted peptides were not labeled with NCD-4
in quenching experiments in which tryptophan was used as
a source of autofluorescence. The peptides were labeled with
NCD-4 only when an aspartate substitution was used as a
probe. To minimize possible interactions between fluoro-
phores in multiple-substituted peptides, the tryptophan and
aspartate substitutions were introduced at a distance of at
least 18 residues from each other.

Fluorescence Quenching Experiments.A single tryptophan
substitution provides a position-related autofluorescent label.
Its excitation occurs at the wavelength of 275-295 nm and
its emission at 340 nm (48). NCD-4 has been reported to
bind to carboxyl groups of acidic amino acids on proteins
and produce fluorescence (49). Its emission maximum is at
425 nm in 100% ethanol and 440 nm in 50% ethanol. The

Table 1: Amino Acid Sequences of Synthesized Peptides Represented by One-Letter Codes

humana SP-B1-25 F P I P L P Y C W L C R A L I K R I Q A M I P K G

1 P6D D
2 Y7D D
3 C8D D
4 W9D D
5 L10D D
6 C11D D
7 R12D D
8 A13D D
9 L14D D
10 I15D D
11 K16D D
12 R17D D
13 I18D D
14 F1W/Q19Db W Y D
15 P2W/A20Db W Y D
16 I3W/M21Db W Y D
17 P4W/I22Db W Y D
18 L5W/P23Db W Y D
19 P6W/K24Db W Y D
20 P2W‚P4A‚P6A/G25Db W A A Y D

a Only substitutions are shown. The rest of the sequence remains intact.b A “silent” W9Y substitution is not included in the peptide name.

Organization of SP-B1-25 in Bilayers Biochemistry, Vol. 42, No. 14, 20034017



emission spectrum observed after the reaction of NCD-4 with
acidic amino acids is consistent with the formation of an
N-acetyl urea formed by carboxyl-coupled NCD-4. Thus, a
single-aspartate-substituted peptide, followed by labeling with
NCD-4, also provides a position-dependent fluorescent label
with its excitation and emission maxima at 334 and 422 nm,
respectively.

To obtain information on localization of the fluorescent
probe with respect to the surface of PB, a series of
paramagnetic fluorescence-quenching experiments (17, 46,
50) were carried out. The group of spin-labeled compounds
applied in this study includes 5-DSA, 7-DSA, and 12-DSA,
which are the derivatives of stearic acid with a nitroxide
radical ring substitution introduced, respectively, at the 5th,
7th and 12th carbon atom positions on the acyl chain, CAT-
16, a cationic amphiphilic spin label with a polar groupsits
spin label is located at the PB surface, and a water-soluble
CAT-1, which was the most polar spin label used in the
experiments. Dynamic collisional quenching obeys the
Stern-Volmer relationship (49):

whereI0 andI are the fluorescence intensities in the absence
and presence of the quencher, [Q] is the concentration of
the quencher, andKD is the Stern-Volmer quenching
constant. The Stern-Volmer relationship was analyzed by
plotting the observed order of quenching efficiency (I0/I -
1) against [Q].

The fluorescence intensities were determined using a dual-
scanning luminescence spectrometer from Perkin-Elmer
(Norwalk, CT, model LS-50B). Measurements were per-
formed at 37°C. Fluorescence quenching was performed in
2 mL of reaction buffer containing 100 mM KCl, 200 mM
sucrose, and 30 mM Tris-HCl, pH 7.0. The quenchers CAT-
16, 5-DSA, 7-DSA, and 12-DSA were prepared at 20 mM
stock solution in ethanol and were added to the reaction
mixtures at final concentrations of 10, 25, 50, 75, and 100
µM. CAT-1 was prepared at 100 or 200 mM stock solution
and was added to the reaction mixtures at final concentrations
of 1, 1.5, 2, and 2.5 mM.

Formation of Dimer Peptide.A C8D mutation peptide was
used. It forms a dimer under conditions described previously
(27). In this peptide, Cys11 is the only cysteine that is able
to participate in the formation of an intermolecular disulfide
bond between the monomeric peptides. The peptide was
reduced with 100 mM dithiothreitol (DTT) for 12 h in a
solution containing 30 mM Tris-HCl and 100 mM KCl, pH
7.5, with 50% methanol at a concentration of 1 mg/mL
protein. The peptide suspension was then dialyzed three times
with a buffer (30 mM Tris-HCl, 100 mM KCl, pH 7.5, with
50% methanol) to remove the unreacted DTT. The peptide
suspension was stirred for 2 days under air-oxidation
conditions. During this period, the dimers were formed. The
formation of dC8D homodimers was confirmed by SDS-
PAGE.

Molecular Modeling.A three-dimensional model of SP-
B1-25 was rendered using CHARMM (51), Insight II, and
Cerius2 from Accelrys, Inc. (San Diego, CA). The initial
setup of the peptide was carried out in internal coordinates
as implemented in CHARMM. Allω-angles were assumed
to have the trans conformation. On the basis of the results

of fluorescence-quenching experiments,φ-angles of residues
11-22 andψ-angles of residues 10-21 were assigned-65°
and-40°, respectively.

As a test case, ten N-terminal residues were assumed in
six standard canonical conformations as given by the
Biopolymer module of Insight II. They are the rightR-helix,
left R-helix, 310-helix, π-helix, â-strand, and the extended
conformation. When necessary, the N-terminal 10-mer of SP-
B1-25 was then adjusted to match a hypothetical plane of
the lipid-water interface. In all but one case, this was
achieved by manual variation of theφ11 angle. However, in
the extended conformation, in addition to that, theψ3 angle
also had to be adjusted. Next, all test structures were
subjected to 500 cycles of unrestrained adopted basis
Newton-Raphson energy minimization in vacuum using the
CHARMM27 all-atom force field (52) with dielectric
constant of 1.0 and distant-dependent screening factor.
Ionizable groups and the termini were assumed to have their
standard protonation states at pH 7. All minimizations were
carried out without truncation of nonbonded interactions.

Using these procedures, we identified the best-fitting
standard conformation. It was the extended conformation.
We further used this conformation as the starting point for
refinement of the structural model. Residues 1-10 were
assigned the extended conformation in Insight II and then
manually modified to maximally account for the results of
fluorescence-quenching experiments. After these manipula-
tions, the model was minimized following the protocol
explained above.

RESULTS

Quenching effects of spin labels on the fluorescence of
NCD-4-labeled single-residue-substituted peptides and au-
tofluorescence of single-tryptophan-substituted peptides were
analyzed using eq 1. The most effective quenchers were
CAT-1, CAT-16, and 5-DSA. 7-DSA showed a rather weak
quenching efficiency comparing to these three quenchers.
Overall, it suggests that SP-B1-25 does not penetrate deep
inside PB, and that is consistent with the view that SP-B1-25

may be an amphipathic peptide that is located at the surface
of PB. More careful analysis of the data suggests that some
of the residues are associated with the polar environment,
some are located at the surface of the lipid-water interface,
and some are embedded somewhat deeper in PB. The
deepest-embedded residue stretches into PB up to ap-
proximately the carbon-5 of the fatty acid chains. The weak
quenching efficiency of 7-DSA and complete lack of 12-
DSA quenching indicate that SP-B1-25 does not have a trans-
membrane domain.

The observed order of quenching efficiency can be divided
into three groups (Table 2). The quenching profile of group
I consists of a polar quencher, CAT-1, as the only effective
quencher (Figure 1) and CAT-16 having a minor quenching
efficiency, if any at all. The hydrophobic quenchers 5-DSA
and 7-DSA had no effect on the fluorescence quenching
whatsoever. This suggests that the residues in group I are
located in the aqueous environment. Figure 1 shows the
quenching profile of mutation peptide K16D, which is
representative of the six peptides in group 1.

In group II, the amphiphilic probe CAT-16 and hydrophilic
spin-labeled quencher CAT-1 were both effective quenchers.

I0/I ) 1 + KD[Q] (1)
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The hydrophobic quencher 5-DSA showed either weak or
no quenching. 7-DSA has no quenching effect at all on
peptides in this group. The order of quenching efficiency
for this group was CAT-16. 5-DSA; and CAT-1 exhibited
significant quenching efficiency at low concentrations (Figure
2). Therefore, the residues in this group appear to be located
at the surface of PB in contact with the headgroups of
phospholipids. At position six, the conclusion was supported
by substitutions of two kinds. Both tryptophan (P6W) and
aspartate (P6D) substitutions yielded very similar quenching
properties. This suggests that there was no significant
difference in the topography of the lipid-embedded peptide
when either tryptophan or aspartate was used as a substituent
in the synthesized peptides.

In group III, the hydrophobic quencher 5-DSA showed
the most powerful quenching efficiency as compared to the
amphiphilic quencher CAT-16 and deep lipid-embedded
probe 7-DSA. The observed quenching order was either
5-DSA g CAT-16, and CAT-1 shows effective quenching
(Figure 3A1,A2) or 5-DSA> 7-DSA > CAT-16 with no

appreciable quenching from the polar quencher CAT-1
(Figure 3B). Nine peptides belong to this group.

The quenching efficiency data for group III peptides
indicate that the relevant residues are embedded in the lipid
environment but not deep enough to reach 12-DSA or even
7-DSA. Some of them appear to be shallow, but some are
embedded more deeply in PB. The nearly equal quenching
efficiency by amphiphilic quencher CAT-16 and 5-DSA (5-
DSA g CAT-16) suggests that a residue is located between
the surface of PB and carbon-5 of the fatty acid chain at
approximately 1-2 Å from the surface of PB (Figure 3A1,-
A2). Three peptides, C8D, L14D, and M21D, show that their
fluorescent groups are shallowly embedded in PB. On the
other hand, when the observed quenching efficiency order
is 5-DSA > CAT-16 or 5-DSA> 7-DSA > CAT-16 and
CAT-1 shows no quenching at all, the fluorescent groups of
the peptides are embedded in PB close to carbon-5 of the
fatty acid chain. There are six peptides satisfying these
criteria; they are Y7D, W9D, C11D, I15D, I18D, and I22D
(Figure 3B). In all these cases, 7-DSA showed very weak
quenching efficiency and 12-DSA did not show quenching
at all. This suggests that there is no residue of SP-B1-25 that
is located deeper than or even reaches carbon-7 of the fatty
acid chains. In fact, most of these residues are around
carbon-5 of the fatty acid chains.

Table 3 summarizes the quenching data for all 25 residues
of SP-B1-25 as they are found in the native sequence. The
table also shows the location of each residue with respect to
PB and a proposed molecular conformation of the residue.
On the basis of these data, we propose the following
topographical model of human SP-B1-25. The first six
residues, from Phe1 to Pro6, are located at the surface of
PB. Residues Tyr7 to Trp9 are embedded in PB. Cys8 is
also lipid-embedded but more shallowly than Tyr7 and Trp9.
The quenching efficiency of peptides with substitutions from
Leu10 to Ile22 showed a regular periodic shift of the residues
between polar and nonpolar environments. There are about
three to four residues per pitch (Table 2). The regularity of
this pattern complies with the canonical definition ofR-helix.
Taking into account that both the C- and N-terminal residues
are located at the surface and to satisfy conditions imposed
by the measurements on Leu10- to Ile22-substituted peptides,
the R-helix has to be located at the surface of PB with its
axis approximately parallel to the lipid-water interface.
Relative locations of each residue with respect to PB are
shown in Figure 4. According to molecular modeling (see
below), Leu10 appears to be the first residue involved in
the hydrogen-bonding network of the helix. It is located at
the surface of PB. Other helix residues cycle between the
polar and nonpolar regions in agreement with the helical
wheel diagram. Some residues of the helix, Arg12, Ala13,
Lys16, Arg17, Gln19, and Ala20, are oriented toward the
polar environment, while others, Ile15, Ile22, Cys11, Ile18,
Leu14, and Met21, are located at the opposite side, which
is embedded in PB. The side chains of Cys11 and Ile18 are
the deepest and must be located at the bottom of the
hydrophobic side of the amphipathic helix, probably about
3-6 Å deep from the PB surface. The relative arrangement
of Arg12 and Gln19 deserves a separate comment. According
to the Edmundson helical wheel, residue Gln19 should be
somewhat closer to PB than Arg12. However, our data
showed that Arg12 was closer to the polar headgroups of

Table 2: The Three Groups of Residues of SP-B1-25 Based on
Their Relative Locations in the Lipid Bliayer as Determined by
Fluorescence-Quenching Experimentsa

group III

group I group II shallow deeper

R12 F1 C8 Y7
A13 P2 L14 W9
R16 I3 M21 C11
R17 P4 I15
Q19 L5 I18
A20 P6 I22

L10
O23
K24
G25

a Group I residues are in the water environment; group II residues
are located near the headgroups of phospholipids; group III amino acids
are embedded in the lipids.

FIGURE 1: Fluorescence quenching of K16D, representing group I
peptides. The peptides incorporated into liposomes were suspended
in 2 mL of reaction buffer containing 40µg/mL of the peptides.
The reaction was performed at 37°C. After 4 min of equilibration
time, the fluorescence intensity was recorded as described in the
Materials and Methods section. The plot was calculated using eq
1. Each point on the plot is the average of three or more
experiments.
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phospholipids, that is, to the surface of PB, than Gln19. At
present, we do not have an explanation for this fact. It may
be related to a peculiar bending of the side chain, to
specificity of peptide-lipid interactions that distort the
ordering of PB, or to something else. The three C-terminal
residues, Pro23, Lys24, and Gly25, are located at the surface
of PB, just like the N-terminal residues from Phe1 to Pro6.
The full profile of the topographical organization of SP-B1-25

on PB is depicted in Figure 4.

To rationalize the three-dimensional structure of lipid-
associated SP-B1-25 in view of the new data, we carried out
molecular modeling of the peptide. The primary goal of
modeling was to evaluate the measured data with respect to
stereochemical considerations imposed by the laws of peptide
chemistry, that is, to suggest a set of backbone dihedral
angles that are concordant with the results of our fluorescence-
quenching experiments. Perfect agreement between the
Edmundson diagram and the cyclic pattern in fluorescence-
quenching data leaves little doubt about the backbone
conformation of the middle part of the peptide. Therefore,
the backbone of residues 11-21 was modeled with a standard
right-handedR-helix. Because of the very short size of the
remaining C-terminal fragment, we do not expect it to form
a sequence-specific stable structural form. The conformation
of this fragment in the native SP-B, most likely, is influenced
by the adjacent protein environment. A maximally extended
conformation of this fragment is reasonably consistent with
the fluorescence-quenching data.

Assignment of a conformation to the N-terminal part of
the peptide represents the most challenging task. Ambiguity

in the N-terminus arises from both the irregular pattern of
the measured quenching efficiencies and unknown stereo-
isomerism of the proline residues. There are three highly
conserved proline residues in the N-terminal part of the
peptide. They are located at positions 2, 4, and 6. Their
specific functional role in SP-B is unknown. Generally,
proline residues serve as protein secondary-structure disrup-
tors. Also, they are favorably found in the beginning of
R-helices, possibly initiating the helical twist. Thus, the three
proline residues in the N-terminal part of SP-B may play an
important role in maintaining a specific topographical
conformation and enhance the surface-active function. We
tested their role in a series of peptides in which proline
residues were replaced. A peptide with multiple mutations
(P2W‚P4A‚P6A/G25D) was designed specifically to study
the role of all three N-terminal proline residues. To keep
only one tryptophan residue in the peptide, Trp9 in the native
sequence was replaced by tyrosine. On the basis of the
observation that the polar quencher CAT-1 and amphiphilic
quencher CAT-16 were the most effective quenchers for a
tryptophan substitution at position two in the penta-
substituted peptide (data not shown), we conclude that
substituting all three proline residues with either tryptophan
or alanine did not significantly affect the relative location
of the side chain of the second residue on PB. Similar results
were obtained with single-proline-substituted peptides P2W/
A20D, P4W/I22D, and P6W/K24D. These data suggest that
under current experimental conditions the conformation of
the N-terminal proline residues did not have a significant
impact on the topographical organization of the peptide.

FIGURE 2: Fluorescence quenching of group II peptides. The peptides incorporated into liposomes were suspended in 2 mL of reaction
buffer containing 40µg/mL of the peptides. The reaction was performed at 37°C. After 4 min of equilibration time, the fluorescence
intensity was recorded as described in the Materials and Methods section. The plot was calculated using eq 1. Each point on the plot is the
average of three or more experiments.
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Because these were substitutions with predominantly trans-
peptide residues, all three N-terminal proline residues were
modeled in the trans-peptide conformation.

Assignment of the remaining dihedral angles in the
N-terminal part of the peptide was started with a test fitting
with common canonical conformations. In six independent
tests, residues 1-10 were assumed to have one of the
standard canonical conformations from the Insight II library
as described in the methods section. Next, we calculated the
average distance from Câ atoms of each of the ten N-terminal
residues either to the hypothetical surface plane or, when
appropriate, to a lipid-embedded plane parallel to the surface.
The latter plane was placed at 2 Å below the surface. This
location is expected to appropriately mimic the natural
distance from the 5-DSA probe to a fluorophore, if the
fluorophore were located at Câ atoms. The calculated average
distances for each of the six tested conformations are listed
in Table 4. All of them were unreasonably high. Therefore,
the final assignment of the backbone conformation was done
manually starting from an extended conformation, which
appears to better satisfy the experimental constraints.

The proposed molecular model of SP-B1-25 is given in
Figure 5. Essentially, it represents a computerized three-
dimensional reconstruction of the experimental two-dimen-
sional diagram shown in Figure 4. The Ramachandran plot
of the peptide is given in the insert. It shows a concentration
of residues in the region of the rightR-helix, which
corresponds to the middle part of the peptide, and a broad

spread of residues in the region of extended conformations.
Only Leu10, an interfacial residue between the segments of
R-helical and extended conformations, occupies a less
common area on the Ramachandran plot in the belt of left-
handed helices. The unusual conformation of this residue
appears to be essential in linking the two structural regions;
otherwise, an appropriate depth for Tyr7, Cys8, and Trp9 in
the lipid cannot be achieved. We also observed noticeable
noncanonical distortions in the C-terminal part of the helix.
Two backbone angles,ψ20 and φ21, deviate by about 90°
from the numbers that are typical forR-helices (Figure 5).
These distortions appear to promote the appropriate position-
ing with respect to PB of other C-terminal residues. However,
interestingly, they do not cause a significant impact on the
helical pattern of hydrogen bonds. Despite the angular
distortions, both Ala20 and Met21 retain an almost perfect
hydrogen-bonding network of the helix A, and a helical twist
of the ribbon in the pitch that corresponds to these two
residues (Figure 5, the last pitch in the bottom panel) visually
is almost indistinguishable from the rest of the helix. In-
depth computerized refinement of the atomic structure of
SP-B1-25 based on the available fluorescence-quenching
restraints will be presented elsewhere.

The topographic profile of the homodimeric form of SP-
B1-25 in PB was tested to find out whether there is a change
in the topography of the peptide after formation of the
intramolecular disulfide bridge. All seven cysteine residues
are highly conserved in SP-B. Among them, Cys11, Cys35,

FIGURE 3: Fluorescence quenching of group III peptides. The peptides incorporated into liposomes were suspended in 2 mL of reaction
buffer containing 40µg/mL of the peptides. The reaction was performed at 37°C. After 4 min of equilibration time, the fluorescence
intensity was recorded as described in the Materials and Methods section. The plot was calculated using eq 1. Each point on the plot is the
average of three or more experiments.
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Cys46, and Cys71 are predicted to be located at the
hydrophobic sides of helices A, B, C, and D of SP-B,
respectively (24). Cys11 of helix A and Cys71 of helix D

form an intramolecular disulfide bond. The results of
quenching experiments for the C11D peptide indicate that
Cys11 is located at the bottom of the hydrophobic side of
amphipathic helix A (Figure 4) facing the lipids. To form a
disulfide bond with Cys71 of the neighboring amphipathic
helix D, Cys11 may have to rotate at an angle to face the
partner. Therefore, a dimer of the C8D peptide (dC8D) was
used in quenching experiments to investigate the topographic
changes associated with formation of the intramolecular
disulfide bond. Because in this peptide Cys8 was replaced
by aspartate, Cys11 becomes the only cysteine residue
capable of dimerization. Two fluorescent groups, NCD-4-
labeled Asp8 (in the native sequence Cys8) and Trp9, were
utilized to monitor sulfhydryl-dependent conformational and
topographic changes. The effective quenching order for Asp8
in C8D was CAT-16) 5-DSA (Figure 3A) suggesting that
Asp8 was located close to the surface of PB.

However, the effective quenching order for the homodimer
dC8D was CAT-16> 5-DSA (Figure 6A), thus suggesting
that in the dimeric form of the peptide Asp8 is reoriented
and directed more toward the aqueous environment. Similar
results were obtained using the fluorescence quenching of
Trp9. The order of effective quenching for Trp9 was 5-DSA
. 7-DSA in the C8D monomer (Figure 6B). However, in
dC8D, it has changed to CAT-16> 5-DSA (Figure 6C).
This suggests that in dC8D Trp9 also changed its topographic
position compared to the monomer and moved toward the
surface of PB.

These results imply that upon the disulfide bond formation
the helix A turns at an angle to the PB surface as compared
to the monomer form of SP-B1-25. Therefore, Cys11 rotates
and moves from a deeper to shallower location in the PB,

Table 3: Locations of SP-B1-25 Residues on PB as Deduced by Fluorescence-Quenching Experiments Using the Synthesized Peptides

tested
residues peptidesa

order of efficiency
of lipid quenchers CAT-1b

predicted
locationsc

predicted
conformationd

F1 F1W/Q19D CAT-16 ++ S E
P2 P2W/A20D CAT-16 ++ S E
I3 I3W/M21D CAT-16 ++ S E
P4 P4W/I22D CAT-16 ++ S E
L5 L5W/P23D CAT-16 ++ S E
P6 P6W/K24D CAT-16 ++ S E
P6 P6D, P6W/K24D CAT-16 ++ S E
Y7 Y7D 5-DSA > CAT-16 L
C8 C8D CAT-16) 5-DSA ++ L
W9 W9D 5-DSA> CAT-16 L
L10 L10D CAT-16> 5-DSA + S H
C11 C11D 5-DSA> CAT-16 ) 7-DSA L H
R12 R12D CAT-16> 5-DSA ++ W H
A13 A13D CAT-16 ++ W H
L14 L14D 5-DSAg CAT-16 ++ L H
I15 I15D 5-DSA> 7-DSA L H
K16 K16D none + W H
R17 R17D CAT-16> 5-DSA + S H
I18 I18D 5-DSA> 7-DSA L H
Q19 F1W/Q19D none + W H
A20 P2W/A20D none + W H
M21 I3W/M21D 5-DSAg CAT-16 > 7-DSA + L H
I22 P4W/I22D 5-DSA> CAT-16 > 7-DSA L H
P23 L5W/P23D CAT-16> 5-DSA ) 7-DSA + S
K24 P6W/K24D CAT-16> 5-DSA + S E
G25 P2W‚P4A‚P6A/G25D CAT-16> 5-DSA + S E

a In multiple-substituted peptides, the peptide was not labeled with NCD-4 when tryptophan was used as a source of autofluorescence.b The +
marker under the hydrophilic quencher CAT-1 represents a degree of quenching efficiency by CAT-1. More markers indicate a stronger effect.c S
stands for the surface of PB, L stands for lipid, and W stands for water environment.d H stands for theR-helical conformation, and E stands for
extended conformation.

FIGURE 4: Two-dimensional diagram showing the relative locations
of residues with respect to PB. The Edmundson helical wheel
denotes the helical portion of the peptide. The diagram shows that
residues Leu10-Ile22 form an amphipathic helix that is half-
embedded in PB. One side of the helix consisting of residues Arg12,
Ala13, Lys16, Arg17, Gln19, and Ala20 oversees the polar
environment, while the other consisting of residues Ile15, Ile22,
Cys11, Ile18, Leu14, and Met21 is embedded in PB (gray-colored).
The N-terminal Phe1-Pro6 and the C-terminal Pro23-Gly25 are
located at the lipid-water interface. Irregularly structured Tyr7-
Trp9 are embedded in PB. The horizontal line represents the surface
of PB.

Table 4: Average Per Residue Distance from Câ Atoms of Residues
1-10 to a Point of Appropriate PB-Associated Spatial Constraint
Derived from the Fluorescence-Quenching Experiments

conformation distance (Å)

310-helix 3.07
â-strand 2.76
π-helix 2.75
R-helix, left 2.49
R-helix, right 2.31
extended 2.28
manual 0.96
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which facilitates the sulfhydryl-dependent association with
the neighboring helix (Figure 7A).

DISCUSSION

SP-B1-25 is a functionally important N-terminal fragment
of the lung pulmonary surfactant protein B, which by itself
can mimic many physiological effects of the whole protein.
A truncated peptide lacking this fragment shows inferior
properties (39). Structural characterization of SP-B1-25 and
its topographical organization in phospholipid membranes
is essential for understanding the mechanism of action of
SP-B. We used a position-wise fluorescent group labeling
technique to test the depth of each residue on PB. Fluores-
cence-quenching experiments were carried out either on
tryptophan- or NCD-4/aspartate-substituted peptides recon-
stituted in PB. Using these experiments, we determined the
location of each of the 25 residues with respect to the surface
of PB.

The results suggest that SP-B1-25 is located at the surface
of PB without forming a transmembrane domain or even
significantly penetrating inside PB. The side chains of all
residues are located in the interfacial region between the polar
phase and lipids up to a depth of carbon-5 of the fatty acid

chains. This conclusion is based on the observation that the
polar quencher CAT-1, amphiphilic quencher CAT-16, and
hydrophobic quencher 5-DSA were the most effective
quenchers for all of the substituted peptides. Interactions of
the fluorescent probes with deeper hydrophobic quenchers,
for example, 7-DSA and 12-DSA, were much weaker, or
there was no detectable effect at all. These data imply that
SP-B1-25 essentially rests on the surface of the lipid-water
interface. This is consistent with many previous reports
suggesting a shallow profile of SP-B1-25 on the lipids (32,
33, 48, 53) and disagrees with the literature proposing a
deeper location for the peptide (44).

Our data show that the first six residues of the peptide
(Phe1-Pro6) are confined to a thin interfacial layer between
the lipids and aqueous phase of the system. The most likely
conformation of these residues belongs to a structural class
that is distinct from theR-helix. It has been previously
suggested that these residues may be in aâ-sheet conforma-
tion (33, 34). Our results indicate that these residues, strictly
speaking, do not form a classical Pauling-Coreyâ-strand.
However, they do map close to this region on the Ram-
achandran plot and thus may be considered as a more general
class of extended conformations that includes theâ-structure

FIGURE 5: Molecular model of SP-B1-25 that satisfies the fluorescence-quenching data. The bottom panel represents SP-B1-25 viewed from
the solvent side of the peptide-PB complex. The N-terminus is to the left. The side view of the molecule is given in the upper left panel.
The N-terminus faces the reader; PB is assumed to be underneath the molecule. Details of the backbone conformation are summarized in
the Ramachandran plot in the upper left insert. Leu10, Ala20, and Met21 discussed in the text are circled.
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as a subclass. In a computerized test of six standard regular
conformations, we observed that an extended conformation
better matches the experimental endpoints (Table 4). Minor
manual adjustment of the extended conformation resulted
in a drastic improvement of the fit, which we were not able
to achieve using helical conformations. The N-terminal
sequence contains a pattern of three equally spaced proline
residues, which may be central to the function of the
fragment. Because of the lack of amide hydrogen atom and
restrictions imposed by the pyrrolidine ring, proline residues
usually do not promote regular secondary structures (except
for special cases of poly(Pro) helices). Therefore, it is hard
to expect a classical type ofâ-conformation in the N-terminal
part of SP-B.

Implications of proline substitutions to topographical
mapping of SP-B1-25 on PB were studied using several
appropriately selected synthetic peptides. They are P6D,
P2W/A20D, P4W/I22D, P6W/K24D, and P2W‚P4A‚P6A/
G25D. The latter was specifically designed to investigate
the conformational importance of the simultaneous presence
of all three proline residues. In this peptide, a tryptophan
probe was placed at the second position, thus creating a
unique autofluorescent group in the NCD-4 unlabeled
peptide. Quenching experiments with multiple-mutation
peptides, including P2W‚P4A‚P6A/G25D, revealed that the
location of the first six N-terminal residues on the surface

FIGURE 6: Fluorescence-quenching efficiency for Asp8 and Trp9 in monomer (C8D) and dimer (dC8D) peptides. In these peptides, Cys8
was substituted with NCD-4-labeled aspartate. Cys11 was the only residue that was able to participate in the disulfide bond formation.
Panel A shows fluorescence quenching for Asp8 in the NCD-4-labeled dC8D dimer. Panel B shows fluorescence quenching for Trp9 in the
C8D monomer. Panel C shows fluorescence quenching for Trp9 in the dC8D dimer. The peptides incorporated into liposomes were suspended
in 2 mL of reaction buffer containing 40µg/mL of the peptides. The reaction was performed at 37°C. After 4 min of equilibration time,
the fluorescence intensity was recorded as described in the Materials and Methods section. The plot was calculated using eq 1. Each point
on the plot is the average of three or more experiments.

FIGURE 7: Edmundson helical wheel diagrams representing a side
view of proposed relative orientations of helices A and D (A) and
B and C (B) after the intramolecular disulfide bond formation. The
helix A rotates at an angle of about 90° compared to the reduced
form (Figure 4). A similar process may also take place with helices
B and C. The (X) mark in the helix center denotes that the
C-terminus faces the reader, while the (b) mark denotes that the
N-terminus facing the reader. Nonpolar residues are represented
by the gray color.
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of PB was not disturbed by any of these substitutions. We
did not observe any significant variation in the depth of
N-terminal residues between peptides that did not carry
substitutions in the N-terminal proline residues, for example,
F1W/Q16D, I3W/M21D, and L5W/P23D (Table 2), and
those with substitutions. Therefore, we conclude that interac-
tions of the N-terminal region with phospholipid headgroups
do not rely on the proline residues. Unlike in some short
peptides (54), it is likely that all N-terminal proline residues
in SP-B1-25 adopt a predominately trans conformation. The
structural and functional role of these conserved proline
residues remains to be elucidated. Possibly, they serve as
signals preventing structural ordering of the N-terminus in
either an elongated helix A or a specific nonhelical structural
motif, presumably theâ-structure (33, 34). Another pos-
sibility would be to assume that in a different environment
they may be responsible for a cis-trans isomerization, which
may result in a yet undisclosed structural shape of the
N-terminus, for example, a hypothetical “biochemical Vel-
cro” (55).

The role of N-terminal proline residues may be closely
related to conformation of the next few residues before the
R-helix. They are Tyr7, Cys8, and Trp9. If these residues
adopt anR-helical conformation, that is, belong to the helix
A, then according to the Edmundson diagram of Figure 4,
the side chain of Trp9 shall be exposed to the solvent and
Cys8 shall be located in proximity to the phospholipid
headgroups. However, according to our measurements, each
of the NCD-4-labeled Y7D, C8D, and W9D peptides strongly
interacts with the nonpolar quencher 5-DSA. Therefore, all
of these three residues appear to be embedded in PB, which
would lead to a conclusion that Cys8 and Trp9 may not be
involved in theR-helix, and thus, the helical segment on
SP-B1-25 may not start before Lys10.

Concerning peptide folding, one may doubt that a nega-
tively charged aspartate, albeit NCD-4-labeled, is a good
substituent for hydrophobic side chains of key helix-initiating
residues. To confirm that indeed Trp9 is not involved in the
helix, its location was additionally investigated using tryp-
tophan autofluorescence. The experiments were performed
with NCD-4 unlabeled peptides Y7D, C8D, and L10D, in
which Trp9 was the only source of autofluorescence. In these
experiments, 5-DSA was the most effective quencher for
each of the three peptides (data not shown). These experi-
ments additionally confirm the conclusion that indeed Trp9
is embedded in PB. In a recent study, the distance between
the center of PB and Trp9 was estimated to be 10-13 Å
(48), which is in accord with our current result. However,
earlier studies have been suggesting a shallower location of
the residue (33, 56).

It has been proposed that the topographical and structural
organization of SP-B may depend on experimental conditions
such as the liposome content of lipid components, lipid/
protein ratio, and conditions of peptide incorporation into
the liposomes (48, 50, 57, 58). Also, it has been reported
that the location of Trp9 on PB is sensitive to microenvi-
ronmental conditions (34, 50). This may explain the observed
variability in the depth of Trp9 on PB, along with the
differences in estimated length of the helix A. In a recent
NMR study of SP-B11-25 in a structure-promoting environ-
ment, it was shown that the helical conformation extends
from Leu14 to Met21 only (39). This further confirms the

possibility that the length of helix A may vary depending
on experimental conditions.

Our data suggest that the helix A in a PB-bound form of
SP-B1-25 can stretch from Leu10 to Ile22. Because the
fluorescence quenching of the NCD-4 chromophore by a
polar quencher CAT-1 could not be detected either in C11D
or in P4W/I22D peptides (in which the locations of chro-
mophore approximately designate the ends of theR-helix),
we conclude that the side chains of both Cys11 and Ile22
are embedded inside PB, and thus theR-helix in the SP-
B1-25 peptide is attached to PB essentially parallel to the
surface of the water-lipid interface. This is a somewhat
unexpected result because previous studies, which relied on
either physical (33, 39) or computational (44) methods,
postulated a tilted model of the peptide on the surface. At
present, we do not have an explanation for this discrepancy.
It may be related to variations in experimental conditions,
microenvironment, or the method of peptide reconstitution
in liposomes. A recent report shows that the depth of SP-B
in PB may indeed depend on the method of reconstitution
(58). In that study, the authors observed that SP-B recon-
stituted from lipid/protein mixtures in organic solvents was
inserted more deeply in PB than proteins reconstituted by
the addition to already preformed phospholipid vesicles. We
prepared the liposomes by adding the peptides to preformed
vesicles; therefore, the topographic model described in this
paper may represent a new shallow mode of SP-B1-25 on
PB.

It has been reported that sulfhydryl-dependent dimers of
SP-B1-25 are more surface-active compared to the molecules
without disulfide bonds (27); however, the molecular mech-
anism of observed differences remains unknown. Our data
suggest that in the peptide without disulfide bonds Cys8 and
Trp9 are embedded in PB, Cys8 being superficial to Trp9.
In the dimer, both residues rotate by an angle, bringing Cys8
into a position outside of PB while Trp9 moves closer to
the surface. This configurational rearrangement implies that
the disulfide bond formation induces a change in the protein-
lipid interactions such that the helices of the two peptides
face each other with amphipathic sides of the helices, thereby
forming a hydrophobic domain. Interestingly, early im-
munologic studies indicated that conformation of the N-
terminal part of SP-B is sensitive to disulfide bond formation
(59). Therefore, we expect that the consequences of the
sulfhydryl-dependent rotation of the helix A discovered in
this work also hold for the full-size SP-B, that is, that
interactions between the helix A and helix D, and between
their jointly formed hydrophobic domain and phospholipids,
may be similar to those described in the present study. Also,
we project that similar principles apply to helices B and C,
which taken together may form another hydrophobic domain
complementary to helices A and B. In polar environments,
the two domains may interact forming, for instance, a
saposin-like fold as postulated by a recent homology model
(20). In nonpolar environments, the self-packed structural
assembly of the protein may spontaneously unfold promoting
spreading of lipids from the collapse phase to the air/liquid
interface (27, 60-63). The possibility of such conformational
restructuring is evident from conformational transformations
of SP-B in various aqueous-organic solvents (50), although
mechanically this process requires coherent straightening of
two “molecular hinges” between the helices A and B and C
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and D. In a close-ring topology of the backbone with coils
(confined by disulfide bridges), this is a nontrivial motion.
However, if the proposed type of conformational rearrange-
ment indeed takes place, then SP-B may gain the ability to
reversibly carry nonpolar materials in and out of the polar
phase. Dimerization of the molecule will enhance both
effects. Formation of sulfhydryl-dependent dimers has been
shown to be beneficial for phospholipid trafficking in the
lung (64).

It has been recently shown that amphiphilic block copoly-
mers can stabilize PB interactions in a bicontinuous phase
because of increased rigidity of surfactant (65). In the lung,
quasi-regular surfactant formations, for example, the lamellar
bodies, are secreted into the alveolar fluids by exocytosis of
epithelial type II pneumocytes. The lamellar bodies form a
tubular network (tubular myelin). The tubular myelin absorbs
at the air/liquid interface forming a phospholipid-rich film.
During the ventilation cycle, this complex structural system
spreads and recovers the lipid material of the interfacial film.
It has been demonstrated that amphiphilic SP-B acts as a
helper in this process (15, 27). Superproduction of lung
pulmonary surfactant observed in certain clinical situations,
for instance, in silicosis, may disrupt this process by shifting
the water/lipid ratio in the bicontinuous phase of the lung
toward a lamellar-sponge transition. Thus, the level of
expression and concentration of SP-B in the surfactant-water
mixture would play an important role in the lung (14, 15),
guiding the exchange between the surface, lamellar, and
sponge phases (66). We hypothesize that the folded and open
(amphiphilic) forms of SP-B may reversibly interchange in
response to variations in the alveolar surface tension, thus
promoting phospholipid traffic to and from the interfacial
lining film. The new binding mode of SP-B1-25 in PB
described in this work gives new insights into the confor-
mational and topographical transitions that the protein might
undergo. This structural lability of the protein, perhaps, is
the most important physiological property of SP-B.
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