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ABSTRACT. Exposing BLES (bovine lipid extract surfactant), a clinical surfactant, to reactive oxygen species
(ROS) alters surfactant protein B (SP-B), as indicated by Coomassie Blue staining, silver staining, and
Western analysis. Hypochlorous acid (HOCI) treatment leads to elevated maximum surface gnsion (

and a deterioration in minimum (vmin) during surface area cycling. Fenton reaction resulted in immediate
increases inymin andymax Intrinsic fluorescence measurements indicated Fenton, but not HOCI, induced
conversion of Trp9 of SP-B to hydroxyTrp (OHTrpy;formylkynurenine (NFKyn), and kynurenine (Kyn).
Electrospray ionization mass spectrometry (ESI-MS) revealed molecular weight alterations consistent with
oxidation of Met (HOCI, Fenton) and Trp (Fenton) residues. Oxidative alterations to Met29 and Met65
(HOCI, Fenton) and to Trp9 (OHTrp with HOCL and NFKyn plus Kyn with Fenton) were confirmed by
matrix-assisted laser desorption mass spectrometry (MALDI-MS) studies on SP-B tryptic fragments. Some
Met oxidation was observed with control SP-B. When taken together with captive bubble tensiometer
measurements, these studies suggest that Met oxidation of SP-B by HOCI or Fenton interferes with
phospholipid respreading during compressterpansion of surfactant films, while Fenton oxidation, which
produces more extensive Met oxidation and disruption of the indole ring of Trp9, further abrogated the
ability of such films to attain low surface tensions during compression. These studies provide insight into
the manner by which ROS generated during acute lung injury and the acute respiratory distress syndrome
act to inhibit not only endogenous surfactant but also therapeutic surfactants administered to counteract
these conditions.

Pulmonary surfactant is essential for normal lung function. weight, hydrophobic proteins which coextract with surfactant
Surfactant reduces the work of breathing during inflation and lipids. SP-B and SP-C contribute to the surface-active
stabilizes the alveoli during expiratiod-4). In addition, properties of pulmonary surfactant and are crucial compo-
surfactant contributes to mucociliary transport and functions nents of the modified natural surfactants used to treat
as an inflammatory-reducing factor in pulmonary host surfactant deficiency associated with the neonatal respiratory
defense %, 6). Surfactant is composed of lipids (mainly distress syndrome (RDS). SP-B deficiency leads to death
phospholipids (PL) and the surfactant-associated proteins from respiratory distress3( 4, 8, 9).

SP-A, SP-B, SP-C, and SP-ID)( SP-A and SP-D are water- In addition to its well-established role in RDS, considerable
soluble, collagen-containing lectins (collectins) which func- evidence has accumulated which demonstrates that pulmo-
tion in host defense, while SP-B and SP-C are low molecular nary surfactant function can become impaired during induc-
tion of acute lung injury (ALI) and the acute respiratory
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acute respiratory distress syndrome; BLES, bovine lipid extract @S0 impact on surfactant protein7¢-23). For example,
surfactant; BSA, bovine serum albumin; CBT, captive bubble tensi- our laboratory has conducted reconstitutive experiments,
ometer; C-, H~, and F-SP-B, SP-B isolated from control, HOCI-  employing surfactant lipids and hydrophobic proteins isolated

treated, or Fenton-treated BLES; DPPC, dipalmitoylphosphatidylcho- P -
line; ESI-MS, electrospray ionization mass spectrometry; HOCI, from control and oxidized pulmonary surfactant, using the

hypochlorous acid; Kyn, kynurenine; MALDI-MS, matrix-assisted laser captive bubble tensiometer (CBTR3). The CBT is an
desorption mass spectrometry; NFKyiformyl kynurenine; OHTrp, artificial alveolus model which can be used to follow

hydroxytryptophan; PL, phospholipid; POPG, 1-palmitoyl-2-olestyl-  54s5orption of surfactant PL to form a surface-active film. In
phosphatidylglycerol; RDS, respiratory distress syndrome; ROS, reac- . . .
tive oxygen species: SDSPAGE, sodium dodecylsulfatgolyacryl- addition, this apparatus can be used to follow surface tension
amide gel; SP-, surfactant protein. during quasi-static or dynamic surface area compression
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expansion cycles, mimicking processes occurring in the lungworking buffer. After oxidation or control incubations, the
in vivo. These reconstitution studies demonstrated that ROSlipid fraction was isolated by the method of Bligh and Dyer

reduced surface activity by affecting surfactant PL, SP-B,

and SP-C, but the most dramatic effect was due to ROS-

induced inactivation of SP-B2@).

These and similar findings12, 19) prompted further
investigations to obtain insight into the manner by which

(32) and conserved at20 °C until the various components
were fractionated.

Isolation of SP-B Pulmonary SP-B was isolated from
control or oxidized BLES by a modification of the LH-60
method of Curstedt et al38) as previously describe®4,

ROS reacts with SP-B, a dimer of two identical polypeptides 35). Absorbance at 260 and 280 nm was used to monitor

of 79 amino acids structurally related to the saposin family,
to which also belongs NK-lysin2@). Monomeric SP-B is
thought to contain four or five amphipathic alpha helices
(9, 25, 26). The SP-B dimers are thought stabilized by an
intersubunit disulfide bridge, Cys4&ys48, and by the
interactions between Glu51 to Arg5hd Glu51with Arg52
(27). In the lung, in vivo, SP-B likely associates directly with
the surface tensiory§-reducing surface monolaye2§, 29)

and thus will be exposed to oxidants present in the environ-

ment (e.g., air pollutants, cigarette smoka))( as well as

protein isolation during chromatography.

Protein concentrations were determined by a modification
of the method of Lowry et al.34, 36). Correction factors of
2.0 for SP-B and 3.0 for SP-C relative to bovine serum
albumin (BSA) were adopted on the basis of amino acid
analysis as indicated previousI$1( 37). The purity of the
proteins was routinely assessed by sodium dodecylsulfate
(SDS)—polyacrylamide gel (PAGE) using 18% gel3§],
and for residual PL contamination by phosphorus determi-
nation.

those generated in the alveolar hypophase (e.g., during Protection Assaysor the protection studies, we carried

inflammation) (L2, 14, 15, 17). As indicated earlier, previous

studies have provided evidence indicating that ROS modi-

fications to SP-B are a major contributor to surfactant
inactivation (2, 19, 23, 31). However, the nature of the

out oxidation of SP-B in the presence and absence of lipids,
normally using 20Q«g/mL of isolated SP-B with and without

800ug of DPPC:POPG (7:3). The same standard conditions
were used for hypochlorous (0.5 mM NaOCI) and Fenton

modifications to SP-B induced during oxidative stress has (0.65 mM F&*/EDTA; 30 mM HO;) oxidation; control

not been determined.

peptide was exposed to the same conditions without the

The present studies investigate the effects of hypochlorousoxidants (37°C, with stirring). Afte 4 h or 24 h of
acid and Fenton reaction products on SP-B structure andincubation, samples were taken for analysis and biophysical

function. These investigations show that the major effects activity.

of HOCI are to oxidize Met, while the Fenton reaction affects
both Trp and Met. While both HOCI and Fenton oxidation

Electrophoresis and Western Blot Analysisor SP-B
analysis, nonreduced samples were separated orr BRGE

hamper surfactant biophysical activity, under the conditions @nd stained with Coomassie Blue or silver reagent (Invitro-
used the more potent effects are observed with Fentonden, Burlington, ON), as indicated. In some cases2@%

reaction.

MATERIALS AND METHODS

Materials All reagents were purchased from Sigma/
Aldrich (St. Louis, MO) and/or VWR/Canlab (Mississauga,
ON) unless otherwise noted. BLES was a kind gift of BLES
Biochemicals, Inc., London, ON. Dipalmitoylphosphatidyl-
choline (DPPC) was purchased from Sigma/Aldrich, and
1-palmitoyl, 2-oleoyl, phosphatidylglycerol-sodium salt
(POPG) was obtained from Avanti Polar Lipids (Birming-
ham, AL).

Novex gradient gels (Invitrogen) were used. For Western
blot analysis, samples were subsequently electroblotted onto
hydrophobic polyvinylidene difluoride (PVDF) membranes
Immobilon-FR (Millipore Inc., Dedford, MA). These mem-
branes were blocked in 5% nonfat dry milk dissolved in
TTBS (150 mM NaCl, 10 mM Tris-HCI, 0.1% Tween 20,
pH 7.4) and incubated thereafter foh atroom temperature
with a monoclonal antibody against SP-B (kindly donated
by Dr. Y. Suzuki, Kyoto University, Japan9), followed

by washing and incubation fd. h with horseradish peroxi-
dase-conjugated rabbit anti-mouse immunoglobulin. A
chemoluminiscent kit (Supersignal West Fempto, BioLynx

Hypochlorous acid was purchased as sodium hypochlorite Inc., Brockville, ON) was used to develop the reaction.

(NaOCl) from Sigma/Aldrich specified with an active
chlorine content of 18613%. The hypochlorite concentration

Immunoreactive bands were visualized by using Kodak
Biomax XAR film. This antiserum recognizes bovine,

was determined spectrophotometrically immediately before human, rabbit, and rat SP-B by Western blotting and does

use by diluting the NaOCI stock solution 1:101 M NaOH
at 240 nm using a molar extinction coefficient for pH 12 of
43.6 moft cm.

In Vitro Oxidation BLES.Reaction mixtures were com-

not cross-react with SP-A, SP-C, rat serum proteins, or BSA.
Captive Bubble TensiometrfLBT assays were normally

performed in triplicate, using 400g/mL of PL in working

buffer. Adsorption, quasi-static, and dynamic experiments

posed of 10 mg/mL surfactant lipids, plus Fenton reagents, were conducted as described previousdy, (35). Briefly,

hypochlorous acid or control BLES in working buffer (in
mM): 0.150 NaCl, 20 Tris-HCI, and 1.5 CaCat pH 7.4.
The samples were incubated at 3Z in a shaking water
bath, normally for 24 h. For standard oxidation by the
Fenton-like chemistry, BLES at 10 mg/mL was incubated
with 0.65 mM FeC4, 0.65 mM sodium ethylenediamine
tetraacetic acid (EDTA), and 30 mM,B, in working buffer

at a pH of 7.4 17, 23, 31). Treatment with HOCI/OCI was
carried out at a final concentration of 0.5 mM at pH 7.4 in

after the CBT chamber was filled with a suspension of the
desired surfactant, an air bubble;-& mm diameter, is
introduced. Changes in bubble shape were recorded to
monitor the adsorption of the surface-active materials to the
air—saline interface. When equilibrium surface tensipg)(

was achieved, the chamber was sealed and quasi-static or
dynamic compressionexpansion cycles were performed.
Changes in bubble area were recorded during each individual
experiment and the bubble shapes analyzed using custom
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designed software to calculate the surface tension of the film - A~ SDS-PAGE, silver stain
(31, 35, 40). For dynamic cycling, once the film adsorbed

to yeq ONe quasi-static compressioaxpansion cycle was C~BLES H~BLES F~BLES
conducted to establish surface area reduction required to

attain minimum surface tensiofi,). The ymin was estab- -l P el ol -4 el
lished either as the lowest attainable without bubble
clicking (defined as an abrupt change to a small surface area

with a highery) or y near 1.0 mN/m. Dynamic modes were "
then implemented by cycling the bubble between 100% and *
110% of the original surface area and the area required to
achieveymin at 30 cycles per minute.
For the evaluation of the activity of reconstituted surfac- B- VWestern Blot

- ’ . o
tants, control or oxidized SP-Bs at a concentration of 1% C~BLES H~BLES F~BLES
4h 24h 4h 24h 4h 24h

SP-B with respect to DPPC:POPG (7:3) (40§ymL) were
suspended in 2 mL of CBT buffer. Adsorption, quasi-static
and dynamic cycling were assayed in the CBT as above.
Fluorescence Spectroscopic StudiBiiorescence mea-
surements were normally carried out on a Fluorolog-3
spectrofluorometer (Horiba Jobin Yvon, Edison, NJ). For
measuring fluorescence of isolated SP-B proteins in metha-piguge 1: Effect of exposing BLES to hypochlorous acid or Fenton

nol, cells of 1 cm optical path were used and slits were kept reagents on SP-B chemical and immunochemical reactivity. BLES
at 5 nm. In a typical experiment, 50g/mL of SP-B in was treated at 37C for 4 or 24 h, and samples were taken

methanol was excited at 275, 325, 360, or 450 nm and theimmediately for electrophoresis, silver staining, and Western

emission spectra were recorded as indicated. At least tenﬁlogﬁgigssif"i%Té%ﬁth ﬂgr:__tiBfggth‘l ELST_EEE;Z;‘
scans were analyzed for each sample. ' ' ' ’ '

Electrospray lonization Mass Spectrometry (ESI-MS) 15000, and 500 V, respectively. Spectra were collected in

Analysis.ESI-MS was carried on a Q-TOF (Micromass, 5 range ofm/z 900 and 4000. The instrument was tuned to
Manchester, U.K.) instrument. For the recording of positive 5 [esolution of 10 000 and externally calibrated using a

ion mass spectra, 1 samples, in CHGICH;OH (1:1 vIv), mixture of peptides. The overall mass accuracy was better
were loaded into a gold coated glass capillary (Proxeon inan 0.05 Da for ther'z range used.

Biosystems, Odense, Denmark). The capillary orifice was
opened 5 to 1(im. The electrospray voltage, cone voltage,
and collision energy were set to approximately 1600, 50,
and 10 V, respectively. The instrument was tuned to
resolution of 8000 or more and calibrated using Nal over a
range of 400 to 400@vz. A mass accuracy of 50 ppm was
routinely obtained as estimated from the results of analysis
of a standard solution of myoglobin. Deconvolution of the
ESI data was done using maximum entropy software
(Masslynx 4.0).

Matrix-Assisted Laser Desorption lonization Mass Spec-
trometry (MALDI-MS) Coomassie Blue-stained SP-B bands pegyiTs
were cut out of the SDSPAGE gels and in-gel-digested
using established methodélj. Briefly, the gel bands were Effects of ROS on SP-B Reatty and Biophysical
washed, destained, reduced with Tris(2-carboxyethyl)phos-Activity. Previous studies have indicated that exposing
phine hydrochloride (TCEP) (Sigma/Aldrich, Oakville, ON, pulmonary surfactant to ROS results in structural alterations
Canada), alkylated with iodoacetamide (Sigma/Aldrich), and in surfactant apoproteins as well as surfactant lipids. Treating
then digested with 0.29g of trypsin (Promega, Madison, WI)  BLES with pathophysiological levels of hypochlorous acid
in 50 uL of (NH4).CO; (100 mM, pH 7.8) at 37C for 24 (H~BLES) for 4 or 24 h at 37C resulted in a decrease in
h. The tryptic peptides were extracted from the gel bands silver staining and a slight depression in Western blot
with 50% acetonitrile and 5% formic acid. Thecyano-4- immunoreactivity using a specific anti-SP-B antibody relative
hydroxycinnamic acid (Sigma/Aldrich) matrix was prepared to control (C~BLES) (Figure 1). Exposure to Fenton
at 10 mg/mL in acetonitrile/ethanol/trifluoroacetic acid reagents (FBLES) for 4 or 24 h resulted in markedly
(0.1%) (49.5/49.5/1, viviv). Tryptic digested SP-B sample, reduced detectability with either procedure (Figure 1). In
1 ul, was mixed with 1uL of matrix solution and spotted contrast, 24 h treatment under these conditions had no
onto a target plate prior to being loaded into the mass significant effect on organic solvent-extractable lipid phos-
spectrometer for analysis. phorus levels 42) (H~BLES, 100.2+ 1.1%; F~BLES,

MALDI mass spectra were recorded on a Micromass 102.4+ 1.8%, relative to GBLES, n = 3) or in protein
MALDI —R mass spectrometer (Micromass, Manchester, levels (H~BLES, 94.5+ 3.4%, FBLES, 121.5+ 14.5%
U.K.) equipped with a nitrogen pulsed laser (337 nm) of C~BLES, n= 6), measured using a modificatioB4) of
operating in positive-ion-reflector mode. The pulse voltage, the method of Lowry et al.36). The observation that ROS
the source voltage and the reflectron voltage were set at 3000freatment does not impact seriously on estimates of BLES

Statistical Analysis.Standard error of the means was
obtained from samples off = 3 or greater. Statistical
comparisons were conducted using SPSS (Chicago, IL)
software. Comparisons between the three groups were
conducted by analysis of variance (ANOVA) followed by
Bonferroni and Tukey post-hoc tests. Post-hoc analysis refers
to the statistical analysis between individual groups only if
the ANOVA shows a significant difference between the
groups as a whole. Probability values below 0.05 are
considered significant.
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A. SDS-PAGE, Coomassie Blue

C~BLES H~BLES F~BLES
B. Western Blot
C~BLES H~BLES F~BLES
- e

Ficure 2: Electrophoretic analyses of SP-B isolated from control
and oxidized BLES. SP-B fractions obtained by LH-60 chroma-
tography were analyzed after PAGE electrophoresis. (Apbf

proteins were loaded and stained with Coomassie Blue. (B) SP-B
detected by Western blot analyses. With the actual gels, SP-B from

H-BLES shows a slight decline in Western staining while SP-B
from F-BLES can barely be detected.

surfactant apoproteins is important in that it allows direct
comparisons of Lowry based equivalents on SIPAGE
gels. When identical amounts (by Lowry) of SP-B, isolated
from C~BLES (C~SP-B), H-BLES (H~SP-B), or ~BLES
(F~SP-B) were analyzed by electrophoresis;3P-B and,

to a lesser extent, HSP-B displayed depressed staining to
Coomassie Blue on SDSPAGE gels (Figure 2A). Further-
more, Western blot analyses revealed thatS#-B activity
showed slightly depressed reactivity relative te-&P-B
(Figure 2B), while ~SP-B could barely be detected. Taken
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Ficure 3: Biophysical activity of SP-B isolated from control,
hypochlorous acid-treated, and Fenton-treated BLES. Isolated
SP-Bs were reconstituted as DPPC:POPG:SP-B (70:30:1), and
dispersions (40@g in saline:1.5 mM CaG) were examined with

a captive bubble surfactometer. (A) Adsorption isotherms for SP-B
from control, hypochlorous acid-treated (H), and Fenton reaction-
exposed (F) BLES. SP-Bs from oxidized BLES exhibited greatly
impaired film formation. (B) Minimum and maximum surface
tensions for reconstituted surfactants during the initial and 21st
dynamic cycle. Letters represent comparisons for adsorption or
within the cycle depicted. Means with the same letter are not
significantly different.

together, these results indicate that the decreased immuno21st dynamic cycle (Figure 3B). The maximynvalues also

detection of ~SP-B in Figures 1 and 2 is not the result of

increased with oxidized SP-Bs. Similar overall results were

changes induced by the isolation procedure but is caused byobserved using PL recovered from control BLES for

the oxidation itself. The results also show that the oxidative
effects are progressive.

Reconstitution studies employing as PL, DPPC:POPG
(7:3), and 1% SP-B isolated from@BLES, H~BLES, and
F~BLES revealed slower adsorption to equilibrium for
H~SP-B:DPPC:POPG (102 1.3 min) and ~SP-B:DPPC:
POPG (14.5+ 1.3 min) relative to G-SP-B:DPPC:POPG
(2.0 £ 0.2 min) (Figure 3A). Results obtained during

dynamic surface area cycling experiments revealed that

C~SP-B:DPPC:POPG and+5P-B:DPPC:POPG were ca-
pable of attainingymiss less than 5 mN/m during initial
dynamic compression, but~NFSP-B:DPPC:POPG reconsti-
tutes could not lowey below 10 mN/m (Figure 3B). Fur-
thermore, with prolonged surface area cyclingy $P-B:

reconstitution (not shown). These observations are consistent
with ROS-induced alterations to certain amino acids in SP-B
which are involved in reactivity with Coomassie Blue and
in anti-SP-B Ab recognition. The results are also consistent
with ROS-induced alterations in SP-B which interfere with
the ability of this low molecular weight, hydrophobic protein
to increase the adsorption of surfactant PL and to promote
y reduction to low values during surface area reduction.
Effect of ROS on BLES Tryptophdror these studies,
SP-B and SP-C were isolated from control and oxidized
BLES by monitoring absorbance at 260 and 280 nm during
chromatography on LH-60. With-€BLES, the 260/280 nm
ratio for the C-SP-B peak was~0.85, while that for
C~SP-C was~1.2, consistent with the exclusive presence

DPPC:POPG maintained its surface activity, but the surface of Trp and Tyr in SP-B. Interestingly, fractions isolated from

activity of H~SP-B:DPPC:POPG deteriorated such that by
the 21st dynamic cycle;qin for the reconstitute was similar
to that for ~SP-B:DPPC:POPG during either the first or

H~BLES displayed 260/280 nm ratios of 0.9, while
F~SP-B showed values of1.2, indicating that Fenton and
possibly hypochlorous oxidation affected the characteristic
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cross-linking of Kyn (not shown). The fluorescence emission
scanning experiments suggested only slight Trp modification
during hypochlorous acid-induced oxidation of BLES, when
compared with GBLES. Excitation at 325 nm generated
an unidentified emission peak at 379 nm. In addition,
enhanced emissions were always observed compared to
C~SP-B when the protein was excited at 365 or 450 nm.
These results are in agreement with the weaker fluorescence
emissions for Trp at 275 nm (Figure 4A).
ROS Effects on BLES SP-B as Detected by ESIFHig8re
5A depicts positive ESI-MS spectra for SP-B isolated from
S control and oxidized BLES. The recorded spectra showed
080 300 320 340 360 380 400 420 predominant peaks im/z range from 1000 to 2200 corre-
nm sponding to 5 to 13 charged SP-B ions (Figure 5A, upper
B ... C i panel). Deconvolution of the spectrum for control SP-B
(Figure 5B, top panel) shows a protein peak with molecular
r, e P mass of 17397.4 Da. This mass perfectly matches the
\ ' Do calculated mass of SP-B, 17397.4 Da, using the sequence
o I presented in Table 1. It is also consistent with the presence
) G o ! ‘ of an SP-B dimer as suggested by SEFAGE electro-
oo, o ‘\ ' ! ' phoresis (Figures 1, 2B). The deconvoluted spectrum also
| ! \ \ ) o ' | revealed a minor peak with an increase in mass b6 Da

F ” ' \ s (17 412.6 Da), probably reflecting the average mass increases

F 4.0E+06 4

3.0E+06 4

2.0E+H06

1.0E+06

4.0E+05 +

’.
i

20005 ) \ oomes ' due to a single oxidation (16 Da) and methylation (14 Da)

I \ . . of SP-B. This indicates that€SP-B is partially oxidized
. . soos{ Ly \ . and methylated, likely during incubation at 3C, isolation

1o0as \\ of . t. on LH-60 with chloroform:methanol:HCI and/or analyses.
\ 20505 /‘ N The ESI-MS spectra of SP-B isolated from~BLES
revealed a similar overall pattern te~BLES, but the overall

N
000 008400 : peak distribution was altered. Deconvolution of this spectrum
335 385 435 485 380 430 480 530 H H
gave the most intense protein peak a molecular mass of
17 460.3 Da, 63 Da heavier than actual SP-B, corresponding

Ficure 4: Fluorescence emission spectra for&P-B, H-SP-B, B A - P . .
and F~SP-B. Emission spectra of isolated SP-Bs (&ImL) in to a SP-B dimer with four oxidized Met (Figure 5B, middle

methanol. G-SP-B (solid line); H-SP-B (dashed line); FSP-B panel). It also _rev_ealed a greater number of readily identifi-
(dotted line). (A) Emission spectrum &g, = 275 nm showing able peaks with incremental mass increases~@b Da,
that the intrinsic fluorescence associated with aromatic residues isindicating occurrence of oxidation of other amino acids.
strongly decreased for¥SP-B. (B) Forlex. = 325, apeak at 435 pjfferent preparations of HBLES showed slightly different

nm suggests the presence of NFKyn in$&P-B; a nonidentified - -
peak is?gbserved fngSP-B. (©) Theypresence of Kyn is indicated  Patterns for oxidized SP-B (data not shown), suggesting some

in F~SP-B atley = 365 nm andien = 449 nm. heterogeneity in the reaction.
The ESI-MS spectra for+SP-B displayed a much higher

absorbance due to aromatic amino acids. Since it has beerbackground ionization with only three major peaks ac-
reported that aromatic amino acids are targets for oxidative companied by very wide peaks indicating that aggregation
alterations in soluble proteins, we employed fluorescence may have occurred. Deconvolution of the spectrum showed
spectroscopy to investigate modifications to SP-B. a great number of peaks with incremental mass increases of
Representative emission spectralak = 275 nm reveal 14 to 16 Da. The most intense protein peak showed a mass
that C~SP-B possesses a maximum emission at 340 nm,of 17468.2 Da. The exact structural modifications of SP-B
corresponding to the typical fluorescence attributed to could not be determined from this mass increase alone, but
aromatic residues Trp and Tyr present in the protein (Figure this mass increase is consistent with dimeric SP-B containing
4A). A similar, albeit decreased, intensity spectrum was four oxidized Met and two NFKyn.
observed for H-SP-B. The spectrum obtained forSP-B MALDI-MS Analyses of SP-Bn order to obtain further
indicated that aromatic amino acids were greatly affected information with respect to modifications introduced into
by Fenton oxidation. Control experiments using excitation BLES during oxidation by hypochlorous acid and the Fenton
at 295 nm to avoid spectral effects of Tyr modification gave reaction, SP-Bs were separated on SIPAGE and the
similar results (data not shown). bands cut out, reduced, treated with iodoacetamide to prevent
The inference that Fenton oxidation induced chemical sulfhydryl reoxidation, and digested with trypsin. The trypsin
modifications in the Trp residue of SP-B was reinforced by fragments were then extracted and analyzed by MALDI-MS.
fluorescence detection of specific products reported to occur Table 1 presents the amino acid sequence for mature
in other oxidized proteinsi@—45). Examination of ~SP-B bovine SP-B recently obtained by tandem MS analysis of
spectra produced evidence for Trp oxidatiomNtormylkyn- tryptic digested SP-B and cDNA sequencing (Liu, S. et al.,
urenine (NFKyn) Egx = 325 nm,Eg,, = 425 nm) (Figure to be submitted elsewhere). According to this amino acid
4B) and kynurenine (Kyn)Hex = 365 nm,Egy, = 449 nm) sequence, it can be predicted that SP-B will generate eight
(Figure 4C). Evidence was also obtained for the possible peptides among which four peptides will have suitable

nm nm
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Ficure 5: ESI-MS spectra of isolated oxidized SP-Bs (A) and their deconvoluted spectra (B), as described in the text.

Table 1: Amino Acid Sequences for Bovine SP-B and for Four Predicted Tryptic Peptides (T1,5,6,7) Generated by the ExPasy Proteomic

Tools
average mass 9105.2

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76
FPIPI PYCWL CRTLI KRIQA VIPKG VLAMT VAQVC HVVPL LVGGI CQCLV ERYSV ILLDT LLGRM LPQLV CGLVL RCSS

fragment residues sequence all
T1 1-12 (-) FPIPIPYCWLCR (T) 1621.8
T5 25-52 (K) GVLAMTVAQVCHVVPLLVGGI CQCLV ER 3078.6
T6 53-64 (R) YSVILLDTLLGR (M) 1362.8
T7 65-76 (R) MLPQLVCGLVLR (C) 1398.8

masses for MALDI-MS ifVz 1000-4000). Figure 6A, B, and 2966-3220, respectively. The major peak at 1362/8
and C show mass spectra forz 1330-1450, 1606-1700, in Figure 6A corresponds to T6 (Y53R64) (numbering



5610 Biochemistry, Vol. 46, No. 18, 2007 Manzanares et al.

Ao e it A CspB H-SP-B H-SP-B
Control ‘ 1398.8 o= o= ==
ol L UL +Lipid
- 1362.8 1414.8
"1 Hocl
TN L J.[L\ U,L
" 1414.8
Fenton 1362.8 B
5 ‘ 1398.8 C- Fe/EDTA F- C- Fe/EDTA F-SP-B
| !
1330 1340 1350 1360 1370 1380 1350 1400 1410 420 1430 1440 1450 SP_B SP_B SP.B SP-B SP.B + Lipid
B i 1621.8
Control
§ | e s s — d— —
.I.h,l‘ 1, ™ :
A 1621.8
HOC! ik Ficure 7: Effect of lipids on the resistance of native SP-B to
# ' hypochlorous acid or Fenton oxidation. SP-Bs were treated as
d'! 1“ 1653 8 indicated below, separated by SBBAGE and detected by Western
il L di U blot analysis. (A) Isolated SP-B obtained from-BLES was treated
- 1621.8 for 2 h at 37°C. From left to right: control SP-B (no lipids),
Fenton 16258 . ¢ hypochlorous oxidized SP-B (no lipids), hypochlorous oxidized
- 1" 16538 SP-B previously reconstituted with DPPC:POPG (7:3). (B) Isolated
,“ _I_U | SP-B from C-BLES was incubated at 3T for 24 h. From left to
Y AT T “.‘.li.!J.v;,k-!-uijjxJ,'L'.-&'M',WJ,_1J¢M'MW\'JAUJ»MWAL‘J&.m.z right: control SP-B (no lipids), Fe/EDTA-treated SP-B (no lipids),
et Fenton-oxidized SP-B (no lipids), control SP-B, Fe/EDTA-treated
c SP-B, and Fenton-oxidized SP-B previously reconstituted with
100 3094.6 DPPC:POPG (7:3).
Control 3078.6 \
# H (0] o H (o}
T L‘ N l’:} N
sttt i bhoes e Ui W trgicite ot NHowe ot NHowr oot NH e
- 3094.6 o) o)
HOCI
- :r NH NHCHO NH,
.'iﬁl t
bttty 'wmwwwmw*"m» .v '
i 3094.6 ) )
Fenton \]‘ Tryptophan N-Formylkynurenine Kynurenine
d b ; | (Trp) (NFKyn) (Kyn)
'n.',' . co I’|_I M : .
ghhuniela ool Mmooyt W pnsttiisase v, FIGURE 8: Molecular structures for Trp, NFKyn, and Kyn.

Ficure 6: MALDI spectra of tryptic peptides from €SP-B, . . L
H~SP-B, and F-SP-B, as described in the text. Peptide sequences and double additions of oxygen, most likely due to oxidation
for C~SP-B in A, B, and C are as listed in Table 1. of Trp9 (see Discussion). These results also indicate that

C~SP-B is partially oxidized. The 163718z peak is most
according to the theoretical digestion pattern). No oxidation likely attributable to the formation of hydroxytryptophan
products were observed with noticeable intensity for this (OHTrp), while the 1653.8wz peak could be dihydroxy-
peptide in any of four samples. tryptophan (DiOHTrp) or NFKyn. These peaks were slightly

The peak at 1398.8wWz corresponds to peptide T7 elevated in H-SP-B and markedly increased in~BP-B
(M65—R76), while the peak at 141418/z corresponds to  spectra compared to~€SP-B. In addition, a peak at 1625.8
oxidized T7. Considerable oxidation of T7, as manifested is clearly elevated with +#SP-B. This peak could correspond
by the 1398.8/1414.8 ratio, was observed even with control to a peptide containing Kyn (structure shown in Figure 8)
incubated BLES. Nevertheless, the oxidized T7 peak was formed by the loss of the-formyl group from the Trp indole
increased slightly in spectra of +BP-B and greatly with  ring during oxidation 46, 47). Separate experiments employ-
F~SP-B samples, indicating occurrence of Met65 oxida- ing tandem MS confirmed the presence of OHTrp, DIOHTrp
tion upon H and F treatment. The 1398.8 peak is slightly (or NFKyn), and Kyn in the appropriate~FSP-B peaks (data
diminished with H-SP-B and almost obliterated with not shown). In addition to the above, a minor peak at 1635.8
F~SP-B, accompanied by corresponding increases in them/z was observed in the spectrum of-BP-B (Figure 6B,
1414.8 peak. third panel), which shows a 14 Da increase over T1. This

In Figure 6B, the peak at 1621.8 corresponds to peptide mass shift could arise from either methylation or oxidation
T1 (F1—R12). Minor peaks observed at 1637.8 and 1653.8 (e.g., Pro oxidation to a ketone). As this peak was not noted
in the control spectrum (Figure 5B, first panel) indicate single in C~SP-B or H-SP-B, but only in ~SP-B, the results
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suggest that oxidation of other residues, possibly a Pro to amyeloperoxidase, which produces hypochlorous acid. Al-
ketonic Pro, occurred during Fenton oxidation. However, this though the exact levels are unknown, detection of elevated
possibility was not confirmed by tandem MS. Other small lipid and other oxidation products in bronchoalveolar lavage
peaks, particularly in #SP-B, showed similar increases in demonstrates that ROS levels increase dramatically during
mass, presumably due to oxidation. ALl and ARDS (12, 14, 15). Elevated levels of ROS, such
Figure 6C (Wz 3065-3125) shows a peak at 307816z, as HOCI, also arise through recruitment of activated neu-
corresponding to T5 (G25R52). A larger peak is observed trophils and other phagocytes. In the presence of extracellular
at 3094.6 corresponding to an increment of 16 mass units.transition metals such as iron, the nonenzymatic Fenton
Thus, as with the previous spectra, partial oxidation of reaction generates hydroxyl radicals from hydrogen peroxide,
C~SP-B is indicated, likely at Met29. With HSP-B and  Which has been detected in normal bronchoalveolar lavage
to a greater extent+SP-B, peak 3078.6 is barely detectable, fluid and is greatly elevated with ALl and ARDSL2).
while 3094.6 is elevated, reflecting the oxidation of Met Because the exact concentrations of neither ROS nor
residues in these peptides during exposure of BLES to ROScounteracting antioxidants in alveolar hypophase have been
or during analysis. determined, we have applied oxidizing conditions established

Taken together, these mass spectra of SP-B tryptic Previously in order to facilitate comparison with former
fragments show oxidation-related mass increases indicativeStudies 42,17, 20, 21, 23).
of the oxidative changes in Trp9, as inferred from the  The present studies investigated the effects of hypochlo-
fluorescence data, and also provide evidence consistent withfOUS acid and Fenton reaction products on SP-B structure
the oxidation of Met29 and Met65. Additional oxidation @nd function. Exposing BLES, a clinical surfactant, to ROS
could possibly occur at Pro2, Pro4, and/or Pro6 to a minor "esulted in time-dependent alterations in SP-B structure, as
extent during Fenton exposure. This could not be confirmed Monitored by Coomassie Blue or silver staining and by
by MS/MS experiments due to the low intensities of these Western blotting (Figure 1, Figure 2A,BBY), using a
peaks. specific antibody raised against porcine SP-3,(50).

Effect of Surfactant Phospholipid on SP-B Oxidatidhe Exposure to ROS qu fo depressed ;urface activity as
current and previous studies by our group have shown that’de;’nonstrated by stludles v(\j/here SP-B isolated from cdon-
under the conditions employed, the Fenton reaction imparts 0! (C~SP-B), HOC —trefate ?HSE'B)' or Fenton-treate
a more serious impact on BLES biophysical function and (F~SP-B) BLES was formulated as DPPC:POPG:SP-B

BLES SP-B Trp fluorescence than exposure to hypochlorous(70:30:1_) and the mixtures were examined with the CBT.
acid. Earlier investigations on soluble and on membrane- AdSOrption of suspensions containing either-8P-B or

associated proteins have demonstrated that hypochlorous aci§ waP—B was retardeglrele;tiv%to _controL»lSP—B-Cé)ntgininr?
can introduce structural alterations and modify Trp flurores- sur actant was capable of re ucmgo hear zero during the
cence. These considerations suggested the possibility that',n't'.aI dynamic compression, bYthnin '”Cfeased significantly
as previously observed with other systeri8, ¢9), the Trp during surface area cycling. Reconstituted surfactants con-
residue in SP-B was being protected from the effects of t@ining F~SP-B proved incapable of attaining love even

hypochlorous acid through its interaction with surfactant during th? initial compression. T.he. failure to achieve low
lipids. yminS during expiration would limit gaseous exchange,

The manner by which the local environment of SP-B in promote alveolar collapse, and favor lung edema (see refs

BLES could affect ROS interactions with this low molecular 1, 2, 5 for review). SL_lrfactants containing “!’BP'B or
weight hydrophobic protein was examined through recon- F.NSP'.B also showed h|gh%a¥values during film expan-
stitution studies. Western blotting revealed (Figure 7A) that sion. Since surfactant adsorption from the bulk phase is far
exDOSiN isolatéd €SP-Btoh gchlorous acidgresulted in too slow to account for formation of a surface film near the
a rﬁarke%l decrease in anti-SP)-/g recognition relative to SP-Bequilibrium surface tension of:23 mN/m during surface
reconstituted with DPPC:POPG (7:3). Western blots showed area CVC"T‘Q’ Itis generally Cons_ldered ks malnta_med
) ) o . near equilibrium by respreading of PL from multilayers

that SP-B incubated in saline:1.5 mM CaCWith and iated with th £ lava 4 34 3
without Fe:EDTA, exhibited similar immunoreactivity whether associated with the surface monolay re S .5)'
the incubation was conducted in the presence or absence otncreasmgymax would increase the force required to inflate

. o > pres . he lung and thus lead to a greater work of breathing.
PL. Slightly lower reactivity was evident in PL-containing nereasin also tends to result in a higher,
samples exposed to Fenton reagents. When the PL was not 9ymax 9Nin

present, SP-B reactivity was further decreased. These studie%1 gg?j&ﬁ:é%ﬂﬁ%?%ﬁfﬁg Egeh Fseizgnlr;(r;i?/?:ttamzr?znggted
suggest that surfactant PL protects SP-B from oxidative bhy y X

degradation, at least to some extent These observations implicate SP-B oxidation by either regi-
' ' men in the deleterious effects of ROS on BLES biophysical
DISCUSSION activities and are in overall agreement with previous studies
demonstrating protein oxidation to be a contributing factor
Oxygen radicals are generated in the lung, as in all organs,in surfactant inhibition 18, 20, 22, 51, 52) during oxidative
as “escape” products from mitochondrial oxidative phos- stress and that SP-B represents an oxidative tat§e20).
phorylation (see refé2, 14, 15, 21 for review). Pulmonary  They also show that HOCI and Fenton reagents have distinct
cells experience higher oxygen levels than cells in other effects on SP-B biophysical activity.
organs, and these levels are increased durinth€apy. In Trp acts as a key amino acid residue in a large number of
addition, ROS are generated in the lung in vivo by intrac- proteins, and Trp modifications have been implicated in loss
ellular and extracellular enzymes such as xanthine oxidase,of activity of a number of proteins, including. and
which produces superoxide and hydrogen peroxide, andcrystallins @4, 53); nitric oxide synthetasebd); peroxidases
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(55); Cu, Zn superoxide dismutase$7); o-1-microglobin These observations and interpretations are in good overall
(56); myoglobin 67); cytochromec peroxidase %8); ribo- agreement with previous studies on protein oxidation. For
nucleotide reductas®9); and surfactant protein-260) (see example, Zhang et al4b, 47) report induction of bicarbon-
refs61—65 for review). The present studies using previously ate-mediated peroxidase activity of human superoxide dis-
established protocolsAd, 45) indicated that while HOCI ~ mutase is accompanied by the oxidation of Trp to OHTrp,
moderately affected Trp intrinsic fluorescence, F reactants which then undergoes oxidative cleavage to NFKyn and Kyn.
virtually abolished Trp fluorescence and induced formation Likewise, intrinsic fluorescence spectroscopy and tandem
of Kyn and NFKyn (Figure 4). mass spectrometry have been used to show that UV irradia-
Examination of G-SP-B, H~SP-B, and ~SP-B by ESI- tion of a-A lens crystallin results in conversion of Trp to
MS provided evidence for partial oxidation of the control NFKyn (44, 46). These alterations were accompanied by Met
protein, possibly during incubation at 3T, isolation, and oxidation, the racemization of an Asp residue, and alteration
analysis as has been commonly observed with other proteinsof secondary structure, thereby explaining the reduced
(46, 66). H~SP-B showed enhanced oxidation, consistent chaperon-like activity of the irradiated protein.
with reduced biophysical activity, while-+FSP-B was altered Exposure of BLES to ROS resulted in the loss of SP-B-
to such an extent that the ESI-MS spectra could hardly be dependent surface activity. Reconstituted surfactants contain-
obtained. However, although the ESI-MS spectra suggesteding DPPC:POPG: HSP-B were able to achieve lops
prominent structural modification, examination of trypsin- during the initial quasi-static and dynamic compressions, but
derived fragments T1, T5, T6, T7 indicated that major amino surface activity declined thereafter. DPPC:POPCSIP-B
acid alterations appeared primarily limited to Trp and Met. surfactants were not capable of attaining tgsy even during
MALDI spectra of T1 revealed increases of 4, 16, 32, and the initial compressions. These results concur with previous
48 Da over the anticipated peak, suggesting the formation observations on the effects of ROS, where the major effect
of Kyn from Trp (+4) and the addition of one to three of HOCI was to reduce respreadability of BLES PL, while
oxygens to the N-terminal region of SP-B. While detected the major effect of the Fenton reaction was to disrupt the
with C~SP-B T1, the oxygenated peaks were elevated with ability of adsorbed films to achieve loys during compres-
H~SP-B and greatly increased with-ISP-B. This suggests  sion 23, 31). It is important to note that Fenton reaction
that the major oxidative alterations to the N-terminal region also affects PL respreading negatively, but this deficiency
can likely be attributed to modification of Trp9, resulting in was more difficult to detect due to the massive effectyon
formation of at least some OHTrp and perhaps some reduction. Taken together, the results are consistent with the
DiOHTrp and Tri-OHTrp. Because it is plausible that some interpretation that Met oxidation, which occurs to a consider-
of the recorded mass increments could arise from oxidation able extent with both HOCI and Fenton, affects the ability
of Phel or Tyr7 (or a combination of Trp, Phe, and Tyr of SP-B to promote respreading of BLES PL. Oxidation of
oxidation), the peptide fragments were subjected to MS/MS SP-B by the Fenton reaction further abrogates SP-B function,
analysis. This generated amino acid fragments correspondingsuch that DPPC:POPG:SP-B films cannot achieves near
to Trp oxidation without any major evidence for oxidation zero during the initial lateral compression.
of the other two aromatic amino acids, consistent with the It is plausible that this latter biophysical property related
observation that similar overall fluorescence effects were to Fenton exposure is dependent on the greatly increased
observed when SP-Bs were excitedeat 295 which would Trp modification, especially the selective formation of Kyn
preclude significant effects on Tyr. MS/MS also confirmed observed with Fenton relative to HOCI. A specific role for
that, with Fenton exposure, th€32 Da peak at 1653.8 Trp9 in SP-B biophysical activity has been indicated by
represents the formation of NFKyn in accordance with the insightful studies on SP-B peptides by Ryan et@il)(These
E.x fluorescence spectral data (Figure 4). The elevation in investigators examined the ability of peptides based on one
the+4 Da peak in T1 from FBLES represents a signature or more SP-B helical regions to interact with DPPC:POPG
alteration for increased Kyn levels inBLES, as suggested  (7:3) vesicles. Helices 1 and 2 are thought located in the
by the fluorescence data and confirmed by tandem MS (dataN-terminus ¢7—22 and 23-42) while helices 35 are
not shown). These analyses provide strong support for ourlocalized to the C-terminus~43—79) of SP-B 26, 67, 68).
conclusion that &SP-B contains hydroxylated Trp residues These studies examined the ability of intact SP-B and SP-B
and these are marginally increased during the 24 h exposurepeptides to promote aggregation (i.e., clumping), membrane
to HOCI. Fenton reaction further modifies Trp9 to produce lysis (leakage of water-soluble fluorescent probes encapsu-
NFKyn and Kyn. lated within the vesicles), and lipid mixing (diffusion of
The T1 fragment from ~SP-B also exhibited a small  fluorescent membrane probes present in the outer PL leaflet
increase int14 Da (Figure 6B). This latter alteration could onto the outer leaflet of another vesicle. Note that this is
reflect either oxidation to Pro2, Pro4, Pro6, or else methy- hemi-fusion. With true fusion, both leaflets would interact
lation, possibly at the N-terminus of SP-B. Since methylation and the combined contents would be retained within the
did not occur to a significant extent during extraction, newly formed larger vesicle). They found that helix 1
isolation, or incubation of SP-B with-©BLES or H~BLES, (residues #22) induced membrane lysis while helix 2
it appears possible that the most likely explanation of the (residues 2342) promoted membrane aggregation (vesicle
+14 increase would be N-terminal methylation and/or Pro cross-linking). Using CBT assays, it was observed that the
ketonization although this could not be proven by tandem specific ability to achieve lowys during compression
MS. As elaborated below, exposing BLES to ROS also led expansion cycling required the initial nonhelical N-terminal
to oxidation of Met29 and 65, particularly Met65. In this region, helix 1 and helix 2 (SP-B-137). The C-terminal
case, elevated oxidation was observed with both HOCI and half of SP-B (SP-B 4379), which contains helices 3, 4,
the Fenton reaction. and 5, possessed significantly lower lytic, fusogenic, and



Trp and Met Modification during ROS Inactivation of SP-B Biochemistry, Vol. 46, No. 18, 2006613

surface tension-reducing capacities. In keeping with the these helices with neutral amino acids greatly diminished
observations reported here, replacing Trp9 of SP-BB1 their effects on surface tension reductidv,(68). These
with Ala resulted in elevate@min (=15 vs <2 mN/m). results suggest that the charged regions of these amphipathic
Similar observations were reported more recently by Serranohelices interact with PL headgroups, particularly anionic PG.
et al. £8). These observations would suggest that Trp9 The present results further imply that increasing the polarity
modification can interfere witly reduction during compres-  of the hydrophobic amino acids, Trp9, Met29, and Met65,
sion in the absence of Met oxidation. However, it must be through oxidation modifies SP-B helices, thereby interfering
stressed that these groups also found that exchanging Pro2yith membrane lysis and hemi-fusion. This would affect PL
Pro4, and Pro6 with Ala increasegh» to <10 mN/m. adsorption and film compressibility. When considered to-
Although the Fenton effects on biophysical activity noted gether with studies employing synthetic peptides containing
here could possibly also arise from alterations in Pro, the one or more of these helices, it appears likely that oxidation
observed increase in thel4 Da peak at 1635.8 of T1 is  of Trp9 likely represents the major inactivating eve?,(
small relative to the combined alterations in Trp9, suggesting 67, 68). However, as indicated earlier, the possibility that
that modification of the latter amino acid produced the major synergistic inhibitory effects arise from oxidation of two or
effect. Ryan et al.q7) also reported that converting Pro23 more of these residues must be considered.

to Ala increaseq/mi. It is considered that Pro23 is important | summary, ROS treatment of BLES, a clinical surfactant,
in orienting helix 1 and helix 2 of SP-B. Unfortunately, our - resylts in delayed adsorption and an impairment of the ability
MALDI-MS experiments did not provide information onthe  to attain low ys during film compression. This effect is
tryptic peptide containing this residue because the fragmentaccompanied by alterations in SP-B, as observed by Coo-
was too smalll to be detected under our experimental settingsmassie Blue and silver staining, by Western blotting, and
We note that there is no evidence for oxidation of Pro67 in py ES|-MS analysis. Fluorescence measurements found
T7 (Figure 6A). Nevertheless, ambiguities induced by the ajterations in Trp9 with the Fenton reaction. Tryptic diges-
potential partial oxidation of Pro2, Pro4, and Pro6, and the tions revealed modification of Met65, Met29, and Trp9.
lack of information on Pro23, preclude an absolute conclu- pet29 was oxidized to a considerable extent50%) in
sion. Thus, although Trp9 is clearly critical fprreduction  control BLES. This oxidation was increased by HOCI and
with SP-B 1-37, our results implicating Trp modification  yjith Fenton reagents. Met65 was also oxidized, even in
as being specifically responsible for the loss of the ability control BLES. This was increased with HOCI. After Fenton
to lower y to low values clearly require confirmatory evi-  treatment, Met65 was almost completely oxidized. Control
dence. This is particularly true because while Fenton reactiong| ES contains small amounts of OHTrp and DiOHTrp.
and HOCI led to similar oxidation of Met29 (60r0%),  HOCI increased Trp9 oxidation. Fenton reaction increased
Fenton reaction oxidized Met65 to a greater exteri%  the levels of these oxidative products and also resulted in
versus 60%). Thus it must be concluded that increasedformation of NFKyn and Kyn. Unreacted BLES also showed
oxidation of either Trp9 or Met65 or both could contribute  potential evidence for oxidized prolines in the N-terminal
to the greater effects of Fenton oxidation. region of the protein, but this was very small. Thus, ROS
In addition to the above considerations, an unanticipated inactivation of SP-B biophysical activity appears to involve
finding was that-half of Met29 was oxidized in the control  modification of a maximum of three amino acids: Trp9,
isolated SP-B. Examination of nonincubated BLES revealed Vet29, and Met65. The contribution of each of these residues
similar levels of oxidized Met29. Whether this oxidation was o SP-B inactivation will require further study.
present in the alveolus in vivo or arose during surfactant
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