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ABSTRACT: These studies detail the altered structure-function relationships caused by oxidation of surfactant
protein B (SP-B), a mode of damage thought to be important in acute respiratory distress syndrome (ARDS),
a common and frequently fatal condition. An 18-residue fragment comprising the N-terminal helix of SP-B
was investigated in oxidized and unmodified forms by solution and solid-state nuclear magnetic resonance
(NMR), circular dichroism (CD), and molecular dynamics (MD) simulation. Taken together, the results
indicate that tryptophan oxidation causes substantial disruptions in helical structure and lipid interactions.
The structural modifications induced by tryptophan oxidation were severe, with a reduction in helical extent
from approximately three helical turns to, at most, one turn, and were observed in a variety of solvent
environments, including sodium dodecyl sulfate (SDS) micelles, dodecyl phosphocholine (DPC) micelles, and
a 40% hexafluoro-2-propanol (HFIP) aqueous solution. The unmodified peptide takes on an orientation
within lipid bilayers that is tilted approximately 30� away from an in-plane position. Tryptophan oxidation
causes significant modifications to the peptide-lipid interactions, and the peptide likely shifts to a more in-
plane orientation within the lipids. Interestingly, the character of the disruptions to peptide-lipid interactions
caused by tryptophan oxidation was highly dependent on the charge of the lipid headgroup.

Lung surfactant is a mixture of lipids and proteins that allows
normal breathing by reducing the surface tension created at the
air-water interface in alveoli and, additionally, provides the first
line of defense against inhaled microbes in the lungs. Deficiency
or inactivation of lung surfactant leads to potentially fatal
respiratory disorders such as neonatal respiratory distress syn-
drome (NRDS)1) in premature newborns (1) and acute respira-
tory distress syndrome (ARDS) in adults with acute injury or
illness (2). Surfactant protein B (SP-B) is an indispensable
component of the lung surfactant system (3). SP-B performs
such crucial roles in surfactant function that its hereditary
deficiency is lethal in humans (4) and in knockout mice (5).
Deactivation of SP-B by antibodies also leads to respiratory
distress syndrome (RDS) in rabbit models (6). Although a
complete mechanistic description of SP-B’s crucial roles in
normal respiration is still unavailable, biophysical studies suggest
that SP-B functions by facilitating large-scale rearrangements of

surfactant lipids and stabilizing the structures required at various
stages of the breathing cycle (7).

Lung surfactant is directly exposed to oxidative air pollutants
in the alveolar space and also exposed to endogenous reactive
oxygen species (ROS) produced by leukocytes and macro-
phages (8). It is thus inherently vulnerable to oxidative dam-
age (9). Surfactant oxidative modifications likely play a
central role in the pathogenesis of lung diseases, such as ARDS
and acute lung injury (ALI) (10, 11). Oxidative modifications
result in dysfunction of lung surfactant and can lead to its
complete inactivation (8, 12-14). Several studies have examined
the disruptive effects of ROS on individual lipid and protein
components as well as on overall alterations of surfactant
biophysical activity (14-20). Perhaps the most deleterious effect
is observed inROS-inducedmodifications of SP-B, which appear
to be a severe contributing factor in surfactant inactiva-
tion (8, 15, 19). It has been shown that the oxidation of SP-B
involves modification of three amino acids: the two methionines
and the single tryptophan present in the protein sequence (21).
Studies of fusogenic, lytic, and surface tension reducing activities
of SP-B-based peptides have demonstrated that the tryptophan
(Trp9) is critical for optimal interface affinity of SP-B (22, 23). It
is therefore pertinent to characterize changes in the structure of
SP-B and in its interactions with lipids, resulting from the
oxidative modification of Trp9, which potentially lead to a loss
of SP-B function.

Tryptophan is an amino acid that typically either contributes
to the stabilization of the hydrophobic core of a water-soluble
globular protein or anchors a membrane protein to a polar-
apolar interface (24). For SP-B, structural studies of Mini-B
suggest that the latter case is more likely (25). Mini-B, a synthetic
construct comprising the N-terminus and C-terminus of SP-B’s
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four predicted helices, performs as well as the full-length protein
in surfactant deficient rat models and likely encompasses the key
functional regions of SP-B (26). The high-resolution structure of
Mini-B, determined in lipid-mimetic detergent micelles, shows
that the side chain of Trp9 (Trp2 in Mini-B) does not appear to
contribute to the interhelix hydrophobic contacts and therefore
that its role ismost likely to interact with the lipids to help anchor
Mini-B at the lipid headgroup-acyl chain interface (25).

Although methionine may become oxidized more easily than
tryptophan, we have focused on the oxidation of the latter, as this
modification to SP-B likely contributes more severely to surfac-
tant inactivation. Bovine lipid extract sufactant (BLES), a
therapeutic form of lung surfactant, remains functional despite
evidence that it contains SP-B with some degree of methionine
oxidation (21). However, BLES treated with Fenton reagents,
which induces oxidation of SP-B tryptophan, exhibits a loss of
surface activity (21).

We have used an 18-residue N-terminal fragment of SP-B,
termed SP-B8-25, to assess the changes that oxidation of Trp9
may cause in the structure and/or lipid interactions of SP-B. The
SP-B8-25 fragment contains the N-terminal R-helix of SP-B and
also corresponds to the N-terminal half of Mini-B. Two variants
of the peptide were used: the unmodified Trp-SP-B8-25 that
retains tryptophan at position 2 and the oxidized Kyn-SP-B8-25

in which tryptophan has been replaced with one of its oxidized
forms, kynurenine (Kyn) (Figure 1). The differences in the
structures and lipid interactions of the two peptides have been
probed in membrane-mimetic anionic sodium dodecyl sulfate
(SDS) and zwitterionic dodecyl phosphocholine (DPC) micelles,
using solution nuclear magnetic resonance (NMR), circular
dichroism (CD), and diffusion NMR. Solid-state deuterium
(2H) NMR was also employed to determine the orientation
anddynamics of the unmodified peptide in a palmitoyloleoylpho-
sphatidylcholine (POPC) bilayer. Lastly, unrestrained molecular
dynamics (MD) simulations of both peptides were performed in
dipalmitoylphosphatidylcholine (DPPC)/palmitoyloleoylpho-
sphatidylglycerol (POPG) monolayers to gain additional insight
into the mechanisms by which oxidation affects the structure and
lipid interactions of SP-B8-25.

MATERIALS AND METHODS

Peptide Synthesis and Purification. Two variants of the
SP-B8-25 peptide were synthesized and purified. The amino
acid sequence, with either Trp or Kyn at position 2, was

Cys-Trp/Kyn-Leu-Cys-Arg-Ala-Leu-Ile-Lys-Arg-Ile-Gln-Ala-
Met-Ile-Pro-Lys-Gly. The peptides were produced by solid-phase
chemical synthesis employing O-fluorenylmethoxycarbonyl
(Fmoc) chemistry, on aCS336Xpeptide synthesizer (C SBioCo.,
Menlo Park, CA) following the manufacturer’s instructions. The
peptides were synthesized at a 0.2 mmol scale with a single
coupling, using prederivatized Rink amide resin. Resin and all
Fmoc amino acids were purchased from C S Bio Co., with the
exception of Fmoc kynurenine, which was purchased from
Advanced ChemTech (Louisville, KY). Organic solvents and
other reagents used for the synthesis and purification were high-
performance liquid chromatography (HPLC) grade or better and
purchased from Fisher Scientific (Ottawa, ON) and Aldrich
Chemical (St. Louis, MO). Deprotection and cleavage of the
peptides from the resin were conducted with a trifluoroacetic acid
(TFA)/water (95:5 by volume) cleavage cocktail followed by cold
precipitation with tert-butyl ether. The crude products were
purified by preparative reverse-phase HPLC in a Vydac C-8
column by use of a water/acetonitrile linear gradient with 0.1%
TFA as the ion pairing agent. The molecular weights of the
peptides were confirmed by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry.
The purified peptides were lyophilized and stored at 4 �C. A
second sample of Trp-SP-B8-25 was synthesized for 2H NMR
studies and contained deuterated methyl groups in the alanine
residues at positions 6 and 13. Ala6 was 100% labeled, while
Ala13 was only 50% labeled so we could distinguish between the
two labels in the 2H NMR spectra.
NMRSample Preparation. SolutionNMRsamples of both

Trp-SP-B8-25 and Kyn-SP-B8-25 were prepared using three
different solvent systems: SDS micelles, DPC micelles, and
40% hexafluoro-2-propanol (HFIP). All samples contained
1 mM peptide, 0.4 mM 2,2-dimethyl-2-silapentane 5-sulfonate
(DSS), 0.2 mM NaN3, 1 mM freshly prepared dithiothreitol
(DTT), and 10% D2O. Additionally, the micelle samples con-
tained 100 mM SDS or DPC (98% deuterated; Cambridge
Isotopes, Andover, MA) and 90% H2O, and the HFIP samples
contained 40% HFIP (98% deuterated; Cambridge Isotopes)
and 50%H2O. The samples were set to pH 7.0 using NaOH and
HCl, without taking the isotope effects into account. Oriented 2H
NMR samples were prepared by depositing a Trp-SP-B8-25/
POPC (Avanti Polar Lipids, Alabaster, AL) mixture (3.5%, w/w),
dissolved in a chloroform/methanol mixture (1:1 v/v), onto
stacked mica plates as described elsewhere (27). Samples were
dried under vacuum and hydrated (95% humidity) to establish
uniformly oriented lipid bilayers.
Collection and Processing of Solution NMR Data. A set

of one-dimensional (1D) 1H, two-dimensional (2D) 1H-1H
TOCSY, and 2D 1H-1H NOESY experiments was performed
for each solution SP-B8-25 sample on a Bruker (Billerica, MA)
Avance II 14.1 T (600 MHz) spectrometer equipped with
z-gradients and an inverse triple-resonance TXI probe. The
NMR data were collected and processed using Bruker Topspin
version 2.0. The pulse length (P1) and the transmitter offset (O1)
were optimized for each sample before the full set of NMR
experiments was run. The NMR spectra were recorded at 37 �C
to match the physiological temperature. The experiments used
the water-gate water suppression technique (28). For 1D 1H
experiments, data were collected with 32 scans and processed
using an exponential apodization function with 1 Hz line broad-
ening. The 2D 1H-1H TOCSY experiments were performedwith
a 60 ms mixing time and either 80 or 128 scans. A total of 2048

FIGURE 1: Chemical structuresof tryptophan (Trp) (A) andoneof its
oxidized forms, kynurenine (Kyn) (B).
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and 512 data points were collected in the F2 and F1 dimensions,
respectively, and the processed spectra had 1024 points in both
dimensions. The 2D 1H-1H NOESY experiments were per-
formed with a 200 ms mixing time and 128 scans. A total of 2048
and 512 data points were collected in the F2 and F1 dimensions,
respectively, and the processed spectra had 1024 points in both
dimensions. All TOCSY and NOESY spectra were processed
using the Qsine apodization function with a sine bell shift of 2.
Collection and Processing of Diffusion NMR Data.

Diffusion-ordered spectroscopy (DOSY) experiments were per-
formed for themicelle samples on the sameBrukerAvance II 14.1
T (600 MHz) spectrometer employing pulsed field gradient
(PFG) NMR (29). The pulse sequence used a stimulated echo
with bipolar gradient pulses and one spoil gradient (30), followed
by a 3-9-19 pulse for water suppression (31). The pseudo-2D
DOSY spectra were produced using Bruker Topspin version 2.0.
The translational diffusion coefficients were derived from the
underlying 1D 1H experiments using the equation for the
attenuation of signal

ln½SðkÞ=Sð0Þ� ¼ -DCk

with k ¼ γ2g2δ2ðΔ-δ=3Þ
where S(k) is the observed signal intensity, S(0) is the unatte-
nuated signal intensity, DC is the diffusion coefficient, γ is the
gyromagnetic ratio of the observed nucleus (1H), g is the gradient
strength, δ is the gradient pulse length, andΔ is the diffusion time.
The diffusion time was kept constant at 100 ms. The gradient
pulse lengthwas optimized for each sample and set between 4 and
6 ms. The maximum amplitude of the gradient strength was
35 G/cm. The 1H signals were attenuated to ∼5% of their initial
amplitudeswith an increase in gradient strength from∼2 to∼95%
in 32 steps. Experimentswere performed at 37 �C for SDS samples,
but at 25 �C for DPC samples to minimize the effect of thermal
convection. The integrated signal intensities were exported into
Igor Pro for curve fitting. The diffusion coefficient was determined
from the slope of the linear fit of ln[S(k)/S(0)] versus k. The
observed diffusion coefficient was converted into the apparent
hydrodynamic diameter, using the Stokes-Einstein equation

DC ¼ kBT=3πηdHA

where kB is the Boltzmann constant,T is the absolute temperature,
η is the viscosity of the solution, and dHA is the apparent
hydrodynamic diameter of the particle. The viscosity of pure
water, 6.92� 10-4 kgm-1 s-1 at 37 �Cand8.91� 10-4 kgm-1 s-1

at 25 �C, was used for the viscosity of the solution.
Collection andProcessing of Solid-State 2HNMRData.

2H NMR spectra were recorded at 61 MHz (9.4 T) using an in-
house assembled spectrometer and probe. Spectra were recorded
using a quadrupole echo pulse sequence (32) with phase cycling
and π/2 pulses with a duration of 7 μs separated by 35 μs. Data
were collected using a 1 μs dwell time and 8192 points. Over-
sampling by a factor of 4 was applied to give an effective dwell
time of 4 μs, and the data were left-shifted to place the echo
maximum at the first point in the free induction decay (33).
Spectra were obtained by signal averaging over 200000 transients
with a repetition time of 900 ms, using an in-house constructed
flat transceiver coil (dimensions of 15 mm � 15 mm � 3 mm).
Data were smoothed with a 200 Hz line broadening filter. Coil
orientation was adjusted so that the lipid bilayer normal was
either parallel or perpendicular to the spectrometer magnetic

field. All spectra were recorded at 25 �C. The orientation
dependence of the 2H quadrupole echo was used to determine
the time- and ensemble-averaged orientation of the peptide in the
lipid bilayer, assuming an R-helical geometry for Trp-SP-B8-25.
The peptide orientation was defined by two coordinates, the tilt
angle, τ, that the helix axis makes with the lipid bilayer normal
and the azimuthal angle, F, that defines the orientation, relative to
a reference direction, of a radial line from the helix axis to the CR
atom of a reference residue in a plane perpendicular to the helix
axis, here taken to be Ala6. The reference direction (F = 0�)
points in a direction that is simultaneously perpendicular to the
helix axis and coplanar with the bilayer normal and the helix
axis (34, 35). Probable sets of τ and F were identified via a
multidimensional grid search for minima in the root-mean-
square deviation (rmsd) between the observed and calculated
splittings (34, 35).
Collection and Processing of CD Data. CD spectra, in the

far-ultraviolet (far-UV) region (from 260 to 190 nm), were
recorded for all Trp- and Kyn-SP-B8-25 solution samples using
a Jasco (Easton,MD) 810 spectrapolarimeter. The CDdata were
acquired at 37 �C using a quartz cuvette with a path length of 0.1
mm. The solution NMR samples were transferred to the cuvette
without changing the sample conditions. The temperature was
controlled by a CTC-345 circulating water bath. The scanning
speed of the instrument was set at 100 nm/min with normal
sensitivity. Five accumulations were collected for each sample in
0.1 nm steps. The molar ellipticity [θ] was calculated using the
equation suggested in ref 36.

½θ� ¼ θobs=ð10LCÞ
where θobs is the observed ellipticity, L is the path length of the
cell (0.01 cm), and C is the number of amino acids multiplied by
the molar concentration of the peptide (0.018 M). The concen-
trationwas determined from the weight of the dry peptide used to
prepare the samples. The secondary structural content was
calculated from the molar ellipticity data using the method
described in ref 37.
Molecular Dynamics Simulation. Unrestrained 50 ns MD

simulations were run with both Trp-SP-B8-25 andKyn-SP-B8-25

in 7:3 DPPC/POPG monolayers using GROMACS (38). DPPC
and POPGwere chosen as they are the most abundant surfactant
phospholipids with zwitterionic and anionic headgroups, respec-
tively. The 7:3 ratio was chosen as this is commonly employed in
studies of model lung surfactant and roughly approximates the
amount of anionic lipid, as well as the amount of unsaturated
lipid. The monolayers were prepared with an area per lipid of 60
nm2/molecule following the procedures described elsewhere (39).
The starting structure of Trp-SP-B8-25 was taken from the
corresponding fragment of Mini-B in SDS (25). The starting
structure of Kyn-SP-B8-25 was prepared via replacement of the
tryptophan of SP-B8-25 with a kynurenine. Kynurenine’s struc-
ture and topology parameters were derived from Gaussian
calculations (40) that utilized a Hartree-Fock/6-31G(D) level
of theory to obtain GROMACS compatible parameters for this
nonstandard residue. The peptide was placed in an elliptical hole
in the monolayer; Tip4p water was added to the polar side of the
monolayer, and the appropriate number of water molecules
were replaced with sodium counterions to neutralize the charge
of the system. The final system had 73 DPPC molecules,
30 POPG molecules, one peptide, and 7976 water molecules.
Energy minimization was applied to the system, and then a 10 ps
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simulation was run with position restraints on the peptide and
lipids. The force field employedwas based on optimized potential
for liquid systems: all atoms (OPLS-AA) (41) with lipid topology
files from ref 42. The production runs were 50 ns unrestrained
MD simulations with the temperature maintained at 310 K
using Berendsen temperature coupling and a constant box size
(i.e., NVT).

RESULTS

A set of 1D 1H, 2D 1H-1H TOCSY, and 2D 1H-1H NOESY
solutionNMRspectrawas acquired for each of the Trp-SP-B8-25

and Kyn-SP-B8-25 samples in anionic SDS micelles, zwitterionic
DPC micelles, and 40% HFIP. An indication of the relative
degree of structuring of the peptides can be obtained via
comparison of the dispersion of signals in the amide proton
(HN) regions (6-9 ppm) of the 1D 1H spectra (Figure 2), as well
as in the HA-HN regions of the 2D spectra (not shown). In both
SDS and DPC micelles, as well as in 40% HFIP, the signals of
Trp-SP-B8-25 are well-dispersed, indicating that the peptide is
structured under these conditions. On the other hand, the spectra
of Kyn-SP-B8-25 look quite different. In spite of a few intense
signals in the 7.1-7.5 ppm region, distinct and dispersed backbone

FIGURE 2: HN regions (6-9 ppm) of the 1D 1H spectra of Trp-SP-B8-25 and Kyn-SP-B8-25 in various environments. The left panel shows the
spectra of 1 mMTrp-SP-B8-25 in 100 mMSDS (A), 100 mMDPC (B), and 40%HFIP (C). The right panel shows the spectra of 1 mMKyn-SP-
B8-25 in 100 mM SDS (D), 100 mM DPC (E), and 40% HFIP (F). All spectra in each panel are shown with the same intensity scale, but the
intensity (height) of the right panel is reduced by half with respect to the left panel.

FIGURE 3: HN-HN regions (6-9 ppm) of the 2D 1H-1H NOESY spectra of Trp-SP-B8-25 and Kyn-SP-B8-25 in various environments. Left
panels show the HN-HN correlations for 1 mM Trp-SP-B8-25 (A) and 1 mM Kyn-SP-B8-25 (B) in 100 mM SDS. Middle panels show the
HN-HN correlations for 1 mMTrp-SP-B8-25 (C) and 1 mMKyn-SP-B8-25 (D) in 100 mMDPC. Right panels show the HN-HN correlations
for 1 mM Trp-SP-B8-25 (E) and 1 mMKyn-SP-B8-25 (F) in 40% HFIP. All spectra are shown with the same contour level (intensity scale).
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HNpeaks are not visible. The oxidized peptide thus appearsmuch
less structured than the unmodified peptide.

The length of the helix in each sample can be estimated from
the number of intense backboneHN-HN correlations present in
the 2D NOESY spectra (43). Trp-SP-B8-25 displays seven to nine
such correlations in both micelles and organic solvent environ-
ments (Figure 3), indicating anR-helix 8-10 amino acids in length,
i.e., containing approximately three helical turns. However, the
spectra of Kyn-SP-B8-25 in these same environments exhibit only
approximately two strong HN-HN correlations (Figure 3), cor-
responding to only approximately three amino acids adopting the
helical conformation, i.e., at most one helical turn.

To confirm that the drastic reduction in the level of peak
dispersion and the number of peaks in solution NMR spectra for
Kyn-SP-B8-25, when compared to those of Trp-SP-B8-25, did not
result from aggregation of the oxidized peptide, we performed
SDS-PAGE for both peptides under all three conditions. For
the SDS and HFIP samples, Trp-SP-B8-25 and Kyn-SP-B8-25

ran at exactly the same molecular mass, indicating no differences
in aggregation properties (data not shown). The DPC samples
could not be clearly visualized on the gel presumably because of
charge interactions between the SDS and DPC.

To complement the solution NMR data, we recorded circular
dichroism spectra for all SP-B8-25 samples. Like the NMR data,
the CD data also indicate that replacement of tryptophan with
kynurenine leads to a substantial reduction in the fraction of the
peptide that is helically structured, under both micelle and
organic solvent conditions (Figure 4 and Table 1). In SDS,
52% of Trp-SP-B8-25 but only 27% of Kyn-SP-B8-25 is helical,
i.e., a reduction of 25% in helical content. Similarly, the helix
content is reduced by 18% in DPC (from 38% for Trp-SP-B8-25

to 20% for Kyn-SP-B8-25) and by 22% in HFIP (from 41% for
Trp-SP-B8-25 to 19% for Kyn-SP-B8-25). In all three environ-
ments, a concomitant increase in the random coil percentage
occurs: 18% for SDS, 13% for DPC, and 15% for HFIP.

A solid-state 2HNMR study was performed using the alanine-
deuterated version of the peptide to gain insight into the
orientation and dynamics of Trp-SP-B8-25 in a POPC bilayer
environment. From the 2H quadrupolar doublet splittings
(Figure 5A), a minimum in the rmsd between calculated and
experimental splittings provides a solution for the peptide
orientation with a tilt angle τ of 62� and azimuthal angle F of
193� (Figure 5B). This is the only solution in the (τ,F) =
(0-180�,180-360�) quadrant, although because of the symmetry
of the bilayer, there are equivalent solutions in the other three
quadrants [(τ,F) = (118�,13�), (298�,13�), and (242�,193�)]. It is
known from the high-resolution structure ofMini-B (25) that the
positions of both 2H-labeled residues (Ala6 and Ala13) and
positively charged residues (Arg5, Lys9, and Arg10) are on the
same face of the peptide. A F of 193� indicates that the
hydrophilic face of the peptide is predominantly aligned with
the plane of the lipid bilayer and therefore in contact with the
zwitterionic lipid headgroups (Figure 5C). A τ of 62 ( ∼10�
(defined with respect to the bilayer normal) indicates that the axis
of the unmodified SP-B8-25 helix has a substantial tilt, of ∼30�,
away from a purely in-plane position in the bilayer (Figure 5D).
While it is known that for helices with near-transmembrane
orientation peptide dynamics can lead to underestimations of tilt
angle, for peptides that are in-plane or near in-plane, peptide
dynamics are not expected to affect the calculation of the tilt
angle in a significant way (44). Also, the well-resolved 2H
quadrupolar line splittings obtained for the perpendicular
placement of the sample in the spectrometer magnetic field
indicate that the peptide is rapidly reorienting about the bilayer

FIGURE 4: Far-UV CD spectra of 1 mM Trp-SP-B8-25 and 1 mM
Kyn-SP-B8-25 in 100 mM SDS (A), 100 mM DPC (B), and 40%
HFIP (C).

Table 1: Helix Content of Trp-SP-B8-25 and Kyn-SP-B8-25 in Various

Environments, Calculated from the Molar Ellipticities Obtained from the

CD Spectra (Figure 5) following the Method Described in ref 37

SDS DPC HFIP

Trp-SP-B8-25 52% 38% 41%

Kyn-SP-B8-25 27% 20% 19%

difference -25% -18% -22%
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normal, on the time scale of the 2H NMR experiments (less
than ∼10-5 s).

The replacement of tryptophan with kynurenine alters not
only the structure of SP-B8-25 but also its interactions with
micelles, as revealed by the diffusion NMR studies. The transla-
tional diffusion measurements obtained from the 2D DOSY
spectra demonstrate that the size and shape of SDS and DPC
micelle complexes containing Kyn-SP-B8-25 are substantially
different from those of the complexes containing Trp-SP-B8-25

(Figure 6 and Table 2). For each system, a total of three diffusion
coefficients, and three corresponding apparent hydrodynamic
diameters, are measured: two from the attenuation of the micelle
peaks at 0.80 and 1.22 ppm and one from the peptide HN region
(6-9 ppm). Taking the average, we find the apparent hydro-
dynamic diameters of the Trp-SP-B8-25-SDS complex andKyn-
SP-B8-25-SDS complex are 2.80 ( 0.05 and 3.72 ( 0.18 nm,
respectively. On the other hand, the apparent hydrodynamic
diameters of the Trp-SP-B8-25-DPC complex and the Kyn-SP-
B8-25-DPC complex are 4.42 ( 0.16 and 3.77 ( 0.04 nm,
respectively. Thus, in both micelle systems, a substantial change
in the complex size (and/or shape) occurs, likely because of the

altered micelle interactions of the oxidized peptide compared to
those of the unmodified peptide. Interestingly, the changes in
apparent hydrodynamic diameter for the zwitterionic versus
anionic micelle systems are opposite.

Unrestrained MD simulations furthered our understanding of
the effects on the peptide structure and interactions with lipids
caused by tryptophan oxidation.MD simulationswere run for 50
ns with Trp-SP-B8-28 and Kyn-SP-B8-25 in 7:3 DPPC/POPG
monolayers. At the start of MD simulations, either the unmodi-
fied or the oxidized peptide was inserted 24 Å below the lipid
headgroups, as measured from the top-most lipid atom to the
bottom-most peptide atom, with a parallel orientation to the
monolayer surface. All parameters examined appeared to be
equilibrated by or before 40 ns, so the last 10 ns of each run was
analyzed.

The snapshots taken at the end of the 50 ns simulations
illustrate the difference in the positions of the peptides within
monolayers (Figure 7). Both Trp-SP-B8-28 and Kyn-SP-B8-25

rise toward the aqueous phase from their initial depth to a similar
final depth. However, the angle between the helical axis and the
monolayer plane, as well as the disposition of the kynurenine and

FIGURE 5: Orientation of unmodified SP-B8-25 in POPC bilayers as revealed by solid-state 2H NMR. (A) 2H NMR spectra of the peptide with
deuterated alanines (Ala6 and Ala13) in oriented lipid bilayers. In the top spectrum, the lipid bilayer normal (n) is oriented perpendicular to the
spectrometermagnetic fieldB. In the bottomspectrum, the lipid bilayer normal is orientedparallel to the spectrometermagnetic field. (B)Contour
plot of the rmsd from all possible splittings as a function of tilt angle, τ (0-90� in 0.1� increments), and azimuthal angle, F (180-270� in 0.1�
increments). The optimal solution for τ (62�) and F (193�) for Ala6 is indicated by the contour minima. (C) Helical wheel showing the peptide
orientation (τ=62�, and F=193�) as a projection down the helical long axis (fromN- to C-terminus into the page). Charged (Arg and Lys) and
deuterated (Ala) residues are labeled with plus signs and asterisks, respectively. The arrow at the bottom of the figure indicates the direction that
peptide tilts away from the bilayer normal. (D) Schematic representation of the peptide helix at a 62� tilt angle with respect to the bilayer normal.
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neighboring side chains, appears to be quite different when
compared to that of the tryptophan peptide. The tryptophan is
positioned at the interface between the lipid headgroups and acyl
chains, which is perfect for anchoring the peptide inside the lipid
monolayer. By contrast, the position of kynurenine is much
farther from the acyl chains and very close to the monolayer
surface, where it can come in contact with the solvent water
molecules.

Application of the DSSP algorithm (45) accurately assigns a
secondary structure type to each residue, and quantification of
the secondary structure over the last 10 ns of the MD runs
clarifies the severity of the effects of tryptophan oxidation on the
secondary structure of SP-B8-25 (Figure 8). For the unmodified
peptide, Trp-SP-B8-25, the structure remains largely R-helical
over the full simulation period, except for the three to four
C-terminal amino acids. However, with oxidation, i.e., re-
placement of tryptophan with kynurenine, the helical structure
is substantially disrupted as only a few central residues of the

peptide retain an R-helical conformation over the simulation
period. The most prominent disruption is noticed at the N-
terminus that contains the kynurenine. This loss of structure can
be expected to relate to changes in how the peptide interacts with
lipids.

The MD simulations also indicate that the peptide-lipid
interactions are affected by the replacement of tryptophan with
kynurenine. This is quantified in atom density plots calculated
over the last 10 ns of the simulations, which show where the
tryptophan and kynurenine residues of the corresponding pep-
tides reside within the monolayers (Figure 9). For both systems,
the region of highest lipid atom density is located at ∼4.85 nm
along the bilayer normal. The densest region of the phosphorus
atoms, which indicates the position of the lipid headgroups, is at
5.35 nm and is similar for both systems. Interestingly, the region
of highest tryptophan atom density for Trp-SP-B8-25 is at 4.75
nm along the bilayer normal, while that of kynurenine atoms
from Kyn-SP-B8-25 is at 5.25 nm. Therefore, the kynurenine is

FIGURE 6: Translational diffusionmeasurements of SP-B8-25-micelle complexes. Left panels show the 2DDOSYspectra of 1mMTrp-SP-B8-25

in 100mMSDS (A) and 100mMDPC (D).Middle panels show the 2DDOSY spectra of 1mMKyn-SP-B8-25 in 100mMSDS (B) and 100mM
DPC (E). Three values of translational diffusion coefficients, and corresponding hydrodynamic diameters, were calculated for each system using
the slopes of the signal attenuation curves obtained from themicelle peaks at 0.80 and 1.22 ppm and the peptide HN region (6-9 ppm) (Table 2).
The signal attenuation curves and fits for the HN regions are shown in the right panels (C and F).

Table 2: Observed Translational Diffusion Coefficients and Corresponding Apparent Hydrodynamic Diameters of SP-B8-25-Micelle Complexesa

observed diffusion coefficient (�10-10 m2/s) apparent hydrodynamic diameter (nm)

peptide-micelle complex composition 0.80 ppm 1.22 ppm 6-9 ppm 0.80 ppm 1.22 ppm 6-9 ppm

Trp-SP-B8-25-SDS 2.33( 0.02 2.30( 0.01 2.42( 0.09 2.82 2.85 2.71

Kyn-SP-B8-25-SDS 1.67( 0.02 1.74( 0.01 1.90( 0.04 3.93 3.77 3.45

Trp-SP-B8-25-DPC 1.071( 0.003 1.087 ( 0.003 1.168( 0.009 4.57 4.51 4.19

Kyn-SP-B8-25-DPC 1.278( 0.005 1.308( 0.003 1.312( 0.008 3.83 3.74 3.73

aFor each system, three diffusion coefficients were determined from the DOSY spectra by fitting two micelle peaks (0.80 and 1.22 ppm) and the peptide HN
region (6-9 ppm). The apparent diameters of the peptide-micelle complexes were calculated using the Stokes-Einstein equation.
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positioned much closer to the phosphorus atoms, and hence to
the aqueous phase above the monolayer surface, than is trypto-
phan in the corresponding peptide.

DISCUSSION

Inactivation of lung surfactant occurs in frequently fatal
respiratory disorders like ARDS (2). There are multiple biophy-
sical and biochemical alterations of lung surfactant associated
with such conditions (46). However, several studies have indi-
cated that patients with ARDS show clear evidence of increased
oxidative damage to surfactant proteins as well as lipids (14-19).
Oxidative modification of SP-B, an essential component of lung
surfactant, appears to be a major contributor to surfactant
inactivation (8, 15, 19). The modifications occur through a
change in the chemical structures of the two methionines and
of the single tryptophan present in the SP-B sequence (21).
Oxidation of Trp9 is likely responsible for a large proportion
of the deleterious effect as this amino acid is vital for SP-B

function (22, 23) and its oxidation appears to correlate withmore
severe effects on SP-B surface activity (21). Although the exact
role of SP-B in lung surfactant function is still unknown,
biophysical studies indicate that SP-B is involved in large-scale
rearrangements of lipid structures required at various stages of
the breathing cycle (7). Oxidation of tryptophan therefore has the
potential to drastically affect SP-B’s capability to reorganize the
lipid structures.

SP-B8-25, an 18-amino acid fragment comprising the N-term-
inal helical region of SP-B, is similar to other N-terminal SP-B
peptides that have been shown to exhibit in vitro surface
activity (22, 47), as well as to retain partial biological function
when included in artificial surfactants (48). Previous 2H NMR
studies of lipid bilayers containing SP-B8-25 suggested that this
peptide interacts with lipids in such a way that the peptide
interferes with the mixing of DPPC and POPG lipid compo-
nents (49). SP-B8-25 carries a net charge of þ4 at neutral pH as
compared to the net charge of þ7 for full-length SP-B. It also
includes the only tryptophan present in the SP-B sequence. The
function of SP-B is thought to relate to its positive charges and
amphipathic helical structure (50, 51), and thus, the retention of
these structural features by the SP-B8-25 fragment presumably
contributes to the partial functionality of this peptide. In this
work, we have characterized the modifications to SP-B8-25

structure and lipid interactions caused by tryptophan oxidation
using solution and solid-state NMR, along with circular dichro-
ism and molecular dynamics simulations.

The structure of SP-B11-25 in methanol was studied by Kurtz
et al. and found to be R-helical for amino acids 13-21 (52).
However, this fragment did not include the functionally impor-
tant Trp9. In another structural study, Mini-B, a larger peptide
consisting of SP-B8-25 joined to SP-B63-78, was found to consist
of two R-helices. The N-terminal helix extended from residue 10
to 21 in SDS and from residue 11 to 22 in a 40% HFIP aqueous
solution (25).

SolutionNMR observations of Trp-SP-B8-25 indicate that the
peptide adopts an R-helical conformation extending over 8-10
amino acids in both SDS and DPC micelles, as well as in HFIP
(Figure 3). CD data also indicate that approximately half of the
peptide is helical in all three environments (Figure 4 and Table 1).
The rest of the peptide appears to be random and extended. The
secondary structure of Trp-SP-B8-25 is thus not very different
from that of the corresponding segment of Mini-B in either SDS

FIGURE 7: Snapshots from themolecular dynamics simulationof SP-
B8-25 in DPPC/POPG (7:3) monolayers. Final positions of Trp-SP-
B8-25 (A) and Kyn-SP-B8-25 (B) are shown at the end of 50 ns runs.
Thewater layer is not shown in these snapshots for the sake of clarity.

FIGURE 8: DSSP secondary structure assignment of Trp-SP-B8-25

(A) andKyn-SP-B8-25 (B) vs simulation timeover the last 10ns of the
molecular dynamics simulation.
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orHFIP. In these structures, theN-terminal helix extends over 12
amino acids. It is therefore reasonable to assume that, despite the
slight shortening of the helix, the Trp-SP-B8-25 backbone
structure alone is similar to that within Mini-B in which the
three positively charged amino acids (Arg12, Lys16, and Arg17)
cluster on one face and the four nonpolar amino acids (Leu10,
Leu14, Ile15, and Ile18) cluster on the opposite face. Considera-
tion of theMini-B structure suggests that Trp9 is unlikely to be a
part of the helix but rather is located just before the N-terminal
end of the helix. The Mini-B structure also suggests that the
tryptophan is positioned near the interface between the charged
and hydrophobic faces of the peptide. This positioning is con-
ducive to the tryptophan side chain interacting with both polar
and apolar moieties in the lipids to anchor the peptide at the
lipid-water interface. Tryptophan likely contributes to SP-B
function in two linked ways: by providing lipid anchoring that
helps facilitate SP-B’s role in rearranging lipid structures and by
contributing to the overall amphipathicity of the helix that is
important to the stabilization of its structure in the presence of a
lipid interface. Disruptions in the amphipathic profile of the
peptide could thus lead to inactivation both by direct effects on
lipid interactions and indirectly by decreasing the stability of the
structure as a whole.

Solid-state 2HNMR data reveal the orientation and dynamics
of Trp-SP-B8-25 in a POPC bilayer environment (Figure 5). The
spectra indicate that the peptide undergoes rapid reorientation
about the bilayer normal with a characteristic reorientation
correlation time on the order of <10-5 s. Interestingly, the
peptide displays an orientation with its helix long axis tilted by

∼60� away from the bilayer normal; i.e., although it is an
amphipathic peptide, it is tilted ∼30� away from a purely in-
plane position. In membrane proteins, tryptophan, arginine, and
lysine residues all have roles in anchoring membrane proteins to
the polar-apolar interface. Their positions with respect to the
bilayer interface are, however, typically different. For example,
tryptophan tends to occupy a well-defined site in the lipid
carbonyl region, while lysine is positioned closer to the aqueous
phase (53). It would thus appear likely that the balance between
the side chain-lipid interactions of the Trp, Arg, Lys, and other
residues of Trp-SP-B8-25 holds it in a somewhat tilted position in
the bilayer. This oblique positioning of the peptide has been
proposed to be critical to the activity of other amphipathic
peptides such as fusogenic peptides (e.g., ref 54) that like SP-
B (7) function by modifying lipid bilayer structure. The tilt angle
ofKyn-SP-B8-25 could not bemeasured experimentally using the
same alanine-deuterated approach applied to Trp-SP-B8-25

because of the loss of helical structure. However, in the MD
simulations, Trp-SP-B8-25 was observed to be positioned at an
angle in the monolayer with the tryptophan end of the helix
positioned relatively deeply, while Kyn-SP-B8-25 was oriented
parallel to the interface (Figure 7).

As shown by the solutionNMRdata (Figures 2 and 3) and the
CD data (Figure 4 and Table 1), the R-helical structure of SP-
B8-25 is drastically disrupted when tryptophan is replaced with
one of its oxidized forms, kynurenine. The helical stretch of
approximately three turns is reduced to one turn, at most, in both
SDS and DPC micelles, as well as in 40% HFIP. The loss of
structure in SDS and DPC micelles is consistent with a role for
tryptophan amphipathicity in stabilizing the helical structure of
the peptide in the context of a polar-apolar interface. That the
loss was greater in SDS than DPC (25% for SDS vs 18% for
DPC) implies that interactions with negatively charged lipid
headgroups are important for promoting overall helix stability.
The loss of structure in HFIP needs to be interpreted differently
because this solvent system stabilizes structure by mechanisms
different from those of micelles, in particular by stabilizing
hydrogen bonds (55, 56). However, the loss of structure induced
by tryptophan oxidation does appear to be somewhat generic, as
it was observed in all three environments.

The diffusion NMR data (Figure 6) provide evidence of
altered peptide-lipid interactions as a result of replacement of
tryptophanwith kynurenine in SP-B8-25, at least in the context of
highly curved detergent micelles. The DOSY-derived observed
translational diffusion coefficient is converted into apparent
hydrodynamic diameter, i.e., the diameter of a sphere apparently
diffusing at the same rate, using the Stokes-Einstein equation
(Table 2). The diffusion coefficients reflect a variety of param-
eters related to peptide-micelle interactions, including the size of
the complex and the ratio of free to bound species (57), and to a
lesser extent the shape of the complex (58), and crowding
effects (59). The apparent hydrodynamic diameter of the Kyn-
SP-B8-25-SDS complex is substantially larger (3.7 nm) than that
of the Trp-SP-B8-25-SDS complex (2.8 nm), reflecting oxida-
tion-induced changes in the peptide’s interactions with micelles.
The structure of Trp-SP-B8-25, with an intact cationic, amphi-
pathic helix, is suitable for strong interactionwith both negatively
charged headgroups and hydrophobic acyl chains of the SDS
micelle. These interactions apparently lead to a relatively com-
pact complex of the peptide and the micelle. However, when the
tryptophan is replaced with kynurenine, a large portion of the
helix becomes unstructured. This likely disrupts the clustering of

FIGURE 9: Atomic density plots showing the positions of tryptophan
(A) andkynurenine (B) atomswith respect to themonolayer lipid and
phosphorus atoms along the monolayer normal.
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the positive charges and causes them to spread over a larger area
on the peptide surface, affecting the interactions between the
peptide and the micelle. The consequent loosening of the binding
to SDS, and perhaps stretching of the SDS micelle to accom-
modate the unstructured Kyn-SP-B8-25, are consistent with
the increased apparent hydrodynamic diameter of the Kyn-SP-
B8-25-SDS complex compared to that of the Trp-SP-B8-25-
SDS complex.

That SP-B is more effective in reducing surface tension when
PG, rather than unsaturated PC, is present with DPPC in model
surfactants (60, 61) is one indication that interactions with
negatively charged headgroups are an important part of SP-B’s
function. This issue was probed by repeating the translational
diffusion measurements with zwitterionic DPC micelles, in place
of anionic SDS micelles. Indeed, the diffusion NMR data of SP-
B8-25 in DPC micelles represent a somewhat different behavior
when compared to those in SDSmicelles. The difference between
the apparent hydrodynamic diameters of the Trp-SP-B8-25- and
Kyn-SP-B8-25-containing micelles is not as large for DPC as it is
in SDS micelles and is opposite; i.e., the apparent hydrodynamic
diameter of the Kyn-SP-B8-25-DPC complex is smaller (3.8 nm)
than that of the Trp-SP-B8-25-DPC complex (4.4 nm). There are
several plausible scenarios that may contribute to this observa-
tion. As DPC headgroups contain both positive and negative
charges, the electrostatic component of the peptide-micelle
interactions may not be as strong in DPC as in SDS. As a result,
Trp-SP-B8-25 is probably not as compactly bound to the DPC
micelle as to the SDS micelle. Thus, when tryptophan is replaced
with kynurenine, the helix is disrupted; however, the overall
electrostatic and hydrophobic interactions between the peptide
and the DPC micelle may not change much, and hence, the
apparent hydrodynamic diameters of the complexes may not
be drastically different. Also, the position of Trp-SP-B8-25 in the
DPCmicelle may not be as deep as it is in the SDS micelle, again
because of the difference in the electrostatic part of the pepti-
de-micelle interactions. Therefore, disruption in the SP-B8-25

helix resulting from the Trp toKyn substitutionmay not produce
a substantial change in the surface area of the DPC micelle
because the peptide positioning is relatively shallow. This hy-
pothesis is favorably supported by the observation that SP-
B63-78, the C-terminal half of Mini-B with a degree of amphi-
pathicity similar to that of SP-B8-25 (due to three clustered
positive charges), takes a deeper position inside anionic phos-
pholipid-containing bilayers (mimicked by SDS in this study)
than in purely zwitterionic bilayers (mimicked by DPC in this
study) (27). Lastly, because of the loss of amphiphilicity,Kyn-SP-
B8-25 may not be able to bind as many DPC molecules in the
complex as Trp-SP-B8-25 can. Hence, the apparent hydrody-
namic diameter of the micelle complex containing the oxidized
peptide may be smaller than that of the complex containing the
unmodified peptide.

We have also performed unrestrained molecular dynamics
simulations for both Trp-SP-B8-25 and Kyn-SP-B8-25 in DPPC/
POPGmonolayers to gain additional insight into themechanistic
details that underlie the effects of tryptophan oxidation on the
peptide’s structure and lipid interactions. Monolayers were
chosen for these simulations rather than bilayers, as monolayers
at the air-water interface are key in lung surfactant function (62),
and because the results could be compared to those for similar
monolayers simulated in the absence of peptide (39). Results of
the simulations displayed through DSSP (Figure 8) show a
distinct loss of the R-helical structure in SP-B8-25 because of

the replacement of tryptophan with kynurenine. This loss is
consistent with the experimental data and involves unwinding of
the helix at both the N- and C-termini, but more prominently at
the N-terminus. Snapshots from MD simulations (Figure 7)
show that the overall orientation of Kyn-SP-B8-25 is different
from that of Trp-SP-B8-25, with Trp-SP-B8-25 in a more tilted
position, in agreement with the 2HNMRobservations, andKyn-
SP-B8-25more parallel to themonolayer surface.Most striking is
the difference between the positions of tryptophan and kynur-
enine side chains. Tryptophan positions itself at the lipid interface
with the hydrophobic aromatic ring facing toward the lipid acyl
chains. In contrast, kynurenine is positioned farther from the
lipid acyl chains and much closer to the aqueous phase. Atomic
density plots (Figure 9), averaged over the last 10 ns of the
simulations, further emphasize that kynurenine is positioned much
closer to the phosphorus atoms of the lipid headgroups and the
water layer than tryptophan. Therefore, oxidation appears to alter
the orientation of SP-B8-25 within the monolayer.

The changes in the structure and lipid interaction of SP-B8-25

upon oxidation presumably stem from the differing chemical and
electronic properties of tryptophan and kynurenine. Upon
oxidation, the polar five-member ring of tryptophan containing
the imino group is disrupted. While the tryptophan side chain
possesses only a single hydrogen bond donor site, the kynurenine
side chain contains three donor/acceptor sites. It is therefore
possible that the kynurenine side chain competes with the peptide
backbone in forming non-native hydrogen bonds. This seems the
most likely explanation for the loss of structure in HFIP.
Probably more relevant for the loss of structure observed in the
micelle systems is the fact that oxidation decreases the hydro-
phobicity of the tryptophan side chain, altering the amphipathic
profile of the peptide surface and thus decreasing its stabilization
by the micelle. There are other factors potentially affecting the
oxidized peptide structure. For example, cation-π interactions
between arginine and tryptophan can be important for peptide
structure and function (63) and would be absent in the kynur-
enine version of the peptide. As revealed by the high-resolution
structure ofMini-B (25), the side chains of Trp9 andArg12 (Trp2
and Arg5, respectively, inMini-B) are oriented almost parallel to
each other. Loss of this interaction may contribute to unfolding
of the Kyn-SP-B8-25 helix from this end.

Oxidative modification of SP-B, particularly the tryptophan
residue, is a major source of lung surfactant dysfunction in
conditions like ARDS (8, 15, 19, 21). This study reveals that the
impact of tryptophan oxidation on the helical structure and lipid
interactions of the N-terminal helix of SP-B is indeed severe. It is
likely that these effects are interlinked,with disruption of the lipid
interactions of oxidized SP-B8-25 leading to a reduction in the
level of helix stabilization provided by the micelle/bilayer envi-
ronment, while disruption of the structure leads to modifications
of the lipid interactions that are important to the function of the
peptide. The 2HNMRstudies revealed that unmodified SP-B8-25

is oriented with its helical axis tilted∼30� from the bilayer plane,
and the diffusion data indicate severe disruptions to the pepti-
de-micelle interactions upon oxidation. Additionally, the MD
simulations, combined with what is known about the preferred
depth of tryptophan, indicate that oxidation of the peptide is very
likely to lead to the helix being positioned more parallel to the
bilayer plane. Interestingly, in the context of the many studies
addressing the lipid binding preferences of SP-B (64-66), the
diffusion data also indicate that the characteristics of the disrup-
tions to the peptide-lipid interactions caused by oxidation are
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very dependent on the lipid headgroup, with opposite effects
observed for anionic micelles versus zwitterionic micelles.

Conducting these studies with a small SP-B construct compris-
ing the N-terminal helical region of SP-B was essential for
allowing the consequences of tryptophan oxidation to be revealed
in detail but obviously introduced some uncertainty into how the
results should be extended to full-length SP-B. In particular, it is
expected that residues 1-7 of full-length SP-B impact its lipid
interactions. These residues are highly hydrophobic and thus are
thought to insert deeply into phospholipid bilayers. Inclusion of
these residues has been shown to improve the surfactant proper-
ties of Mini-B and enhance peptide dimerization in SDS mi-
celles (67). Also, SP-B1-25 causes the formation of fluid isotropic
lipid phases, and the presence of residues 1-7 alters the effects of
the N-terminus of SP-B on lipid dynamics (68). While residues
1-7 were excluded from this study to allow the characterization
of the effect of tryptophan oxidation on the N-terminal helix of
SP-B, uncomplicated by the presence of this insertion sequence
and, in particular, its tendency to promote dimerization, the next
stage of the work will include the insertion sequence. That
said, given the known functional consequences of full-length
SP-B oxidation (8, 15, 19, 21) and that SP-B N-terminal helix
peptides retain part of the function of the full-length pro-
tein (22, 47, 48, 69, 70), we expect that comparable oxidation-
induced disruptions to protein structure and lipid interactions
occur in the context of full-length SP-B.
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