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Pulmonary surfactant protein SP-C has been iso-
lated from porcine lungs and treated with dansyl
isothiocyanate in chloroform:methanol 2:1 (v/v)
solutions, under conditions optimized to introduce a
single dansyl group covalently attached to the
N-terminal amine group of the protein without loss
of its native thioesther-linked palmitic chains. The
resulting derivative Dans-SP-C conserves the sec-
ondary structure of native SP-C as well as the ability
to promote interfacial adsorption of DPPC suspen-
sions and to affect the thermotropic behavior of
DPPC bilayers. This derivative can be used to char-
acterize lipid-protein and protein-protein interac-
tions of a native-like SP-C in lipid/protein com-
plexes. © 2001 Academic Press
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Pulmonary surfactant protein SP-C is a lipopep-
tide of 35 amino acids, including two palmitoylated
cysteines, which is copurified with lipids after or-
ganic extraction of alveolar lavage from lungs (1, 2).
It is widely assumed that SP-C has a role in the
biophysical activity of surfactant, specially in facili-
tating formation of surface-active films at the air-
liquid interface of the respiratory epithelium which
are ultimately responsible for reducing surface ten-
sion and stabilizing the lungs during respiratory
dynamics (3, 4). Numerous studies have approached
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the characterization of structure and lipid-protein
interactions of SP-C in phospholipid bilayers (5-11)
and monolayers (12-17) as an attempt to understand
the role of the protein in the surfactant system from a
molecular point of view. SP-C lacks intrinsic fluorophores
such as tryptophan or tyrosine in its sequence, prevent-
ing the use of UV spectroscopy in the characterization
of structure and dynamics of the native protein. This
approach has been extensively used to study the other
hydrophobic protein in surfactant, SP-B (18-20). An
alternative is the site-selective introduction of an extrin-
sic fluorescent probe in SP-C, which may allow identi-
fication of structural features that could be directly
assigned to local regions in the protein (21). Character-
ization of lipid-protein interactions of SP-C by other tech-
niques such as epifluorescence microscopy (22, 23) or
electron spin resonance (24) has also required introduc-
tion of extrinsic probes in proper locations of the protein,
without producing significant alterations of the native
conformation. However, the procedure to derivatize SP-C
in organic solutions has not been optimized, specially to
ensure preservation of the palmitic chains bound to
the structure of SP-C via thioesther linkages, and also
to produce incorporation of single groups in selective
sites.

In the present work we have optimized the chem-
istry to introduce a single fluorescent dansyl group
covalently attached to the N-terminal end of por-
cine SP-C, without any further structural modifica-
tion of the protein. The fluorescent properties of
the dansyl group are critically dependent on the
polarity of the environment, which makes it partic-
ularly useful for detecting and characterizing inser-
tion of protein segments into membrane environ-
ments or their implication in protein-protein
interactions (25, 26).
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EXPERIMENTAL PROCEDURES

Materials. Chloroform (Chl)*> and methanol (MeOH)
were HPLC-grade solvents from Scharlau (Barcelona,
Spain). The lipids 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), egg yolk phosphatidylcholine (PC),
and 1-palmitoyl-2-lysophosphatidylcholine (LPC) were
from Avanti Polar Lipids (Birmingham, AL). The fluo-
rescent reagent dansyl isothiocyanate (dans-1TC) was
obtained from Molecular Probes (Eugene, OR). Seph-
adex LH-20 and LH-60 chromatography gels were from
Pharmacia (Uppsala, Sweden). All other reagents were
of analytical grade and were obtained from Merck
(Darmstadt, Germany).

Protein purification. Surfactant protein SP-C was
isolated from porcine lungs by a modification of the
method published by Curstedt et al. (27), which has
been discussed elsewhere (28). The protein was rou-
tinely checked for purity by SDS-PAGE, and for resid-
ual phospholipid contamination by phosphorus deter-
mination. Quantification of isolated protein was
carried out by amino acid analysis as previously de-
scribed (28), after acid hydrolysis during 24 h of protein
samples in 5.7 N HCI at 108°C, using the estimated
content in Asx, Ala, Lys, and Arg and the amino acid
composition reported for porcine SP-C (1). After isola-
tion, SP-C was stored as chloroform:methanol (2:1, v/v)
solution at —20°C until use.

Protein labeling. One milligram of pure SP-C in
chloroform:methanol 2:1 (vol/vol) was adjusted to an
apparent pH of 7-7.2 by addition of the appropriate
volume of a methanolic 50 mM Tris solution. This SP-C
solution was incubated at 4°C overnight, in darkness,
in the presence of Dans-1TC (0.6 mg/mL, final concen-
tration). The reaction was stopped by addition of HCI
until the pH decreased to 2. The unreacted probe was
removed by Sephadex LH-20 chromatography, the elu-
tion profile of which was monitored by measuring ab-
sorbance of the fractions at 240 and 330 nm. Labeled
protein was stored as chloroform:methanol (2:1, vol/
vol) solutions, in darkness at —20°C, until use.

Electrophoresis. Purity of isolated pools of porcine
SP-C and oligomerization state of SP-C after deacyla-
tion or dansyl treatment was checked by SDS electro-
phoresis using stacking and running gels of 4 and 18%
acrylamide, respectively. Electrophoresis was per-

? Abbreviations used: Chl, chloroform; Dans-ITC, dansyl iso-
thiocyanate; Dans-SP-C, dansyl-labeled surfactant protein C;
Dansyl, 5-dimethylaminenaftalen-1-sulfonile; DPPC, 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine; LPC, 1-palmitoyl-2-lyso-sn-
glycero-3-phosphocholine; MALDI, matrix-assisted laser desorption/
ionization; MeOH, methanol; MLV, multilamellar vesicles; PC, 1,2-
diacyl-sn-glycero-3-phosphocholine from egg yolk; RET, resonance en-
ergy transfer; SP-B, surfactant-associated protein B; SP-C, surfactant-
associated protein C; SUV, small unilamellar vesicles; TFA,
trifluoroacetic acid.

formed in a Mini-Protean 11 (Bio-Rad) chamber and the
protein bands were detected by silver staining.

Mass spectrometry. The state of acylation of native
and derivatized SP-C was analyzed by matrix-assisted
laser desorption/ionization (MALDI) mass spectrome-
try. The laser desorption/ionization experiments were
performed on a BIFLEX time-of-flight instrument
(Bruker-Franzen Analytik, Bremen, Germany) oper-
ated in positive mode. A saturated solution of sinapinic
acid in acetonitrile:water (1:2) with 0.1% TFA was used
as the matrix. Equal volumes of the matrix and the
sample solution were put together and vortexed, and 1
ml of the mixture was spotted on the target and air-
dried. Samples were analyzed in the linear mode, and
typically 100 laser shots were summed into a single
mass spectrum. External calibration was performed,
using mioglobin as the standard.

Lipid/protein reconstitution. To reconstitute SP-C
and dans-SP-C in phospholipid bilayers or micelles of
lysophospholipid, the lipids (DPPC, PC, LPC) were
mixed with the appropriate amount of protein in Chl:
MeOH 2:1 (v/v) and the mixture was dried under a N,
stream and then under vacuum overnight. The result-
ing dried films were then hydrated by addition of 1 mL
of 50 mM Hepes buffer, pH 7, containing 150 mM
NaCl, and incubated for 1 h, with eventual vortexing,
at room temperature for PC and LPC or 50°C for
DPPC. In the presence of phospholipids this treatment
typically produces multilamellar vesicles (MLV). To
obtain small unilamellar phospholipid vesicles (SUV)
or lysophospholipid micelles the lipid or lipid/protein
suspensions were sonicated in a Branson UP200S tip
sonifier at 360 W/cm? during three cycles of 30 s at
intervals of 30 s to avoid sample heating.

Surface activity. To compare biophysical activity of
native and dansyl- labeled SP-C, 300 nmol of a DPPC
multilamellar suspension, prepared in the absence or
in the presence of 10% (w/w) of the respective protein,
was dispersed with continuous stirring in 6 mL of a
hypophase Hepes 50 mM, pH 7, containing 150 mM
NaCl and 5 mM CacCl,. Interfacial adsorption of the
samples was monitored over 45 min by measuring the
changes in surface pressure with a Wilhelmy plate
connected to a pressure transducer (29, 30).

Differential scanning calorimetry. Dried samples of
1 mg of DPPC in the absence or the presence of 2, 5, or
10% (w/w) of SP-C or Dans-SP-C were dispersed in 1
mL of Hepes 50 mM, pH 7, containing 150 mM NacCl, to
form multilamellar suspensions. The amount of 0.47
mL of this suspension was loaded in the sample cell of
a microcalorimeter DASM-4, with buffer in the refer-
ence cell. Three calorimetric scans were collected from
each sample between 25 and 60°C, at a rate of 0.5°C/
min, as previously described (31).
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FIG. 1. Effect of protein concentration and pH on deacylation and
subsequent disulfide oligomerization of SP-C. (A) Electrophoretic
behavior of porcine SP-C deacylated by treatment at apparent pH 9.5
in chloroform:methanol 2:1 (vol/vol) , for 1 h at 30°C, at different
protein concentrations. Two micrograms of protein was loaded in
each lane. Lanes 1-8, protein treated at 4, 6, 8, 12, 24, 40, 60, and
120 pg/mL, respectively. Lane 9, 2 ug of native nontreated protein.
(B) Effect of the pH on SP-C deacylation and oligomerization. The
full circles are the experimental data determined in a typical exper-
iment after densitometry of the gel (shown as insert). The line is the
theoretical curve for the deprotonation of a single group with pK =
8.0.

Circular dichroism. Far-UV circular dichroism
spectra of lipid/protein samples were recorded as de-
scribed in a Jasco 715 spectropolarimeter equipped
with a xenon lamp (32). Amounts of 50—75 pg of pro-
tein were reconstituted in different phospholipids to a
final protein:lipid ratio of 1:5 (w/w), in 0.7 mL of buffer,
Hepes 50 mM, pH 7, 150 mM NacCl, to form multila-
mellar suspensions which were then sonicated to form
SUVs, in order to minimize problems with scattering.
The final protein concentration in each sample was
checked by amino acid analysis. All the spectra were
recorded in a 0.15 mL cell of 0.1-cm optical path. El-
lipticity was calculated taking 106 as the mean molec-
ular weight per residue in SP-C.

All the data presented in this work are representa-
tive of two repeated experiments carried out with a
single batch of purified and labeled SP-C. Labeling and
characterization of structure and surface activity were
repeated with three different batches of protein, and
the results were qualitatively and quantitatively com-
parable.

RESULTS

Derivatization of amine groups in SP-C requires
treatment of the protein at mild alkaline pH, to ensure
deprotonation and reactivity of the amine functions
(21-24). On the other hand, incubation of the protein at
basic pH may produce cleavage of the labile thioesther
bonds that attach palmitic chains to the two cysteines
in the N-terminal segment of the protein (2, 13). The
main objective of the present study was to optimize the

attachment of an extrinsic fluorescent probe in SP-C,
via amine derivatization, but in a manner that would
preserve the state of acylation of the protein. Figure 1A
presents the effect of incubating different concentra-
tions of purified SP-C in organic solution, for 1 h at
30°C, after adding a trace of bicarbonate buffer that
shifts the apparent pH to 9.5. Before alkaline treat-
ment, pure SP-C migrates in electrophoresis gels as a
broad band with mobility corresponding to around
5-5.5 kDa (Fig. 1A, lane 9). Samples of SP-C, adjusted
to alkaline pH at protein concentrations lower than 8
ng/mL, migrate in the gels as a main band of 4 kDa,
probably corresponding to the deacylated monomer. If
SP-C undergoes alkalinization at protein concentra-
tions higher than 12 ug/mL, increasing amounts of
bands corresponding to n-mers of the protein show up
in the gels, probably as a consequence of covalent in-
termolecular disulfide oligomerization following deacy-
lation. We have analyzed the dependence of deacyla-
tion on pH by quantitating the amount of dimer formed
after treatment of a solution of SP-C 30 wpg/mL at
different apparent pH’s (Fig. 1B). Deacylation of SP-C
seems to occur under our conditions with an apparent
pK of about 8. A conclusion for this experiment is that
chemical modification of amines in SP-C should be
performed at pH below 8, to prevent simultaneous
deacylation of the protein. Figure 2A shows the elec-
trophoretic behavior of a sample of SP-C treated with
1.6 mM dansyl isothiocyanate at pH 7.5 and 4°C, over-
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FIG. 2. Effectof the pH on the incorporation of dansyl in SP-C upon
reaction with dansyl-ITC. (A) Electrophoretic behavior of native
SP-C (lane 1) and SP-C after treatment with Dans-ITC 1.6 mM, at
pH 7.5 and 4°C, overnight (lane 2 and 3). Lane 3 shows visible
fluorescence of the same sample applied in lane 2 under UV illumi-
nation. (B) Fluorescent dansyl incorporation into SP-C as a function
of the pH. The full circles are the experimental points after integrat-
ing the fluorescent bands. The continuous line is the theoretical
curve for the equation % labeling = [50/(1 + 10 (pK,-pH))] + [50/(1 +
10 (pK,-pH))] corresponding to a maximal labeling of two unproto-
nated groups, whose deprotonation pK'’s are pK; and pK,. For com-
parison, the curve determined in Fig. 1 for the dependence of protein
deacylation on the pH has been also included (dashed line).
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FIG. 3. MALDI mass spectra of porcine SP-C after treatment with
Dans-ITC under the conditions described under Experimental Pro-
cedures. The peak at 4553 corresponds to the monodansylated di-
palmitoylated protein. The major peak of 4170 Da is from the di-
palmitoylated native protein. The peaks at 3960 and 3957 Da
correspond to partially deacylated SP-C forms (see main text).

night. The treated protein has a decreased electro-
phoretic mobility corresponding to an apparent 7- to
7.5-kDa band that was fluorescent when observed un-
der UV illumination (Fig. 2A, lane 3). This indicates
that SP-C incorporates covalently bound dansyl
groups. The relative fluorescence incorporated in SP-C
as a function of pH is shown in Fig. 2B. The experi-
mental data could be reasonably well fitted to a theo-
retical curve in which 50% of the maximum labeling
would be incorporated with a pK; = 6.5 = 0.2 and
further 50% with pK, = 7.7 = 0.1. These two pK
values can probably be assigned to the apparent ion-
ization pK’s of the N-terminal amine and the e-amine
of lysine 11, respectively, which are the two unique
groups in SP-C susceptible to modification by the iso-
thiocyanate. The relatively low value determined for
these pK’s is probably a consequence of the low polarity
of the protein environment in the organic solution.
Comparison of the pH-dependence curves for labeling
and deacylation suggests that chemical derivatization
at pH 7 could be the most favorable condition to label
SP-C without loss of its acyl chains.

According to these results the conditions described
under Experimental Procedures were selected to label
a batch of protein. Quantitation of the amount of label
bound to SP-C was performed after amino acid analysis
by spectroscopic determination (molar extinction coef-
ficient of dansyl determined in Chl:MeOH (2:1, v/v),
€ = 9.23 10° M' cm™), yielding 0.6—0.8 mol of
dansyl per SP-C molecule. Protein sequence analysis
by Edman degradation of SP-C treated with Dans-ITC
could liberate only 24% of the amino terminal residue
of Dans-SP-C, confirming that around 75% of the SP-C
molecules treated had a dansyl label attached to the
N-terminal amine group. The amount of Dans-ITC

used in the labeling reaction corresponded to a protein/
label molar ratio of 1/70. Labeling with 1 mol of dansyl
per mole of protein was optimal when using above 1/20
protein/probe molar ratio. We also compared dansyl
incorporation to SP-C when the reaction mixture was
incubated at 4°C or at 25°C and found that incubation
at 4°C in darkness produced the highest fluorescence
incorporation into the protein bands as observed by
PAGE (data not shown). Protection of dansylated pro-
tein from light during labeling and storage was essen-
tial to minimize probe photobleaching.

Mass spectrometry analysis of SP-C treated with
Dans-ITC at pH 7 (Fig. 3) confirms that this treatment
does not cause deacylation. The mass profile shows a
peak at 4553 Da corresponding to native dipalmitoy-
lated SP-C (2) plus a single extra dansyl group of 383
Da, a peak at 4170 Da (dipalmitoylated SP-C), and
another peak at 3960 Da (monopalmitoylated protein).
The dansylated fraction, consisting of 75% of the pro-
tein, produces apparently lower peaks in the spectro-
grams than the nonlabeled species, indicating that the
dansylated protein must be less efficiently volatilized
than nonlabeled SP-C under the conditions used to
carry out the MALDI mass analysis. The large shift
observed in electrophoresis mobility upon dansylation
of the protein (seen in Fig. 2) is more probably due to
effects of the incorporated probe in conformation
and/or charge/mass ratio of the protein/SDS complexes
than to the real difference in mass between labeled and
native proteins.

Figure 4 compares the fluorescence emission spec-
trum of Dans-SP-C in Chl:MeOH (2:1, v/v) with that of
the free probe in the reagent Dans-ITC. Both spectra
are virtually identical, with fluorescence emission
maxima at 515 nm, suggesting that the fluorophore in
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FIG. 4. Fluorescence emission spectrum of the dansyl group of
Dans-ITC (A) and Dans-SP-C (B) in chloroform:methanol 2:1, vol/vol.
The spectra were obtained at a fluorophore concentration of 12 uM.
Fluorescence was measured at 25°C upon excitation at 330 nm and
presented in arbitrary units (a.u.).



LABELING OF SP-C 53

&

§
O
o]
O
0
o]
o]

elipticity (deg cm™ dmol) x10°®
[
o o
T T
T T
i

e SP-C e SPC
-30 o Dans-SP-C - o Dans-SP-C
! i L 1
220 240 220 240
A (nm)

FIG. 5. Far-UV CD spectra of porcine SP-C before (closed circles)
and after (open circles) treatment with Dans-ITC under the condi-
tions described under Experimental Procedures and reconstituted in
micelles of LPC (left panel) or egg yolk PC vesicles (right panel).
Symbols represent the experimental data, resulting from averaging
four spectra.

Dans-SP-C is completely exposed to the organic envi-
ronment. This feature is expected considering that in
the NMR structure determined for SP-C in chloroform
solution (33), the N-terminal segment of the protein is
flexible and conformationally disordered.

We then analyzed if the labeling reaction altered
somehow the structure of the native protein. Figure 5
compares the far-UV circular dichroism spectra of na-
tive SP-C and the fluorescent derivative Dans-SP-C.
The spectra of the two proteins are virtually indistin-
guishable when reconstituted in either lysophosphati-
dylcholine micelles or PC vesicles. All the spectra are
dominated by the «-helical contribution to the second-
ary structure which was around 60% for the two pro-
teins in LPC and about 70% in phospholipid vesicles,
as previously reported (28). The labeling reaction has
not therefore perturbed the overall conformation of the
protein, which is very sensitive to environmental per-
turbations during manipulation such as changes in
solvent polarity, pH, or protein concentration (5, 18,
34), but also to chemical deacylation (5, 35). Dans-SP-C
also conserves the ability of the native protein to pro-
mote interfacial adsorption of phospholipids, as seen in
Fig. 6. Native or dansylated SP-C produced quantita-
tively similar adsorption kinetics of DPPC multilamel-
lar suspensions to an open air-liquid interface, and
were also comparable to others previously shown (14,
29, 36). Finally, to find out wether the mode and extent
of interaction of Dans-SP-C with phospholipids were
comparable to those of the native protein, we have
compared the effect of Dans-SP-C and native SP-C on
the thermotropic behavior of DPPC bilayers. Figure 7
presents differential scanning calorimetry thermo-
grams obtained from DPPC multilayer suspensions
prepared in the absence and in the presence of 2, 5, or
10% of either native or dansylated SP-C. Both proteins

v DPPC
DPPC/SP-C 10%
o DPPC/Dans-SP-C 10%

T (MN/m)

time (min)

FIG. 6. Interfacial adsorption isotherms for DPPC bilayers in the
absence and in the presence of 10% by weight of native porcine SP-C
or Dans-SP-C prepared after treatment of the native protein with
Dans-1TC under the conditions described under Experimental Pro-
cedures. Dispersions containing 300 nmol of DPPC were injected into
6 mL of subphase Hepes 50 mM, pH 7, containing NaCl 150 mM and
5 mM CaCl,, under continuous stirring. Temperature was 24°C.

produced similar effects on the phase transition of
DPPC bilayers, including removal of the pretransition,
progressive broadening of the main transition peak,
and a concomitant decrease in the associated enthalpy
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FIG. 7. Differential scanning thermograms of DPPC suspensions
in the absence or presence of 2, 5, or 10 wt% of either native porcine
SP-C (left panel) or Dans-SP-C (right panel) prepared after treat-
ment of the native protein with Dans-ITC under the conditions
described under Experimental Procedures. Scans were obtained on
heating at 0.5°C/min. The scans presented were the third after
recording three consecutive scans from 25 to 60°C from each sample,
all of them being qualitatively similar.
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TABLE 1

Effect of SP-C and Dans-SP-C on the Parameters of the
Thermotropic Phase Transition of DPPC Multilamellar Sus-
pensions, Analyzed by Differential Scanning Calorimetry

Protein content (AH)
(by weight) Tn (°C) (kcal/mol)

DPPC — 41.5 8.33
DPPC/SP-C 2% 41.4 7.82
DPPC/SP-C 5% 40.9 7.18
DPPC/SP-C 10% 41.0 5.08
DPPC/Dans-SP-C 2% 41.3 8.07
DPPC/Dans-SP-C 5% 41.0 6.69
DPPC/Dans-SP-C 10% 40.8 5.18

measured as the area under the main peak. Neither of
the two proteins produced a significant shift of the
phase-transition temperature of DPPC multilayers.
Table 1 summarizes the parameters of the calorimetric
thermograms of DPPC in the absence and presence of
either SP-C or Dans-SP-C. The reduction of the en-
thalpy as a function of the DPPC/Dans-SP-C molar
ratio (Fig. 8) was similar to that previously published
for native SP-C (10).

DISCUSSION

The two amine groups in the sequence of the N-
terminal segment of porcine SP-C, the N-terminal
amine of Leul and the e-amine of Lys11, are probably
the most susceptible groups to chemical derivatization.
In the past we used amine-reactive reagents to intro-
duce different groups in SP-C, such as visible-emission
fluorescent (22, 23) or spin (24) probes. Derivatization
of amines is critically dependent on pH as they are
good nucleophiles only in their nonprotonated state.
This feature allows a certain selectivity of derivatiza-
tion as one can in principle selectively label the N-
terminal amine of the protein at less alkaline pH than
that of the amine of lysine side chain. This is a common
procedure for derivatizing proteins and peptides in
aqueous solutions but it is not trivial when labeling
proteins in organic solvents. We have labeled amines in
SP-B and SP-C by adding traces of buffer to the protein
solution in chloroform/methanol, so allowing a certain
control of apparent pH (22—-24). However, alkaline pH
can produce cleavage of the labile thioesther bonds
which maintain the two cysteines of SP-C palmitoy-
lated (2, 22) and, in fact, we could not avoid total or
partial depalmitoylation of the protein in previous
studies. A proper characterization of the structure and
lipid-protein interactions of the N-terminal segment of
SP-C requires maintaining the protein in the palmitoy-
lated form. Here, we present a method that produces a
dipalmitoylated form of SP-C which has a dansyl group
covalently attached to the N-terminal amine. The effi-

ciency of label incorporation is limited, but an increase
of labeling efficiency cannot be achieved without par-
tial deacylation. The secondary structure of the protein
is not affected by the derivatization. In addition, some
important properties of native SP-C, such as the ability
of the protein to promote interfacial adsorption of phos-
pholipids and the effect of the protein on the thermo-
tropic properties of phospholipid bilayers, remain un-
altered after the dansylation process. Therefore we can
assume that the Dans-SP-C derivative prepared here
can be confidently used to find out information about
parameters governing lipid-protein and protein-pro-
tein interactions by fluorescence spectroscopy.

Dansyl-derivatives have been widely used to monitor
and characterize the interaction and insertion of pro-
teins and peptides into membrane environments (25,
26, 37, 38). Both, the quantum yield and the wave-
length of the emission maximum of dansyl are very
much affected by the polarity of the environment. Im-
mersion of a dansyl-bearing segment of a protein into
nonpolar membrane regions can be followed by the
concomitant changes in the fluorescence emission spec-
trum of dansyl. Dansylated protein is also suitable to
follow lipid-protein interactions by monitoring fluores-
cence energy transference from protein dansyl groups
to rhodamine-labeled lipids. In this regard, another
interesting advantage of using dansyl as an extrinsic
fluorescence probe in proteins is that the absorption
spectrum of dansyl largely overlaps with the fluores-
cence emission spectrum of tryptophan. This feature
permits detection of protein-protein interactions by the
possible occurrence of radiationless fluorescence en-
ergy transfer from tryptophan to dansyl provided that
the two fluorophores are close enough on the molecular
scale (39, 40).
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FIG. 8. Dependence of the DPPC phase-transition enthalpy (mega-
calories per mole of protein) on the phospholipid/protein molar ratio,
for samples containing native porcine SP-C (closed triangles) or
Dans-SP-C (open triangles). The data plotted are the enthalpies
determined from the DSC scans in Fig. 6, whose values are summa-
rized in Table 1. The line is the behavior for the native porcine
protein previously determined by Shiffer et al. (10).
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The derivative Dans-SP-C prepared in the present
study can be therefore used to gain information about
parameters governing the interaction of the N-termi-
nal segment of SP-C with bilayers of relevant surfac-
tant phospholipids or with other surfactant proteins
such as SP-A or SP-B. Studies in this respect have been
carried out succesfully (to be published elsewhere). A
method similar to that described here could also be
used to introduce other probes covalently attached to
the N-terminal amine group of SP-C, facilitating a
versatile characterization of the protein by alternative
techniques.

ACKNOWLEDGMENTS

We are grateful to Alicia Prieto, from CIB, CSIC, for carrying out
the MALDI mass spectrometry analysis of samples, and to Dr. Derek
Marsh, from Max-Planck-Institut far Biophysikalische Chemie in
Gttingen, Germany, for his suggestions and critical reading of the
manuscript. This work was supported by grants from DGICYT
(B102000-0929 and PB98-0769) and CAM (07B/0017/99). I. Plasen-
ciais recipient of a FPI grant and Dr. A. Cruz of a postdoctoral grant,
both from Comunidad Autonoma de Madrid.

REFERENCES

1. Johansson, J., Curstedt, T., Robertson, B., and Jornvall, H.
(1988) Size and structure of the hydrophobic low molecular
weight surfactant-associated polypeptide. Biochemistry 27,
3544-3547.

2. Curstedt, T., Johansson, J., Persson, P., Eklund, A., Robertson,
B., Lowenadler, B., and Jornvall, H. (1990) Hydrophobic surfac-
tant-associated polypeptides: SP-C is a lipopeptide with two
palmitoylated cysteine residues, whereas SP-B lacks covalently
linked fatty acyl groups. Proc. Natl. Acad. Sci. USA 87, 2985—
2989.

3. Johansson, J. (1998) Structure and properties of surfactant pro-
tein C. Biochim. Biophys. Acta 1408, 161-172.

4. Perez-Gil, J., and Keough, K. M. (1998) Interfacial properties of
surfactant proteins. Biochim. Biophys. Acta 1408, 203-217.

5. Johansson, J., Nilsson, G., Stromberg, R., Robertson, B., Jorn-
vall, H., and Curstedt, T. (1995) Secondary structure and bio-
physical activity of synthetic analogues of the pulmonary surfac-
tant polypeptide SP-C. Biochem. J. 307, 535-541.

6. Horowitz, A. D., Elledge, B., Whitsett, J. A., and Baatz, J. E.
(1992) Effects of lung surfactant proteolipid SP-C on the organi-
zation of model membrane lipids: A fluorescence study. Biochim.
Biophys. Acta 1107, 44-54.

7. Morrow, M. R., Taneva, S., Simatos, G. A., Allwood, L. A., and
Keough, K. M. (1993) 2H NMR studies of the effect of pulmonary
surfactant SP-C on the 1,2- dipalmitoyl-sn-glycero-3-phospho-
choline headgroup: A model for transbilayer peptides in surfac-
tant and biological membranes. Biochemistry 32, 11338-11344.

8. Pastrana, B., Mautone, A. J., and Mendelsohn, R. (1991) Fourier
transform infrared studies of secondary structure and orienta-
tion of pulmonary surfactant SP-C and its effect on the dynamic
surface properties of phospholipids. Biochemistry 30, 10058-—
10064.

9. Perez-Gil, J., Casals, C., and Marsh, D. (1995) Interactions of
hydrophobic lung surfactant proteins SP-B and SP-C with di-
palmitoylphosphatidylcholine and dipalmitoylphosphatidylglyc-
erol bilayers studied by electron spin resonance spectroscopy.
Biochemistry 34, 3964—-3971.

10. Shiffer, K., Hawgood, S., Haagsman, H. P., Benson, B., Clem-
ents, J. A., and Goerke, J. (1993) Lung surfactant proteins, SP-B
and SP-C, alter the thermodynamic properties of phospholipid
membranes: A differential calorimetry study. Biochemistry 32,
590-597.

11. Vandenbussche, G., Clercx, A., Curstedt, T., Johansson, J., Jorn-
vall, H., and Ruysschaert, J. M. (1992) Structure and orientation
of the surfactant-associated protein C in a lipid bilayer. Eur.
J. Biochem. 203, 201-209.

12. Taneva, S., and Keough, K. M. (1994) Pulmonary surfactant
proteins SP-B and SP-C in spread monolayers at the air-water
interface: I1. Monolayers of pulmonary surfactant protein SP- C
and phospholipids. Biophys. J. 66, 1149-1157.

13. Perez-Gil, J., Nag, K., Taneva, S., and Keough, K. M. (1992)
Pulmonary surfactant protein SP-C causes packing rearrange-
ments of dipalmitoylphosphatidylcholine in spread monolayers.
Biophys. J. 63, 197-204.

14. Oosterlaken-Dijksterhuis, M. A., Haagsman, H. P., van Golde,
L. M., and Demel, R. A. (1991) Characterization of lipid insertion
into monomolecular layers mediated by lung surfactant proteins
SP-B and SP-C. Biochemistry 30, 10965-10971.

15. Oosterlaken-Dijksterhuis, M. A., Haagsman, H. P., van Golde,
L. M., and Demel, R. A. (1991) Interaction of lipid vesicles with
monomolecular layers containing lung surfactant proteins SP-B
or SP-C. Biochemistry 30, 8276—8281.

16. Kramer, A., Wintergalen, A., Sieber, M., Galla, H. J., Amrein,
M., and Guckenberger, R. (2000) Distribution of the surfactant-
associated protein C within a lung surfactant model film inves-
tigated by near-field optical microscopy. Biophys. J. 78, 458—
465.

17. Flach, C. R., Gericke, A., Keough, K. M., and Mendelsohn, R.
(1999) Palmitoylation of lung surfactant protein SP-C alters
surface thermodynamics, but not protein secondary structure or
orientation in 1,2-dipalmitoylphosphatidylcholine langmuir
films. Biochim. Biophys. Acta 1416, 11-20.

18. Cruz, A., Casals, C., and Perez-Gil, J. (1995) Conformational
flexibility of pulmonary surfactant proteins SP-B and SP-C,
studied in aqueous organic solvents. Biochim. Biophys. Acta
1255, 68-76.

19. Cruz, A, Casals, C., Keough, K. M. W., and Perez-Gil, J. (1997)
Different modes of interaction of pulmonary surfactant protein
SP-B in phosphatidylcholine bilayers. Biochem. J. 327, 133-138.

20. Cruz, A, Casals, C., Plasencia, I., Marsh, D., and Perez-Gil, J.
(1998) Depth profiles of pulmonary surfactant protein B in phos-
phatidylcholine bilayers, studied by fluorescence and electron
spin resonance spectroscopy. Biochemistry 37, 9488—-9496.

21. Horowitz, A. D., Baatz, J. E., and Whitsett, J. A. (1993) Lipid
effects on aggregation of pulmonary surfactant protein SP-C
studied by fluorescence energy transfer. Biochemistry 32, 9513—
9523.

22. Nag, K., Perez-Gil, J., Cruz, A., and Keough, K. M. (1996) Fluo-
rescently labeled pulmonary surfactant protein C in spread
phospholipid monolayers. Biophys. J. 71, 246—-256.

23. Nag, K., Taneva, S. G., Perez-Gil, J., Cruz, A., and Keough, K. M.
(1997) Combinations of fluorescently labeled pulmonary surfac-
tant proteins SP-B and SP-C in phospholipid films. Biophys. J.
72, 2638-2650.

24. Cruz, A., Marsh, D., and Perez-Gil, J. (1998) Rotational dynam-
ics of spin-labeled surfactant-associated proteins SP- B and SP-C
in dipalmitoylphosphatidylcholine and dipalmitoylphosphatidyl-
glycerol bilayers. Biochim. Biophys. Acta 1415, 125-134.

25. Bardelle, C., Furie, B., Furie, B. C., and Gilbert, G. E. (1993)
Membrane binding kinetics of factor VIII indicate a complex
binding process. J. Biol. Chem. 268, 8815—-8824.



56

26.

27.

28.

29.

30.

31.

32.

33.

PLASENCIA ET AL.

Gomez, C. M., Codoner, A., Campos, A., and Abad, C. (2000)
Binding of a fluorescent dansylcadaverine-substance P analogue
to negatively charged phospholipid membranes [In Process Ci-
tation]. Int. J. Biol. Macromol. 27, 291-299.

Curstedt, T., Jornvall, H., Robertson, B., Bergman, T., and Berg-
gren, P. (1987) Two hydrophobic low-molecular-mass protein
fractions of pulmonary surfactant. Characterization and bio-
physical activity. Eur. J. Biochem. 168, 255-262.

Perez-Gil, J., Cruz, A., and Casals, C. (1993) Solubility of hydro-
phobic surfactant proteins in organic solvent/water mixtures.
Structural studies on SP-B and SP-C in aqueous organic solvents
and lipids. Biochim. Biophys. Acta 1168, 261-270.

Perez-Gil, J., Tucker, J., Simatos, G., and Keough, K. M. (1992)
Interfacial adsorption of simple lipid mixtures combined with
hydrophobic surfactant protein from pig lung. Biochem. Cell.
Biol. 70, 332-338.

Camacho, L., Cruz, A., Castro, R., Casals, C., and Pérez-Gil, J.
(1996) Effect of pH on the interfacial adsorption activity of pul-
monary surfactant. Colloids Surf. B 5, 271-277.

Perez-Gil, J., Lopez-Lacomba, J. L., Cruz, A., Beldarrain, A., and
Casals, C. (1994) Deacylated pulmonary surfactant protein SP-C
has different effects on the thermotropic behaviour of bilayers of
dipalmitoylphosphatidylglycerol (DPPG) than the native acy-
lated protein. Biochem. Soc. Trans. 22, 372S.

Ruano, M. L., Garcia-Verdugo, I., Miguel, E., Perez-Gil, J., and
Casals, C. (2000) Self-aggregation of surfactant protein A. Bio-
chemistry 39, 6529-6537.

Johansson, J., Szyperski, T., Curstedt, T., and Wuthrich, K.
(1994) The NMR structure of the pulmonary surfactant-associ-
ated polypeptide SP-C in an apolar solvent contains a valyl-rich
alpha-helix. Biochemistry 33, 6015—-6023.

34.

35.

36.

37.

38.

39.

40.

Szyperski, T., Vandenbussche, G., Curstedt, T., Ruysschaert,
J. M., Wuthrich, K., and Johansson, J. (1998) Pulmonary sur-
factant-associated polypeptide C in a mixed organic solvent
transforms from a monomeric alpha-helical state into insoluble
beta-sheet aggregates. Protein Sci. 7, 2533-2540.

Wang, Z., Gurel, O., Baatz, J. E., and Notter, R. H. (1996)
Acylation of pulmonary surfactant protein-C is required for its
optimal surface active interactions with phospholipids. J. Biol.
Chem. 271, 19104-19109.

Simatos, G. A., Forward, K. B., Morrow, M. R., and Keough,
K. M. (1990) Interaction between perdeuterated dimyris-
toylphosphatidylcholine and low molecular weight pulmonary
surfactant protein SP-C. Biochemistry 29, 5807-5814.

Castano, S., Desbat, B., and Dufourcq, J. (2000) Ideally amphi-
pathic beta-sheeted peptides at interfaces: Structure, orienta-
tion, affinities for lipids and hemolytic activity of (KL)(m)K pep-
tides. Biochim. Biophys. Acta 1463, 65—80.

Ferrandiz, C., Perez-Paya, E., Braco, L., and Abad, C. (1994)
GIn5 selectively monodansylated substance P as a sensitive tool
for interaction studies with membranes. Biochem. Biophys. Res.
Commun. 203, 359-365.

Yengo, C. M., Chrin, L. R., and Berger, C. L. (2000) Interaction
of myosin LYS-553 with the C-terminus and DNase I-binding
loop of actin examined by fluorescence resonance energy trans-
fer. J. Struct. Biol. 131, 187-196.

Dergunov, A. D., Smirnova, E. A., Merched, A., Visvikis, S.,
Siest, G., Yakushkin, V. V., and Tsibulsky, V. (2000) Conforma-
tion of apolipoprotein E both in free and in lipid-bound form may
determine the avidity of triglyceride-rich lipoproteins to the LDL
receptor: Structural and kinetic study. Biochim. Biophys. Acta
1484, 14-28.



	EXPERIMENTAL PROCEDURES
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6
	FIG. 7
	TABLE 1

	DISCUSSION
	FIG. 8

	ACKNOWLEDGMENTS
	REFERENCES

